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Abstract

Microscopic magnetism of the electrochemically Li-deintercaleted LixCoO2 powders has been investigated by muon-spin rotation and relaxation
(�+SR) spectroscopy in the temperature (T) range between 10 and 300 K. Weak transverse-field�+SR measurements indicate that localized moments
appear in LiCoO2 below 60 K, while both Li0.53CoO2 and Li0.04CoO2 are paramagnetic even at 10 K. Zero-field�+SR measurements for the samples
with x = 0.53 and 0.04 show that the field distribution width (Δ) due to randomly oriented nuclear magnetic moments of 7Li and 59Co decreases
monotonically with increasing T up to 250 K, and then it decreases steeper (increasing slope (dΔ/dT)) above 250 K. Because the muon hopping
rate (ν) is almost T independent for Li0.53CoO2 below 300 K, the decrease in Δ suggests that the time scale of Li+ diffusion in LixCoO2 is within a
microsecond scale.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Lithium-ion battery; LiCoO2; Muon-spin rotation and relaxation (�+SR); Magnetism; Diffusion

1. Introduction

Lithium cobalt dioxide, LiCoO2 has been extensively stud-
ied as a positive electrode material for Li-ion batteries over
the past decade. According to 7Li NMR [1] and magnetic sus-
ceptibility (χ) measurements [2], the electronic configuration
of Co3+ in LiCoO2 is in its low-spin state (t62g), suggesting
the absence of magnetic transitions at low temperatures (T).
Sugiyama et al. [3], however, reported the appearance of local-
ized moments below 65 K and long-range antiferromagnetic
(AF) order below 30 K by muon-spin rotation and relaxation
(�+SR) experiments, which is very sensitive to the local mag-
netic order. This suggests that either partial spin state transition
(t62g → t52ge1

g) or a charge seperation (2Co3+ → Co2+ + Co4+)
occurs below 65 K for LiCoO2. However, such AF order was
not observed for the LixCoO2 samples with x = 0.95 and 0.70
[3]. Further Li+ deintercalation induces structural phase transi-
tions from the rhombohedral (R3̄m) to the monoclinic (C2/m)

∗ Corresponding author.
E-mail address: e1089@mosk.tytlabs.co.jp (K. Mukai).

phase at 0.5 ≤ x ≤ 0.55 [4], and then O3 to O1 at x ≤ 0.25 [5,6].
This leads to the question on the correspondence between mag-
netism and crystal structures particularly for the LixCoO2 with
x ≤ 0.55.

In order to examine the relation between magnetism and
structure in LixCoO2, �+SR experiments for the samples with
x = 0.53 and 0.04 are carried out because only �+SR detects the
magnetic transition of LixCoO2 with x ≥ 0.7. Again, �+SR is
a powerful technique to detect both static and dynamic inter-
nal magnetic fields of nuclear and electronic origin, and it gives
essential information for understanding magnetic properties on
a microscopic scale [7]. Recently, it is found that �+SR pro-
vides useful information on Li+ mobility by detecting change in
nuclear dipole fields as was reported for LiMn2O4 and related
materials [8,9]. In this paper, we report �+SR results on micro-
scopic magnetism for LixCoO2 and discuss the relation between
magnetism and structure together with Li+ diffusion.

2. Experimental

A stoichiometric LiCoO2 was prepared from LiOH·H2O and
CoCO3 as described previously [4]. Starting materials were well

0378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.06.111
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mixed and pressed into pellets (23 mm diameter and ∼5 mm
thickness). The pellets were heated at 900 ◦C for 12 h in air. The
sample was characterized by powder X-ray diffraction (XRD)
and electrochemical measurements.

The LixCoO2 samples for �+SR experiments were prepared
by an electrochemical reaction in non-aqueous Li cells. In order
to avoid �+SR signals from conducting carbon and binder, the
electrodes were made of only the LiCoO2 powder (a disc with
23 mm diameter and ∼0.3 mm thickness). The electrolyte used
was 1 M LiPF6 dissolved in ethylene carbonate (EC)/diethyl
carbonate (DEC) (1/1, v/v) solution.
�+SR requires low-energy muons, so that they stop in sam-

ples within 100–200 mg cm−2 depth. High intensity beams
are produced by high-energy (>500 MeV) proton accelerators.
The muon beams are distinguishable by their time structure.
Paul Scherrer Institut (PSI) in Switzerland and Tri-University
Meson Facility (TRIUMF) in Canada are both continuous wave
facilities, while high energy accelerator research organization
(KEK) in Japan and Rutherford Appleton Laboratory (RAL)
in the UK are sources of pulsed muon beam. The continuous
wave facilities are suitable for the detection of larger magnetic
fields and fast relaxing signals. The pulsed muon beam facil-
ities are ideal for studying relatively slow relaxation, such as
muon diffusion. In this study, we focused on the both local
magnetism and muon diffusion, so that we have performed
the �+SR experiments in the surface muon channel (�A port)
in KEK.

Each Li-deintercalated sample electrochemically prepared
was packed in a sealed aluminum sample cell in a He-filled
glove-box, and then placed on the silver sample holder in a
cryostat. �+SR spectra were measured in a zero-field (ZF-),
longitudinal-field (LF-) and weak transverse-field (wTF-) mode
in the T range between 10 and 300 K. The orientations of
external magnetic field are parallel for LF-, and perpendicu-
lar for wTF-, respectively, to the initial direction of muon-spin
polarization.

After the �+SR experiments, the Li-cells were re-fabricated
using the Li-deintercalated samples and their open circuit
voltages (OCV) were measured in order to examine whether
or not one-to-one correspondence �+SR signal and struc-
ture holds via electrochemical data. Magnetic susceptibility
χ was measured using a superconducting quantum interfer-
ence device (SQUID) magnetometer (MPMS, Quantum Design)
in the T range between 5 and 400 K under magnetic field
H = 10 kOe. Other sets of experimental conditions are given in
Section 3.

Fig. 1. Charge curves of Li/LiCoO2 cells operated at a rate of 0.72 mA cm−2

at 25 ◦C. At 4.13 (or 4.8 V), the cell was potentiostatically charged totally for
3 days. The charge curve of the cell using the electrode mix, which consists of
88 wt.% LiCoO2, 6 wt.% conductive carbon and 6 wt.% binder, is also shown for
comparison. The Li composition was calculated from Q and theoretical capacity
(274 mAh g−1) based on one-electron transfer per formula weight of LiCoO2.

3. Results and discussion

3.1. Characterization of LixCoO2

LiCoO2 was identified as a layered structure (a = 2.814 Å,
c = 14.049 Å) with a space group symmetry of R3̄m, in which
cobalt- and lithium-ions were, respectively, located at the octahe-
dral 3a and 3b sites in a cubic close-packed oxygen array. Fig. 1
shows the charging curves E(Q) of Li/LiCoO2 cells operated
at a rate of 0.72 mA cm−2 (ca. 6 mA g−1) at 25 ◦C. The values
of x for the present LixCoO2 samples with x = 0.53 and 0.04
were calculated from the theoretical capacity of 274 mAh g−1

assuming one-electron transfer per formula weight of LiCoO2
and 100% of coulombic efficiency. Electrochemical charge was
carried out up to 4.13 or 4.8 V at which the cell was poten-
tiostatically charged totally for 3 days. The operating voltage
(E) for 0 to 70 mAh g−1 is almost constant, and then the E(Q)
curve monotonically increases in voltage as a function of Q.
Two minor changes in the slope of the E(Q) curve are observed
around 125 mAh g−1 and 200 mA g−1. The former corresponds
to the phase transition from the R3̄m to the C2/m phase [4], and
the latter shows the change in oxygen packing from the O3 to the
O1 [5,6]. These E(Q) curves for the electrodes prepared without
the addition of conducting carbon and binder are almost the same
to those of usual electrode mix as seen in Fig. 1. After the whole

Table 1
The Li/Co ratio of the LixCoO2 samples and open circuit voltages (OCV) of the Li/LixCoO2 cells before and after the �+SR and χ measurements

Li/Co (EC) OCV (�+SR) OCV (χ) (∼150 ha) Li/Co (ICP-AES) (∼180 ha)

Before (0 ha) After (∼12 ha)

0.53 4.13 V 4.11 V 4.08 V 0.50
0.04 4.43 V 4.38 V 4.41 V 0.12

ICP-AES analysis was carried out after the whole measurements: that is, ∼1 week later after the initial electrochemical charge (EC). The Li/Co ratio of the LiCoO2

sample is 1.02.
a Time after the charge.
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�+SR and χ measurements, the composition of the samples was
determined by an induction coupled plasma-atomic emission
spectral (ICP-AES) analysis. The samples were washed with
acetone and dried. The results are summarized in Table 1. The
Li/Co ratio calculated by an electrochemical measurement is
usually different from that by an ICP-AES analysis mainly due
to the decomposition of the electrolyte especially at higher volt-
age than 4.5 V. The Li/Co ratios for the present samples are thus
estimated to be within 0.50 ≤ x ≤ 0.53 and 0.04 ≤ x ≤ 0.12 in
LixCoO2. Although the structural analysis of these samples was
not performed, the E(Q) curves and the value of OCV support
that the sample with 0.50 ≤ x ≤ 0.53 is the monoclinic phase [4]
and with the 0.04 ≤ x ≤ 0.12 the O1 phase [5,6]. In this paper,
the Li/Co ratios calculated from electrochemical data were used.

3.2. Micro- and macroscopic magnetism of LixCoO2

In order to examine the existence/absence of magnetic phase
transitions and/or volume fraction of magnetic phases, wTF-
�+SR spectra were measured in magnetic field of ∼20 Oe for
the LixCoO2 samples with x = 1, 0.53, 0.04. The T dependence
of wTF-�+SR time spectra are shown in Fig. 2 for the x = 0.53
sample at 100 and 10 K. Open circles indicate the given exper-

Fig. 2. wTF-�+SR time spectra for the LixCoO2 sample with x = 0.53 at: (a)
100 K and (b) 10 K. Open circles and solid lines indicate the experimental data
and the fitting result using Eq. (1), respectively. The orientation of the external
magnetic field (transverse-field) is perpendicular to the initial direction of muon-
spin polarization. A clear oscillation due to the external field is observed both
100 and 10 K. Although the bottom spectrum shows a larger relaxation than that
of top, the initial amplitude does not change with T. This indicates Li0.53CoO2

is paramagnetic at 10 K.

imental data and solid lines the fitting result using the function
of

A0PTF(t) = ATF exp(−(λt)β) cos(ωμt + ϕ) (1)

where A0 is the empirical initial muon asymmetry, PTF(t) the
muon-spin depolarization function, ωμ the muon Larmor fre-
quency in the applied field, ϕ the initial phase of the precession,
ATF and λ are, respectively, the asymmetry and the exponential
relaxation rate of the oscillation caused by the external wTF and
β is the power of the exponential relaxation. The asymmetry
indicates muon-spin depolarization by the local magnetic fields
in the sample. If the sample has weak internal fields, such as due
to paramagnetism or nuclear magnetism, ATF is independent of
T. Conversely, ferromagnetic or antiferromagnetic order gener-
ates in the sample, ATF decreases in proportion to the volume
of the magnetic phases. Therefore, ATF(T) curve is very useful
to know the magnetic transition and the volume fraction of the
magnetic phase.

Fig. 3 shows the T dependence of ATF for the samples with
x = 1, 0.53 and 0.04. The normalized ATF (NATF) is defined
by [ATF(100 K) − ATF(T)]/ATF(100 K). When T decreases from
100 K, NATF for the x = 1 sample is almost constant (∼1) down
to 60 K, and then drops with further decreasing T. This clearly
indicates that the sample is approximately 100% paramagnetic
above 60 K, and enters into a magnetic phase below 60 K. The
volume fraction of the magnetic phase is ca. 13% at 10 K, as
reported previously [3]. The magnetic Co3+ (S = 1) in the CoO5
square-based pyramid was observed in non-stoichiometric com-
pounds, such as Li1.08CoO2 [10]. However, the existence of the
change in voltage around x = 1/2 in the E(Q) curve in Fig. 1
suggests that the present sample is the stoichiometric LiCoO2,
because the change around x = 1/2 is a characteristic of stoi-
chiometric LiCoO2 [4]. Since the low-spin Co3+ (t62g) ions are
non-magnetic, the origin of this magnetism is probably due to a
partial spin state transition (t62g → t52ge1

g) [11] or a charge seper-

ation reaction (2Co3+ → Co2+ + Co4+) as already reported [3].
For the Li-deintercalated samples, NATF is almost constant over
an entire T range for the x = 0.53 and 0.04 samples, indicating
absence of magnetic order even at 10 K.

Fig. 3. Temperature dependence of the normalized asymmetry (NATF ) for the
samples with x = 1, 0.53 and 0.04. Data were obtained by fitting the wTF-�+SR
spectra using Eq. (1). NATF is defined as [ATF(100 K) − ATF(T)]/ATF(100 K).
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Fig. 4. (a) χ and (b) χ−1 as a function of temperature for the LixCoO2 samples
with x = 0, 0.53 and 0.04, measured in field-cooling (FC) mode with H = 10 kOe.

Fig. 4 shows (a) the χ(T) and (b) χ−1(T) curves for the three
samples. The χ(T) curve was measured in field-cooling (FC)
mode with H = 10 kOe. After the �+SR experiment, the OCV
of the cell were 4.11 V for the x = 0.53 sample and 4.38 V for
x = 0.04, respectively. These values are 0.02–0.05 V lower than
those measured before the�+SR experiment. The χ(T) curve for
the x = 1 sample shows paramagnetic behavior down to 5 K. On
the other hand, the χ(T) curves for both x = 0.53 and 0.04 sam-
ples are almost T independent down to 100 K, indicating a Pauli
paramagnetic behavior. This is consistent with the insulator to
metal transition induced by the decrease in Li at x = 0.95 [12].
The magnetic transition around 170 K for the x = 0.95, 0.70 [3]
or 0.5 [2] samples, is not observed in the present two samples.
As seen in Figs. 3 and 4, x = 0.53 and 0.04 samples are paramag-
netic even at 10 K, confirming the lack of magnetic order both
macro- and microscopically. This also supports that there is no
direct correlation between phase transition and magnetism for
the x ≤ 0.55 samples.

Fig. 5 shows the T dependence of ZF-�+SR time spectra for
the x = 0.53 sample at 300, 250, 200 and 10 K. Solid lines repre-
sent the fitting results obtained using the dynamic Kubo-Toyabe
function GDGKT (t, Δ, ν) due to randomly oriented nuclear mag-
netic moments [13];

A0P(t) = AKTGDGKT(t, Δ, ν) + ABG (2)

where AKT and ABG are, respectively, the asymmetries of
dynamic Kubo-Toyabe component and background signals
mainly from the silver sample cell, Δ the static width of the

Fig. 5. ZF-�+SR time spectra for the LixCoO2 sample with x = 0.53 at 300, 250,
200 and 10 K. Solid lines represent the results of fitting using Eq. (2).

local fields at the disordered sites and ν is the muon hopping or
field fluctuation rate. When ν = 0, GDGKT (t, Δ, ν) is the static
Gaussian Kubo-Toyabe function GKT (t, Δ) given by

GKT(t, Δ) = 1

3
+ 2

3
(1 − Δ2t2)exp

(−Δ2t2

2

)
(3)

As seen in Fig. 5, neither fast relaxation nor rotation is
observed in these spectra, indicating that muon-spin is depo-
larized mainly by nuclear moments of 7Li (4.20�N) and 59Co
(5.25�N).

Fig. 6 shows the T dependence of (a) Δ and (b) ν for the
x = 1, 0.53 and 0.04 samples. Although Δ and ν for LiCoO2 are

Fig. 6. Temperature dependence of (a) field distribution width Δ and (b) muon
hopping rate ν for the LixCoO2 samples with x = 1, 0.53 and 0.04. Both Δ and
ν were estimated by fitting the ZF- and LF-�+SR time spectra using Eq. (2).
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virtually independent of T, Δ for the x < 1 samples decreases
gradually with increasing T up to 250 K, and then decreases
more rapidly. This may be a similar phenomenon to motional
narrowing of the 7Li NMR line shape at ∼400 K [14]. Con-
sidering the measurement accuracy of ν, the ν(T) curve for the
x = 0.53 sample is almost T independent even at T > 200 K. The
rapid decrease in Δ above 250 K would therefore correlate with
the change in Li+ diffusion as already reported for LiMn2O4
and related materials [8,9]. On the contrary, ν increases rapidly
above 250 K for the x = 0.04 sample when T increases. This
means that muon diffusion in the lattice begins above 250 K.
Since ν is almost T independent for both Li[Li0.04Mn1.96]O4
and Li0.2[Li0.04Mn1.96]O4 [8], the difference in the ν(T) curves
between Li0.04CoO2 and Li0.2[Li0.04Mn1.96]O4 is probably due
to the difference in “ion channel”, i.e., two-dimensional chan-
nel in LiCoO2 versus three-dimensional channel consisting of
one-dimensional tunnels in LiMn2O4.

As stated above, �+SR is an effective tool to characterize
lithium insertion materials in terms of both magnetic behavior
and Li+-ions dynamics. In this paper, we have reported the results
on�+SR experiments for the LixCoO2 samples with x = 0.53 and
0.04. In order to determine the full phase diagram of LixCoO2,
further �+SR experiments are necessary in particular for the
0.5 ≤ x ≤ 0.7 samples. Such experiments are still in progress in
our research group.
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Abstract

The vortex state defined by two characteristic length scales, magnetic penetration depth ðlÞ and coherence length ðxÞ, in a layered

hexagonal superconductor CaAlSi was probed using muon spin rotation. From preliminary analysis using modified London model, we

found that the in-plane l increases with increasing magnetic field while inter-plane l is almost independent of magnetic field. The

presence of field-induced quasiparticle excitation manifested in the field dependence of l suggests that CaAlSi has an anisotropic gap

structure (nodes/dips or multi-gapped).

r 2007 Elsevier Ltd. All rights reserved.

Keywords: A. Superconductors

Recently, Sagayama et al. reported detailed crystal
structure of a layered hexagonal superconductor CaAlSi
(CAS), where they found two types of multi-stacked
structures having either a clear five-fold (5H-CAS,
Tc�5:7K) or six-fold (6H-CAS, Tc�7:8K) superlattice
along the c-axis [1]. Meanwhile, we reported on the so-
called clean-CAS that has only flat AlSi layers with Al and
Si atoms being distributed regularly in the hexagonal plane
without superstructure (1H-CAS, T c�6:5K) [2]. Interest-
ingly, the T c and many other transport properties depend
on the superstructured periodicity. For these three phases,
therefore, we have conducted mSR measurements using
single crystal specimens to clarify the relationship between
superstructured periodicity and superconducting property
from microscopic viewpoint.

The detailed single crystal growth condition and super-
conducting properties in 6H-, 5H- and 1H-CAS were
described elsewhere [2]. mSR measurements under a high
transverse field (TF) were carried out on the M15 beamline

of TRIUMF, Canada. Single crystalline samples with a
dimension of 7� 7mm2 were loaded to a He gas-flow
cryostat with their c- or a-axis parallel to the applied
magnetic field. Each measurement was performed under
field-cooling process to minimize the disorder of flux line
lattice (FLL) due to the pinning of vortices.
Since we can reasonably assume that muons stop

randomly in the FLL, the muon spin precession signal,
PzðtÞ, provides the random sampling of the internal field
distribution BðrÞ, PzðtÞ ¼ expð�s2pt

2Þ R1�1 nðBÞ expðigmBtþ fÞ
with nðBÞ ¼ hdðB� BðrÞÞir, where sp is the rate of
additional relaxation due to the random flux pinning,
nðBÞ is the spectral density for the internal field defined as a
spatial average ðh� � � irÞ of the delta function over a unit cell
of FLL, gm is the muon gyromagnetic ratio, and f is the
initial phase of rotation [3]. These equations indicate that
the real amplitude of the Fourier transformed muon
precession signal corresponds to nðBÞ. Fig. 1 shows the
fast Fourier transform (FFT) spectra in 6H-, 5H- and 1H-
CAS at 2.0K under several applied fields with respective
field orientation. Note that the spectra for the field parallel
to the c-axis are characterized by the broader line width
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compared with those forHka in all three phases, suggesting
the presence of anisotropy in the penetration depth. The
small peak near B-m0H ¼ 0 in 1H-CAS is due to a
background signal caused by muons missing at the sample.

We employed the modified London model for uniaxial
superconductors (with z being the symmetric axis parallel
to the crystalline c-axis) to reconstruct the two-dimensional
field profile from the one-dimensional nðBÞ measured by
TF–mSR [4]. When the external field ðm0HÞ is parallel to
one of the crystalline axes, the field profile BðrÞ is given by

BðrÞ ¼ B0

X
K

e�K�re�K2x2v

1þ K2
xl

2
ab þ K2

yl
2
xx

, (1)

where B0 ð� m0HÞ is the average internal field, K is the
translation momentum of the vortex reciprocal lattice K ¼
luþmv ðl;m ¼ 0;�1;�2 . . .Þ, lab is the effective in-plane
London penetration depth, lxx ¼ lab for Hkc and lxx ¼ lc
forHka (akx) with lc being the penetration depth along the
c-axis, and xv the Gaussian cutoff parameter. As a
preliminary analysis, we adopted an approximation in
Eq. (1) that 1=ð1þ K2

xl
2
ab þ K2

yl
2
cÞ ’ 1=ð1þ K2l2HkaÞ while

lab � lHkc. In the first-round analysis, we found that the
triangular FLL without nonlocal correction [5] would be
enough to reproduce the observed spectra. The possible
fluctuation of reciprocal vectors was considered by
introduced a mean width for the long range FLL distortion
(slm) as K ¼ lð1þ dlÞuþmð1þ dmÞv with the probability
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distribution function PðdkÞ / expð�d2k=s
2
lmÞ. Here, we note

that this yielded the best fit result with slm�0 for 1H-CAS.
The analysis was made in the time domain to avoid the
statistical uncertainty. Typical examples of the TF–mSR
time spectra are shown in the insets of Fig. 1 together with
the results of fitting analysis based on the least square
method using Eq. (1). A more detailed fitting analysis
without the approximation mentioned above is now in
progress.

Fig. 2 shows the lHki for an applied field parallel to the
i-axis (i ¼ a and c) as a function of H=Hc2 normalized by
upper critical fields at the measurement temperature.
Interestingly, we observed the gradual increase of lHkc
with increasing fields while lHka depends only slightly on
the applied field. It should be noted that the anisotropy of
lð0Þ in 6H- and 5H-CAS is estimated to be about 1.6–1.8
while it is very small ð�1Þ in 1H-CAS, which justifies the

presumption that there is a correlation between the FLL
ground state and superstructured periodicity.
Fig. 3 shows the field dependence of the vortex core

radius, rv, and cutoff parameter, xv. Here, rv is defined as a
radial distance from the vortex center at which the
supercurrent density jðrÞ, given by the Maxwell’s relation
jðrÞ ¼ jr � BðrÞj, reaches its maximum value. Ichioka
et al. reported that theoretical calculation predict the
shrinkage of rv due to the vortex-vortex interaction as
shown in Fig. 3 [6]. The field dependence of rv is a measure
for the quasiparticle density of states (DOS) per each
vortex, where the total DOS for the bulk specimen NðHÞ is
proportional to pr2vH / Hb with b ¼ 1 for the rigid vortex
core (the factor H is the number of vortices per unit area).
The dashed curves in Fig. 3 show the fitting result using
this form rv ¼ r0h

ðbHki�1Þ=2, and the estimated bHki are
listed in Fig. 3. Interestingly, bHki in 1H-CAS are
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qualitatively consistent with that in a recent calculation
assuming s-wave pairing for T=Tc ¼ 0:5 ðb ¼ 0:67Þ. On the
other hand, the smaller value of bHki in superstructured
specimens compared with that in 1H-CAS may be related
with the quasiparticle excitations outside the vortex cores.
Meanwhile, xv in 6H- and 5H-CAS shows a steep decrease
with increasing field while that in 1H-CAS is almost
independent of fields expected for the conventional single
band superconductor. The value of xv at lower field in the
respective phases are in good agreement with the Ginzburg–
Landau coherence length xGL (see Ref. [2]). As shown in
Fig. 4, sp exhibits a gradual decrease with increasing field.
This behavior can be explained by the stronger overlap of
flux lines at higher field region. We point out here that the
random pinning force in 1H-CAS is extremely stronger
than that in superstructured specimens, whose origin
remains to be clarified. Meanwhile, we observed clear
enhancement of slm at lower fields parallel to the c-axis
while no such behavior was found for the case of Hka. This
seems to be related with the softening of the compression
modulus C11–C66 for the FLL at lower magnetic fields. It is
generally known that the elastic property of FLL is
provided by the compression modulus C11–C66, shear
modulus C66 and tilt modulus C44. The field dependence of
these modulus over the field region far from the lower
critical field Hc1 is then

C11 ’ C44 ’
H2

c2

8p
h2; C66 ’

0:13

k2
Hc2

8p
ð1� h2Þ,

where k is the GL-parameter. Here, the relationship
between a field-independent vortex pinning force Fp, Cij

and slm is described by the Hooke’s law, Fp / Cijslm,
which leads to slm / Fp=Cij�g=ðh� h0Þ2, where g is the
effective inverse force constant and h0 is the offset
parameter. As is found in the insets, the h dependence of
slm is well described by this relation. Therefore, slm is
related to the long range distortion induced by random
compression/tilting of vortices.
Finally, we discuss the origin of gradual enhancement of

l with increasing field as shown in Fig. 2. It is now being
established that the low energy quasiparticle excitation
manifested in the field-gradient of lðhÞ can provide a
measure for the anisotropy of superconducting order
parameter [4]. In the FLL state, the shift in the
quasiparticle energy spectrum, � ¼ p̂ � v̂s, due to the semi-
classical Doppler shift around vortex cores gives rise to the
field-induced quasiparticle excitation, where p̂ is the
quasiparticle momentum and v̂s is the supercurrent
velocity. In the case of order parameter with a nodal or
anisotropic structure (including multigap), the Cooper
pair with a gap energy of less than � can be broken by
Doppler shift, leading to an enhancement of l. In order to
assess the magnitude of low-lying quasiparticle excitation,
we performed fitting analysis for the data in Fig. 2 using
the following linear relation, lHkiðhÞ ¼ lHkið0Þ½1þ ZHki � h	,
where Z represents the strength of the pair breaking effect.
The estimated values of lHkið0Þ and ZHki in the respective
phases are displayed in Fig. 2. For all phases in CAS, ZHkc
is comparable to those in YNi2B2C [7], KOs2O6 [8]
and MgB2 [9] (i.e., Z ¼ 0:97, 2.58 and 1.27, respectively)
in which point nodes or two-gap is strongly suggested
by other experiments [10,11]. On the other hand, the
gradient of lHkaðhÞ is extremely small compared with that
of lHkcðhÞ. Since the Doppler shift is far smaller than the
gap energy in a typical situation for the isotropic gap, no
such enhancement of lðhÞ is expected for the conventional
s-wave pairing (i.e., Z51). Therefore, it is suggested from
the field dependence of lHki that an anisotropic structure
(nodes/dips or multi gapped) is present in the order
parameter along the direction normal to the c-axis, while
a full-gap is anticipated for a direction perpendicular to the
a-axis.
In summary, we have performed mSR measurements

under high TF in the single crystal of CAS with a variety of
superstructure, and extracted the characteristic length scale
of superconductivity by mapping out the local field
distribution in the FLL. For three crystalline phases, it is
inferred from the presence of low-lying quasiparticle
excitation indicated by the gradient of effective penetration
depth that the order parameter in CAS has an anisotropic
or multi-gapped structure.
We are grateful to the mSR staff of TRIUMF for their

technical support. This work was partially supported by a
Grant-in-Aid for Scientific Research on Priority Areas
from the Ministry of Education, Culture, Sports , Science
and Technology of Japan.
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Abstract

The local electronic structure of substitutional nitrogen impurity in rutile TiO2 was studied by means of the b-NMR technique. A

short-lived b emitter 12N (I ¼ 1, T1/2 ¼ 11ms) was implanted into a rutile single crystal as a probe nucleus to detect double-quantum

NMR spectrum. The result shows the existence of a small hyperfine interaction at low temperatures due to paramagnetic states localized

at oxygen substitutional site, which suggests that a substitutional nitrogen atom acts as a shallow acceptor in rutile TiO2.

r 2007 Elsevier B.V. All rights reserved.

PACS: 76.60.�k; 61.72.Ww; 71.20.Nr; 71.55.�i

Keywords: Shallow acceptor; TiO2; Implantation; b-NMR

1. Introduction

Nitrogen impurities are expected to be one of the key
dopants in TiO2 to facilitate its use as a visible light
responsive photocatalyst, since the photocatalitic activity
in nitrogen-doped TiO2 has been shown under visible light
irradiation [1,2]. Substitutional nitrogen doping for oxygen
in TiO2 is thought to cause the band-gap narrowing, and to
shift the optical response from ultraviolet to visible light
range [2]. So far, there have not been sufficient experi-
mental studies of the electronic structure of the nitrogen-
doped TiO2. An isolated substitutional nitrogen atom is
expected to form an acceptor level in the band-gap of TiO2.
According to the hydrogen-like impurity model, Bohr
radius a� and binding energy En

b of a hole at an acceptor
center is renormalized by the dielectric constant e and
the hole effective mass mn

h as an ¼ �=ðmn
h=meÞa0 and En

b ¼
ð13:6 eVÞ � ðmn

h=meÞ=�2, respectively, where me is free
electron mass and a0 is the Bohr radius of hydrogen in

vacuum. In case of rutile TiO2, large dielectric constants
e ¼ 111 and 257 along a- and c-axis, respectively, at low
temperatures [3] might give a significant large a� and small
En

b, so that quite a small hyperfine constant due to large
volume of the paramagnetic acceptor center might be
observed at low temperatures. Studies of the electronic
structure and the characteristics of such an acceptor center
are of importance in understanding the properties of doped
samples with various range of impurity concentration.
The experimental studies on the electronic structure of
paramagnetic shallow acceptor centers in semiconductors
have been done by the electron-nuclear-double-resonance
(ENDOR) and the negative muon spin rotation (mSR)
techniques. The former was applied to a shallow boron
acceptor in SiC [4] and the latter to an aluminum acceptor
in Si [5]. In addition to these techniques, the b-NMR
technique is also useful for the direct observation of such
microscopic properties of isolated impurities, because of
the extremely high sensitivity of NMR detection. In the
present study, we have measured the double-quantum
(DQ) NMR spectra of a short lived nucleus 12N (I ¼ 1,
T1/2 ¼ 11ms) implanted into a single crystal of rutile TiO2
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by means of the b-NMR technique, in order to observe the
hyperfine interactions of the substitutional 12N nucleus
with the surrounding electronic state.

2. Experimental

The experimental method is similar to the previous one
[6]. The short-lived b-emitter 12N was produced through
the 10B(3He,n)12N reaction. The 3He beam of 3.0MeV with
an intensity of 10–15 mA from the 5MV Van de Graaff
accelerator at Osaka University was used to bombard the
90% enriched 10B target which was prepared by the
vacuum evaporation on a 0.5-mm-thick Al backing. The
12N nuclei ejected from the target at angles in between 121
and 281 relative to the 3He-beam direction was selected
with a collimator to obtain nuclear spin polarization of
�20%. The polarized 12N nuclei were implanted into a
single crystal of rutile TiO2 within a static magnetic field
B0 ¼ 0.5 T applied parallel to the polarization direction.
The crystalline c-axis was set parallel to B0. Two sets of
plastic-scintillation-counter telescopes were located above
and below the sample relative to the reaction plane to
detect the asymmetry in the b-ray angular distribution. A
radiofrequency (rf) magnetic field B1 was applied perpen-
dicular to B0 to induce resonance which was detected by
polarization change monitored via the b-ray asymmetry.

From the previous b-NMR studies on 12N in rutile, two
lattice locations with different electric field gradients (EFG)
were identified as the oxygen substitutional site and the
octahedral interstitial site [7]. So in the present case, the
DQ transition between substrates m ¼ �1 and +1 will be
observed as a sharp single NMR line in the middle of a pair
of single-quantum transition frequencies n�120 and n+120

under a strong external magnetic field, which is useful to
search a small internal field Bint due to the hyperfine
interaction. The frequency for the DQ transition nDQ in
case of nuclear spin I ¼ 1 is described as follows,
considering the second-order shift due to the quadrupole
interaction under a strong magnetic field B ( ¼ B0+Bint):

nDQ ¼ nL þ 1

8

� �
n2Q
nL

 !
fsin2 yð3 cos2 yþ 1Þ

þ 2

3
Z cos2 j sin4 yþ 1

4
Z2ð4� 3 cos2 2j sin4 yÞg, ð1Þ

where nL ¼ gnB/2p, the Larmor frequency with the nuclear
gyromagnetic ratio gn; nQ ¼ (3/4)eqQ/h with the electric
field gradient (EFG) q and the nuclear quadrupole moment
Q, and the asymmetry parameter Z of EFG. y and j are
Euler angles of the EFG relative to the external field B0.
Using known values of eqQ/h and Z for the substitutional
site as eqQ/h ¼ 469 kHz and Z ¼ 0.37 at room temperature
[7]; nDQ ¼ 1749 kHz is expected at B0 ¼ 0.5 T for the
present crystal orientation, cJB0, giving y ¼ j ¼ 901 [8].
For the interstitial site, nDQ ¼ �2040 kHz is estimated from
eqQ/h ¼ 2888 kHz and Z ¼ 0.038, which is far from the DQ
frequency for the substitutional site.

3. Results and discussion

The DQ NMR spectra of 12N in TiO2 at temperatures of
18, 105 and 280K are shown in Fig. 1. The rf field B1 of
�2.5mT with the frequency modulation of 71 kHz and
the duration of 6ms was applied to induce the DQ
transition. The spectrum at 280K shows a sharp NMR
line and its frequency is consistent with the above
estimation for the oxygen substitutional site, so that this
resonance corresponds to the diamagnetic component of
the substitutional nitrogen.
As the temperature decreases, the diamagnetic fraction

decreases at 18K and other components than the narrow
diamagnetic line emerge with frequencies shifted to both
sides by up to �20 kHz from the diamagnetic line. The
fraction of this broad component in the spectrum is about
40% of the total fraction deduced by integrating the
spectrum over the observed frequency range. The total
fraction at 18K is nearly the same as that at 280K.
However, about 30% of the total fraction is missing at
105K. In the spectrum at 18K, resonances are observed
even at lower frequencies than the Larmor frequency
nL ¼ 1742 kHz at Bint ¼ 0, which cannot be explained
without considering the existence of a negative internal
field Bint because the second-order shift must be always
positive. The chemical shift for the nitrogen case is
�400 ppm [8] which is too small to affect the present
spectrum. The possibility of the single-quantum transition
with tiny quadrupole interaction is ruled out because, if
that is true, a distinct double quantum peak with the
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second order shift �n2Q=nL of nearly zero should be
observed at around 1742 kHz. This result suggests the
existense of paramagnetic states formed by a nitrogen
acceptor at low temperatures. If we accept this picture,
the broad component at the higher frequency side can
also be considered to be due to the paramagnetic states
with the opposite direction of electron spin relative to that
for the lower frequency component. From the observed
NMR line shift, the hyperfine constant is estimated as
�10�4 times smaller than the vacuum hydrogen value. This
result is similar to that of mSR studies on some
semiconductors showing extremely small hyperfine con-
stants for muonium (Mu) compared to the vacuum Mu
value (10�3 to 10�4 times) due to formation of shallow
donor levels [9].

In summary, the DQ NMR of 12N in a single crystal of
rutile TiO2 was performed by means of the b-NMR
technique and quite a small hyperfine field was observed
at 18K. This result suggests that the substitutional nitrogen
atom for oxygen acts as a shallow acceptor in rutile TiO2.
In order to clarify the electronic structure of the nitrogen
acceptor center, further experimental studies such as more
precise temperature dependence of the DQ spectrum are in
progress.
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We have performed 69,71Ga nuclear magnetic resonance �NMR�, nuclear quadrupole resonance �NQR�, and
muon spin rotation and resonance on the quasi-two-dimensional antiferromagnet NiGa2S4, in order to inves-
tigate its spin dynamics and magnetic state at low temperatures. Although there exists only one crystallographic
site for Ga in NiGa2S4, we found two distinct Ga signals by NMR and NQR. The origin of the two Ga signals
is not fully understood, but possibly due to stacking faults along the c axis which induce additional broad Ga
NMR and NQR signals with different local symmetries. We found the spin freezing occurring at Tf, at which
the specific heat shows a maximum, from a clear divergent behavior of the nuclear spin-lattice relaxation rate
1 /T1 and nuclear spin-spin relaxation rate 1 /T2 measured by Ga-NQR as well as the muon spin relaxation rate
�. The main sharp NQR peaks exhibit a stronger tendency of divergence, compared with the weak broader
spectral peaks, indicating that the spin freezing is intrinsic in NiGa2S4. The behavior of these relaxation rates
strongly suggests that the Ni spin fluctuations slow down towards Tf, and the temperature range of the
divergence is anomalously wider than that in a conventional magnetic ordering. A broad structureless spectrum
and multicomponent T1 were observed below 2 K, indicating that a static magnetic state with incommensurate
magnetic correlations or inhomogeneously distributed moments is realized at low temperatures. However, the
wide temperature region between 2 K and Tf, where the NQR signal was not observed, suggests that the Ni
spins do not freeze immediately below Tf, but keep fluctuating down to 2 K with the MHz frequency range.
Below 0.5 K, all components of 1 /T1 follow a T3 behavior. We also found that 1 /T1 and 1 /T2 show the same
temperature dependence above Tf but different temperature dependence below 0.8 K. These results suggest that
the spin dynamics is isotropic above Tf, which is characteristic of the Heisenberg spin system, and becomes
anisotropic below 0.8 K.
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I. INTRODUCTION

Recently, vigorous theoretical and experimental studies
have been performed on various compounds with geometri-
cally frustrating lattices.1 Among such compounds, a two-
dimensional �2D� triangular lattice is quite intriguing be-
cause it is the simplest and most fundamental structure.
Quite recently, a new quasi-2D triangular antiferromagnet
NiGa2S4 was discovered as the first example of a bulk low-
spin antiferromagnet with an exact triangular lattice.2

NiGa2S4 is a layered compound with the central NiS2 block
layers of edge-sharing NiS6 octahedra and top and bottom
sheets of GaS4 tetrahedra �Fig. 1�. These slabs are stacked
along the c axis and connected with each other by a weak
van der Waals force. Since the NiS2 layers are effectively
decoupled, and the Ni-Ni distance along the c axis is more
than three times longer than the Ni-Ni distance along the a
axis, NiGa2S4 has been regarded as a nearly ideal 2D trian-
gular system. The electronic configuration of magnetic Ni2+

�3d8� ions is t2g
6 , eg

2 �S=1�. Despite strong antiferromagnetic
interactions �the Weiss temperature �w�−80 K�, it was re-
ported that no long-range magnetic order is detected down to
0.35 K by susceptibility, specific-heat, and neutron-
diffraction measurements.2 Instead, incommensurate short-

range order with nanoscale correlation, whose wave vector is
q= �� ,� ,0� with �=0.158�1 /6, was revealed by the neu-
tron diffraction. In addition, a quadratic temperature depen-
dence of the specific heat below 4 K indicates the presence
of coherent gapless linearly dispersive modes at low tem-
peratures, although the bulk measurements show a small

FIG. 1. �Color online� Crystal structure of NiGa2S4. The lattice
constants are a=3.624 Å, c=11.996 Å.
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anomaly around 10 K �=Tf� Ref. 2. However, the origin of
the T2 dependence of the specific heat �C� has not been un-
derstood yet.

In this paper, we report the results of Ga nuclear-
magnetic-resonance �NMR� and nuclear-quadrupole-
resonance �NQR� measurements on NiGa2S4, which have
been performed in order to investigate from a microscopic
viewpoint the origin of the anomaly at Tf=10 K, spin dy-
namics at low temperatures, and the magnetic ground state.
We also report the results of muon-spin-rotation and relax-
ation ��SR� measurements, which detect the slow dynamics
beyond the NMR limitation. We found that the nuclear spin-
lattice relaxation rate 1 /T1, nuclear spin-spin relaxation rate
1 /T2, and the muon spin relaxation rate � all exhibit a clear
divergence in approaching from above Tf�10 K. In addi-
tion, a broad structureless Ga-NQR spectrum and inhomoge-
neous distribution of T1 were observed below 2 K. These
results strongly suggest that the Ni moments freeze out be-
low Tf and give rise to inhomogeneous internal fields at the
Ga sites below 2 K. Moreover, it was found that the spin
dynamics is isotropic above Tf, which is shown from the
identical temperature dependence of 1 /T1 and 1 /T2. Isotro-
pic spin dynamics is considered to be characteristic of the
Heisenberg spin system. The different temperature depen-
dence was observed at low temperatures between 1 /T1 and
1 /T2: 1 /T1 follows a T3 dependence below 0.5 K, and 1 /T2
is almost linear in T below 2 K. The different temperature
dependence suggests anisotropic spin dynamics at low tem-
peratures.

II. EXPERIMENT

Polycrystalline and single-crystal samples of NiGa2S4
were synthesized as described in the literature.2 Powder
x-ray measurements at room temperature and neutron dif-
fraction measurements in the temperature range between 1.5
and 300 K confirmed that NiGa2S4 retains the trigonal crys-

tal structure down to 1.5 K with P3̄m1 symmetry.2 Three
samples �polycrystalline and as-grown single crystalline
samples of nominal NiGa2S4, and a polycrystalline sample of
NiGa2S4.04� were used in the measurements. The same batch
of polycrystalline NiGa2S4 used in the neutron diffraction2

was measured in the present NQR experiments, and the
single crystal was used in NMR. Since NQR results �NQR
spectrum and 1 /T1� are essentially the same in the three
samples, we consider that the NQR results are determined by
the intrinsic magnetic properties, which are not affected by a
spurious impurity phase.

The NMR and NQR measurements were performed
on two Ga isotopes �69Ga �I=3 /2�: 69�
=10.219 MHz /10 kOe and 69Q=0.19	10−24 cm2, 71Ga
�I=3 /2�: 71�=12.984 MHz /10 kOe and 71Q=0.16
	10−24 cm2, where � and Q are the gyromagnetic ratio and
the electric quadrupole moment, respectively�. NMR and
NQR spectra 1 /T1 and 1 /T2 were measured by Ga spin-echo
signals in the temperature range of 75 mK–200 K. Zero-
field and longitudinal-field �SR measurements in the tem-
perature range of 1.8–250 K were performed at the �A-port
of the Meson Science Laboratory at KEK in Tsukuba, Japan.

The powder sample was attached to a silver “cold plate” by
GE varnish. A 4He gas flow cryostat was used for the �SR
measurements.

III. EXPERIMENTAL RESULTS

A. NMR and NQR spectra

NMR spectra of a single-crystalline NiGa2S4 were ob-
tained by sweeping the external field. Figure 2�a� displays
the Ga-NMR spectra against the field at 40, 17, and 1.6 K.
Here, the NMR frequency is fixed at 93.5 MHz and the ex-
ternal magnetic field is applied parallel to the c axis.

In general, NMR spectra for nuclear spin I�=3 /2� show
three peaks, which are composed of an intense central peak
arising from the 1 /2↔−1 /2 transition and two satellite
peaks from 3 /2↔1 /2 and −1 /2↔−3 /2 transitions when an
electric field gradient exists at the observed nucleus site.
Since NiGa2S4 has one crystallographic Ga site surrounded
by four S atoms, which forms a GaS4 tetrahedron, three
peaks should be observed for each of the 69Ga and 71Ga
nuclei. However, the spectrum at 40 K exhibits asymmetric
center peaks and two asymmetric satellite peaks, indicative
of the existence of two Ga sites �Ga�1� and Ga�2� sites� with

60 70 80 90 100 110

x
5 10 15 20 25

ν

FIG. 2. �a� 69,71Ga-NMR spectra from single-crystal NiGa2S4 at
40 K �curve in upper part�, 17 K �gray area�, and 1.6 K �lower
part�. NMR intensity normalization, i.e., taking into account differ-
ence in the T2 relaxation rate �T2 correction� has not been made.
The resonant frequency is 93.5 MHz and the magnetic field is ap-
plied along the c axis. The time between first and second pulses to
observe spin echo is 30 �sec. The 63,65Cu signals are from an NMR
coil. �b� 69,71Ga-NQR spectra after T2 correction at 40 and 1.5 K
using polycrystalline samples. NQR intensity is normalized by
temperature.
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different EFGs. With decreasing temperature, the intensity of
the NMR signals from the Ga�1� site decreases, and NMR
signals from only one Ga site were observed at 17 K as
shown by the dark gray area in Fig. 2�a�. It should be noted
that measurement of T2 on NMR spectra was needed in order
to discuss the intrinsic intensity ratio of the two Ga sites. By
further cooling, all NMR signals disappeared below Tf
�10 K, and an extremely broad NMR spectrum reappears
below 2 K as shown in the bottom of Fig. 2�a�. The ex-
tremely broad Ga-NMR spectrum strongly suggests the oc-
currence of static magnetism with inhomogeneous internal
field well below Tf.

The existence of two Ga sites with different electric field
gradients �EFGs�, which was indicated by the Ga NMR, was
confirmed by the NQR measurement. Ga-NQR spectra from
a polycrystalline sample were obtained by measuring the
spin-echo intensity as a function of frequency. Unlike the
NMR, the NQR spectrum for the I=3 /2 nuclei should con-
sist of a single peak of the 
1 /2↔
3 /2 levels. We ob-
served two intense peaks with narrow width and two weak
peaks with broad width as shown in Fig. 2�b�. The frequency
ratio of two intense peaks �16.5 MHz /10 MHz� is nearly the
same as that of two weak peaks �12.5 MHz /7.5 MHz�,
which is equal to the ratio of the nuclear quadrupole moment
�69Q / 71Q=1.589�. This indicates that there are two sets of
distinct NQR signals, and reveals the existence of two Ga
sites with different EFGs in NiGa2S4. From the separation
between two satellite peaks in the NMR spectra at 40 K, we
deduced the NQR frequency along the principal axis �c axis�
of the EFG at the Ga site ��z�. We evaluated the asymmetry
parameter �= ��y −�x� /�z using the relation

�Q = �z�1 +
1

3
�2,

where �Q is the NQR resonance frequency in Fig. 2�b�. The
values of �Q, �z, and � are listed in Table I.

It is noted that two Ga NQR signals are observed, even
though there exists only one crystallographic site for Ga in
perfect NiGa2S4. From careful inductively coupled plasma
�ICP� and scanning electron microscope �SEM�
measurements,3 it was revealed that S occupation is �3.96,
suggesting that the S deficiency is at most �1%, and that the
configuration of the triangular structure is rather good. At
present, the origin of the two Ga sites is not identified, but

we point out that possible inclusion of different stacking
units, closely related to the structure of NiGa2S4, might give
rise to an additional Ga site with a different EFG. A tiny
amount of sulfur deficiency and/or disorder is considered to
exist in the “outer” sulfur layer, which is shown by S�1� in
Fig. 1. It is considered that the sulfur deficiency and/or dis-
order is more easily introduced in the outer S�1� layer than in
the inner S�2� layers which are coupled strongly with Ni2+

ions and form the NiS2 block layer. The fraction of the two
Ga sites estimated from the Ga-NQR intensity at 40 K,
which is normalized by 1 /T2 values, is Ga�1� :Ga�2�
=0.78:0.22. If we assume that the Ga�2� NQR is ascribed to
the Ga site which is influenced by the sulfur deficiency at the
S�1� site, we estimate that the S�1� deficiency is approxi-
mately 7% from the intensity ratio of two Ga NQR signals
because one S�1� deficiency gives an influence to three Ga
atoms in the low concentration limit. However, this possibil-
ity might be excluded from the ICP result. Instead, we con-
sider that the stacking faults along the c axis, which result in
a different stacking unit from the bulk NiGa2S4, might be the
origin of the Ga�2� site. In any case, the linewidth of the
Ga�2� NQR signal is twice broader than that of the Ga�1�
signal, it is reasonably considered that the Ga�1� signal arises
from the Ga site with the regular crystal structure, and the
Ga�2� signal arises from the Ga site with disorder and/or
defects in the structure. This assignment is consistent with
the fact that � at the Ga�2� ��0.75� is larger than � at the
Ga�1� ��0.37�.

The NQR-signal intensity at both Ga sites decreases with
decreasing temperature and the NQR signals disappear
around Tf�10 K, indicative of a magnetic anomaly. On fur-
ther cooling, enormously broad NQR spectra were observed
as in the NMR spectra below 2 K. Since no obvious structure
was found in the spectra, it is inferred that the internal field
at the Ga sites is widely distributed in a static magnetic state
at low temperatures. Such a magnetic state is discussed in
Secs. IV B and IV C.

B. Knight shift

Next, we show the temperature dependence of the Knight
shift �K� measured at the central peaks of the Ga-NMR spec-
trum. In the K estimation, the shift originating from the
second-order quadrupole interaction was subtracted. Figure 3
displays the temperature dependence of K�T� for 71Ga�1� and
71Ga�2�, along with the behavior of the bulk susceptibility
normalized by the behavior of the Knight shift above
100 K.2 In general, K�T� is decomposed as

K�T� = Kspin�T� + Korb,

where Kspin�T� and Korb are the spin and orbital parts of the
Knight shift, respectively. Kspin is related to the bulk suscep-
tibility ��T� originating from the Ni spins as

Kspin�T� =
Ahf

NA�B
��T� ,

where Ahf, NA, and �B are the hyperfine coupling constant
between the Ga-nuclear spin and Ni-3d spins, Avogadro’s

TABLE I. The quadrupole parameters for 69,71Ga�1� and
69,71Ga�2� derived from the peak position of the NMR and NQR
spectra. The ratio of quadrupole moment of Ga isotopes which cor-
responds to that of NQR resonance frequency is 69Q / 71Q
= 69�Q /

71�Q=1.589.

�z �MHz� �Q �MHz� �

69Ga�1� 15.87 16.26 0.39
69Ga�2� 10.95 11.97 0.77
71Ga�1� 10.05 10.25 0.35
71Ga�2� 6.95 7.54 0.73
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number, and the Bohr magneton, respectively. Korb is related
to the Van Vleck susceptibility, which is temperature inde-
pendent in general.

As shown in Fig. 3, the Knight shift at both sites follows
the bulk susceptibility above 80 K. The hyperfine coupling
constant Ahf at both sites �17.70
0.20 �kOe /�B� for Ga�1�,
7.67
0.36 �kOe /�B� for Ga�2�� was evaluated from the
slopes in the K-� plot displayed in the inset of Fig. 3. How-
ever, K at the Ga�1� site could not be measured below 50 K
due to the decrease of the NMR-signal intensity, and K at the
Ga�2� site deviates from the temperature dependence of ��T�
below 80 K. The Knight shift probing the microscopic sus-
ceptibility decreases although the bulk susceptibility contin-
ues to increase. It seems that a precursor of the magnetic
anomaly starts below 80 K. This corresponds well to the
Weiss temperature obtained from ��T�. We point out that a
similar deviation of K�T� from ��T� at low temperatures
was observed in a number of geometrically frustrated
spin systems such as SrCr8Ga4O19 �SCGO�,4
Ba2Sn2ZnCr7pGa10−7pO22,

5 and FeSc2S4.6 In these com-
pounds, the possibility of spin singlet state and/or gapped
state with the defectlike contribution has been suggested.
However, such possibilities are not applicable to the present
case because the divergence of 1 /T1, which is discussed
later, suggests a magnetic ground state. In the magnetic state,
there exist static moments giving rise to inhomogeneous in-
ternal fields at the Ga sites. The different temperature depen-
dence between microscopic and macroscopic spin suscepti-
bilities in the highly frustrated compounds, which are probed
with NMR and bulk susceptibility, respectively, remains un-
clear, and deserves to be understood theoretically.

C. Nuclear spin-lattice and spin-spin relaxation rate,
1 ÕT1 and 1 ÕT2

The nuclear spin-lattice relaxation rate �longitudinal rate�
1 /T1 was measured by the saturation-recovery method with

saturation pulses. Above Tf, the recovery curve m�t� of the
nuclear magnetization M�t� at time t after the saturation
pulses, which is defined by m�t�= �M��−M�t�� /M��, is
consistently fitted by the m�t��exp�−3t /T1� at both Ga sites
as shown on a semilogarithmic scale in Fig. 4�a�. Thus a
single T1 component was determined above 10 K. The
nuclear spin-spin relaxation rate �transverse rate� 1 /T2 was
measured by recording the spin-echo intensity I�2�� by
changing the time separation � between the � /2 �first� and �
�second� pulses. I�2�� was well fitted by the relation of
I�2���exp�−2� /T2� at both Ga sites as shown in Fig. 4�b�.
Here, the pulse length of a � /2 is approximately 5 �sec.

Between Tf and 2 K the NQR signals are not observed
due to the extremely short T1 and T2. This is due to the
critical slowing down of the spin fluctuations to the NQR
frequency scale, which results in the rapid spin relaxation.
On further cooling, a broad NQR spectra in Fig. 2�b� was
observed below 2 K. The m�t� exhibits the multicomponent
behavior, which is characterized by the upward curve as
shown in Fig. 5�a�. The m�t� is consistently fitted by the

relation m�t��exp�−�3t /T1̃� in Fig. 5�a�. This is shown by
the straight line in the semilog plot between m�t� and �t. This
relation is often observed when 1 /T1 is inhomogeneously

0 50 100 150 200
0

1

2

3

4

Ga(2)

Ga(1)

K
(%

)

T (K)

NiGa2S4

χ

FIG. 3. Temperature dependence of the Knight shift K for
71Ga�1���� and 71Ga�2���� sites. The dotted curves in the main
panel give the temperature dependence of susceptibility � normal-
ized to K above 100 K. Inset: K vs � plot for the two 71Ga sites.
Dotted lines are the linear fits between 70 and 200 K.
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FIG. 4. �a� Recovery curves m�t� derived from the 69Ga nuclear
magnetization at two Ga sites �69Ga�1���� and 69Ga�2����� by
changing the time interval between a saturation pulse and first
pulse. Single component of T1 was derived at two sites. �b� Decay
curve I�2�� from the 69Ga nuclear magnetization obtained by
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decay curves are consistently fitted by an exponential function
�I�2���exp�−2� /T2��.
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distributed due to the presence of the relaxation center, e.g.,
an amount of doped magnetic impurities and/or crystal

imperfection.7 In such a case, 1 /T1̃ is normally adopted as
1 /T1. On the other hand, it was found that I�2�� follows the
same I�2���exp�−2� /T2� relation even below Tf. The inset
of Fig. 6 shows the plot of the I�2�� against 2� at 76, 220,
and 485 mK. Thus single-component 1 /T2 was determined
down to the lowest temperature.

The temperature dependences of 1 /T1, 1 /T1̃, and 1 /T2
determined by the above fitting procedures are displayed in
Figs. 7�a� and 7�b�, together with the temperature depen-
dence of the integrated NQR intensity multiplied by tem-
perature, which is normalized to the value at 100 K �Fig.
7�c��. A T2 correction has been made for the estimation of the
NQR intensity in Fig. 7�c�, and we assume that T2 is inde-
pendent of frequency below 2.5 K. Figures 7�a� and 7�b�
display the temperature dependence of 1 /T1 and 1 /T2 mea-

sured at the two 69Ga sites above 10 K, 1 /T1̃ measured at
various frequencies, and 1 /T2 at 12 MHz, respectively. The
ratio of 1 /T1 between the two isotopes at high temperatures

is �1 / 69T1� / �1 / 71T1�=0.67
0.05, which is in good agree-
ment with the ratio of gyromagnetic ratio �69� / 71��2=0.62.
This indicates that 1 /T1 is dominated by the magnetic inter-
action with the electrons, not by the electric quadrupole in-
teraction. Above 80 K, 1 /T1 of 69Ga�1� is nearly constant,
which is often observed in a localized-moment system when
the temperature is higher than the exchange energy between
the localized moments. Below 80 K, as shown in Fig. 7�a�,
1 /T1 gradually increases with decreasing temperature, and
correspondingly the intensity of the NQR signal decreases.
Such behavior is considered as a precursor of the spin freez-
ing of Ni-3d spins. If we compare the temperature depen-
dence of 1 /T1 at the two Ga sites, 69Ga�1� and 69Ga�2� sites,
the magnitude of 1 /T1 at the Ga�1� site is three times larger
than 1 /T1 at the Ga�2� site. It should also be noted that the
onset temperature of the divergent behavior below about
80 K is higher at the Ga�1� site than at the Ga�2� site. From
the comparison of the temperature dependence of 1 /T1 at the
two Ga sites, we conclude that the magnetic anomaly seen in
Tf is an intrinsic nature of NiGa2S4, because the Ga�1� site
possesses a narrower NQR spectrum, indicative of the homo-
geneous site. If Tf were induced by inhomogeneity of the
sample, such as sulfur disorder and/or stacking faults, 1 /T1
at the Ga�2� site, where larger inhomogeneity is suggested by
the NQR spectrum, would show the magnetic precursor from
higher temperatures. Obviously, this is not the case. A similar
difference between the Ga�1� and Ga�2� sites, which indi-
cates that the magnetic anomaly at Tf is intrinsic in NiGa2S4,
was also observed in 1 /T2 and NQR-intensity results as
shown in Figs. 7�b� and 7�c�.

As noted above, in the temperature range between 10 and
2 K, the NQR signal was not observed due to the extremely
short T1 and T2 beyond the limit of the NMR measurement.
Below 2 K, the relaxation rate is distributed inhomoge-
neously in the low-temperature region. This multicomponent
T1 behavior is often observed in the spin-glass8 and Kondo-

disordered systems.9 1 /T1̃ determined from m�t��exp�
−�3t /T1̃� decreases strongly with decreasing temperature as
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shown in Fig. 7�a�. Here, T1̃ /3, the time when m�t� decays to
1 /e, is regarded as a characteristic value of T1 in multicom-

ponent T1. 1 /T1̃ was measured at several NQR frequencies

from 9.5 and 28 MHz at 1.5 K, but the values of T1̃ do not
change so much in this frequency range. The temperature

dependence of 1 /T1̃ below 2 K is shown in Fig. 7�a� in the
frequency range between 9.3 and 13 MHz, and is indepen-

dent of the frequency. 1 /T1̃ measured in 10 kOe shows the
same temperature dependence as that in zero field, although

the value of 1 /T1̃ in 10 kOe is approximately six times

smaller than 1 /T1̃ in zero field. This is due to the difference
of the matrix elements of the transition probability.

We found that 1 /T1̃ is proportional to T3 between 0.8 and
0.1 K. It should be noted that, although the spin dynamics is
highly inhomogeneous, the T3 dependence holds in all 1 /T1
components, because the experimental data of m�t� at several

temperatures below 0.5 K lie on the same curve when plot-
ted against tT3 as shown in Fig. 5�b�. Therefore the T3 de-

pendence of 1 /T1̃ is intrinsic behavior at low temperatures in

NiGa2S4. Temperature dependence of 1 /T1̃ is discussed in
Sec. IV.

Figure 7�b� shows temperature dependence of 1 /T2. 1 /T2
at both Ga sites also diverges at Tf, but 1 /T2 at the Ga�1� site
has larger values and starts to diverge at a higher tempera-
ture, which is in agreement with the 1 /T1 results. Below
2.5 K, 1 /T2 follows a T-linear temperature dependence down
to the lowest temperature as shown from the plot of I�2��
against 2�T at several temperatures in the main panel of Fig.
6. The large 1 /T2 values and the strong temperature depen-
dence of 1 /T2 that follows 1 /T1 behavior above Tf indicate
that 1 /T2 is not determined by the nuclear dipole interaction,
but by the T1 process. We found that the ratio of T2 /T1 in
NiGa2S4 is 4.2
0.2 above Tf. We show temperature depen-
dence of 1 /T1 and 1 /T2 divided by 4 in Fig. 8. It should be
noted that 1 / �4T2� follows quantitatively the same tempera-
ture dependence as 1 /T1 above Tf for both Ga sites, and that

different temperature dependence is observed in 1 /T1̃ and
1 / �4T2� below 0.8 K. In general, 1 /T1 �1 /T2� measured with
the NQR spectra are affected by the spin dynamics perpen-
dicular �parallel� to the principal axis of EFG. Therefore it is
considered that spin dynamics is isotropic above Tf, but be-
comes anisotropic below 0.8 K. We suggest that the isotropic
spin dynamics, characterized by the Heisenberg spin system,
are slowing down and changed to the anisotropic ones below
0.8 K, where the in-plane spin dynamics is suppressed by the
static magnetism, but the out-of-plane spin dynamics re-
mains active and is proportional to temperature. Detailed
temperature dependences above and below Tf are discussed
in Sec. IV.
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FIG. 7. �a� Temperature dependence of nuclear spin-lattice re-
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ence in the matrix elements �see text�. �b� Temperature dependence
of nuclear spin-spin relaxation rate 1 /T2. Below 2.5 K, 1 /T2 was
measured at 12 MHz in the broad NQR spectrum affected by the
inhomogeneous internal fields. Decay curves below 2.5 K are con-
sistently fitted by a single exponential function down to a lowest
temperature as shown in Fig. 6 although 1 /T1 is widely distributed
as shown in Fig. 5�b�. �c� Temperature dependence of integrated
intensities of spin echo after T2 correction. Below 2.5 K, we assume
that T2 is independent of frequency.
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D. Muon spin rotation and relaxation

Muon spin rotation and relaxation ��SR� experiments are
particularly suitable for detecting slow spin dynamics with
an extremely high relaxation rate beyond the NMR experi-
mental limitation. Therefore NMR and �SR are complemen-
tary to each other. Detailed �SR measurements in the tem-
perature range between 2 K and Tf are published in the
literature.10 Here we concentrate on the zero-field �SR �ZF-

�SR� experiments carried out at the Meson Science Labora-
tory KEK.

Figure 9 shows the ZF �SR asymmetry relaxation func-
tion G�t� in NiGa2S4 at various temperatures. The relaxation
function is gradually changing from Gaussian to Lorentzian
by approaching Tf. The experimental asymmetry data were
fitted to the “power exponential” form

G�t� = A exp�− ��t��� ,

where A is the initial muon decay asymmetry, � is a gener-
alized relaxation rate, and the exponent � interpolates be-
tween exponential ��=1� and Gaussian ��=2� limits. This
form is suitable for characterizing spin dynamics, i.e., Gauss-
ian �exponential� function suggests that muons see static
�dynamics� magnetic fields during their lifetimes ��2.2 �s�.
��1 indicates an intermediate dynamics between two lim-
its, and ��1 suggests inhomogeneous dynamics with mul-
ticomponents.

The relaxation rate �, exponent �, and asymmetry A are
plotted against temperature in Fig. 10. Above 100 K, � is
small and � is close to 2. Both indicate that the nuclear
dipole effect is dominant in the relaxation. With decreasing
temperature, � gradually decreases from 2 to 1, and � in-
creases, although A is nearly constant down to Tf. These
results indicate that �SR can detect the slow spin dynamics
which is beyond the NMR limitation, since the NMR inten-
sity gradually decreases in this temperature range. � shows a
distinct peak at Tf�10 K, below which the asymmetry A
decreases to approximately 1 /3 of the values above Tf. As
evident from Fig. 9, the so-called “1 /3 tail” is lifted up at
2 K, which indicates that the static field along the implanted
muon direction appears at least 2 K. In general, the muon
spin polarization function below Tf is characterized by rapid
depolarization of 2 /3 of the initial polarization, followed by
slow dynamic relaxation of the remaining 1 /3 component.
This is a characteristic signature of a highly disordered mag-
netic state in which the moments are quasistatic on the time
scale of the muon lifetime.11 In the present measurement, the
rapid depolarization could not be detected due to the high
inhomogeneity of the static moments, but the 1 /3 component
was detectable. It is considered from the residual asymmetry
below Tf that almost the entire region in the sample is in the
magnetic state.

It should be noted that relaxation of the 1 /3 tail was ob-
served at T=2 K. Therefore strong relaxation demonstrates
the existence of slow dynamics even below Tf, which is con-
sistent with the experimental fact that the Ga NQR spectrum
is not observed down to 2 K. The present �SR measure-
ments suggest that magnetic fluctuations of Ni spins are
gradually slowing down below 80 K, and that the inhomo-
geneous static field appears at the implanted muon site at low
temperatures. However, fluctuations of the Ni spins remain
strong even far below Tf. Spin dynamics is discussed in the
next section on the basis of NMR and �SR relaxation behav-
ior.

IV. DISCUSSION

A. Spin dynamics above Tf

In this section, we discuss spin dynamics in NiGa2S4 in
the paramagnetic state, which are revealed by 1 /T1 and 1 /T2
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at the Ga�1� site, because the Ga�1� is considered to be more
homogeneous than the Ga�2� site from the narrower NQR
spectrum shown in Fig. 2�b�. Above Tf, 1 /T1 and 1 / �4T2�
behave quantitatively the same as shown in Figs. 8 and 11,
and � derived from the �SR experiments also follows the
same temperature dependence. At temperatures higher than
80 K, 1 /T1 and 1 / �4T2� are nearly constant due to local-
moment fluctuations by the exchange interaction between the
Ni spins. Below 80 K, 1 /T1 and 1 / �4T2� start to diverge
towards Tf. As seen in the inset of Fig. 11, the divergent
behavior of 1 /T1 and 1 / �4T2� is approximately fitted by

1/T1,2 � �
−�

with �= �T−Tf� /Tf, and Tf and � are estimated to be Tf

=10.3
1.0, and �=0.45
0.10. According to theoretical
prediction, � is 0.3 and 0.8 in 3D and 2D Heisenberg sys-
tems, respectively.12 ��0.5 suggests that a magnetic
anomaly might occur due to weak interactions along the c
axis, since magnetic order is not realized at a finite tempera-
ture in the 2D Heisenberg system. It should be noted that the
critical divergence of the relaxation rate was observed over
an unusually wide temperature range 0.2���3, in which
the 2D short-range correlation is highly developed. This is in
marked contrast with the ordinary critical behavior in the 2D
Heisenberg system,12 for which the critical divergence is lim-
ited to the vicinity of TN ���0.5�. Such a remarkable diver-
gent behavior persisting over a wide temperature range
seems to be one of the key features of the 2D triangular
lattice, because similar critical behavior over wide tempera-
ture ranges was reported in LiCrO2 and HCrO2 with 2D
triangular lattices.13,14

In addition, it was found that 1 / �4T2� shows quantita-
tively the same temperature dependence as 1 /T1. This indi-
cates that the spin dynamics is isotropic. When the nuclear
dipole interaction is negligibly small, there is the relation

between 1 /T1 and 1 /T2 measured with the NQR signal aris-
ing from the 
1 /2↔
3 /2 of I=3 /2 transitions:21,22

1

T1
= G���� ,

1

T2
=

1

2
Gz�0� +

5

2
G���� .

Here, G���� is the spectral density of the longitudinal ��
=z� and transverse ��= � � components of the fluctuating
local field,23 and is given by

G���� =
�2

2
	

−




�H��t��H��0��exp�i�t�dt ,

where � is the gyromagnetic ratio, and �Hz�t� ��H��t�� is the
longitudinal �transverse� component of the fluctuating local
field. If we assume an exponential correlation function,


�H��t��H��0�� = 
��H��2�exp�− t
�c

� ,

using the correlation time �c of the fluctuation, 1 /T1 and
1 /T2 are expressed as follows:

1

T1
� �2
��H��2�

�c

1 + ���c�2 ,

1

T2
�

1

2
�2
��Hz�2��c +

5

2
�2
��H��2�

�c

1 + ���c�2 .

As seen in the equations, 1 /T1 and 1 /T2 are determined by
the dimensionless value of ��c, and are proportional to �c �1/
�2�c� in the case of ��c�1 ���c�1�. When �c becomes
longer due to the slowing down of the Ni spins with ap-
proaching Tf, the relaxation rates at once increase with a
maximum at ��c=1 and then decrease with decreasing tem-
perature. The experimental facts that 1 /T2�4�1 /T1� and
both show quantitatively the same temperature dependence
to each other imply that the magnetic fluctuations are in the
regime ��c�1 and isotropic, and that the relation between
�H� and �Hz is 
��Hz�2��3
��H��2� in the temperature re-
gion above Tf. The relaxation behaviors are consistent with
the Heisenberg spin system.

With decreasing temperature, magnetic fluctuations are
slowing down below 80 K, and seem to be static below Tf.
Now, we discuss the temperature dependence of the correla-
tion time �c�T� of the magnetic fluctuations quantitatively
using the experimental data for 1 /T1 and Ahf at the Ga�1� site
and magnetic susceptibility �. In the case when the nuclear
spin-lattice relaxation rate at the Ga site is dominated by
magnetic fluctuations of the Ni localized spins, 1 /T1 is ex-
pressed as follows:

1

T1
= z
�n

2kBT

2�B
2 lim

�→0
�

q

�A�q��2���q,��
�

,

where z�=3� is the number of the nearest neighbor Ni sites to
a Ga site, A�q� is the q-dependent hyperfine coupling con-
stant at a Ga site from a Ni spin, and ���q ,�� is the dynami-
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cal susceptibility and the sum is over the Brillouin zone. At
temperatures much higher than Tf, the spin dynamics is de-
termined by independent Ni moments, and the local-moment
�q=0� susceptibility is given by

�L��� =
�0�T�

1 − i��c�T�
,

where �0 is the magnetic susceptibility per Ni atom �emu/Ni
atom�.

We consider that A�q� and the dynamical susceptibility
are isotropic because 1 /T1 and 1 / �4T2� show nearly the same
behavior in this temperature region, and take A�q��Ahf /z
=17.7 /3=5.9 �kOe /�B�. Then 1 /T1 is described in the re-
gime of ��c�1 as

1

T1
= 3

�n
2kBT

�B
2 Ahf

2 �0�T��c�T� .

Therefore the characteristic energy of the spin fluctuations
� /kB, which corresponds to � / ��c�T�kB�, is given by

�/kB = �/��c�T�kB� = 3
��nAhf�2�

�B
2 �0�T�T1T

= 1.4	 105T1T�0NA �K� .

Figure 12 shows the temperature dependence of
��T� /kB=� / ��c�T�kB�. ��T� /kB is constant above 100 K
with the value of ��T� /kB�20 K. This is in good agreement
with the exchange interaction J between Ni spins, which is
estimated to be J�20 K from the relation

J =
3kB�W

z�S�S + 1�
,

where we use the Weiss temperature �W of −80 K and the
number of the nearest neighbor Ni sites for a Ni ion z� of 6.

It was found that ��T� /kB shows thermally activated de-
crease below 100 K, described by the relation of

��T�/kB = A exp�− U/T� .

From the inset of Fig. 12, A and U are estimated to be 25 and
40 K, respectively. Here, U corresponds to a binding energy
of the local spin configuration determined by J. In general,
we expect from the temperature dependence of 1 /T1 that
magnetic correlation length ��T� develops exponentially with
decreasing temperature, because ��T� is related to ��T� as
��T�� �c /��T��n in the Heisenberg spin system. However,
neutron experiments showed that the ��T� remains a couple
of lattice constants even at 1.5 K.2 It seems that ��T� is not
directly related to ��T� in NiGa2S4. Alternatively, we point
out that the similar thermally activated behavior was re-
ported in ESR studies on 2D triangular compounds of
LiCrO2 and HCrO2,13 and in NMR studies on a Heisenberg
kagomé lattice antiferromagnet KFe3�OH�6�SO4�2.15 Particu-
larly, Ajiro et al.13 pointed out that the activation energy U in
LiCrO2 and HCrO2 takes a universal value equivalent to U
= �2.7
0.3�JS2=4kBTKM, where TKM is a critical tempera-
ture for a Kosterlitz-Thouless-type phase transition. In the
2D triangular spin system, the possibility of the “Z2 vortex
state” has been suggested.16 Vortices related to the topologi-
cally stable defects appear at higher temperatures and start to
couple to each other below TKM. If we apply the above
analyses to NiGa2S4, U�40 K corresponds to U�2JS2

=4kBTf. This relation is quite different with that observed in
dilute-alloy spin glasses.17 In these compounds, the correla-
tion time �c obeys the Arrhenius law �c=�0 exp�Ea /kBT� with
a very large activation energy Ea�20kBTg. This indicates
that the freezing behavior is observed near Tg and the spins
slow down immediately. We point out that the freezing be-
havior observed in NiGa2S4 is different from the canonical
spin-glass systems, and suggest the possibility that the “Z2
vortex” transition occurs in NiGa2S4. It is feasible that Tf is
regarded as TKM in NiGa2S4.

We point out that the spin dynamics in NiGa2S4 possesses
the novel 2D spin character, discussed in the 2D Heisenberg
compounds for nearly two decades.13 As discussed above, it
was revealed that some kind of magnetic correlations start to
develop below �W�80 K, which is far above Tf, and con-
tinue to grow down to Tf. The development of magnetic
correlations over a wide temperature range and the occur-
rence of a magnetic anomaly well below �W seem to be
characteristic of frustrated magnetism, but it is still unclear
what kind of magnetic correlations are developing below �W.
The magnetic correlations developing in the frustrated sys-
tems is an interesting issue to be studied from experimental
and theoretical points of view.

B. Ga-NQR Spectrum below 2 K

As shown in Fig. 2�b�, a broad and structureless spectrum
was observed at 1.5 K. This spectrum indicates the presence
of inhomogeneous static magnetic fields at the Ga sites.
When the internal magnetic field appears at a Ga nuclear site
below Tf with the electric quadrupole interaction, the Zee-
man interaction from the internal fields is added to the total
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nuclear Hamiltonian. The Zeeman interaction is expressed as

HZ = − �n�I · Hint,

where �n is the Ga nuclear gyromagnetic ratio and Hint is the
internal field at the Ga nuclear site. The structureless broad
spectrum is approximately reproduced by using the inhomo-
geneous internal field at the Ga nuclear site, as shown in the
inset of Fig. 13. The average and distribution width of the
internal field at the Ga site are approximately 0.5 and 0.5 T,
respectively, and the calculated Ga-NQR spectrum is shown
by the dotted line in the bottom figure of Fig. 13. In the
calculation, we assume that the inhomogeneous internal field
has only a c-axis component for simplicity. Hint arises mainly
from the transferred hyperfine field and the dipolar field from
the Ni ions, which is expressed as

Hint = �
i

Ahf

NA�B
mi − �

i

1

ri
3�mi +

3ri�ri · mi�
ri

2 � ,

where mi is the magnetic moment at the ith Ni site and ri is
the vector connecting the Ga site to the ith Ni site. The
average value of the ordered moments is estimated to be
�1.0�B from the first term of the right-hand side in the
equation above. It is difficult to estimate accurately the or-
dered moments and the magnetic structure from such a broad
spectrum, since the magnitude of the dipolar fields highly
depends strongly on the orientations of the moments.

C. Spin dynamics below Tf

Since an extremely broad signal was observed below 2 K,
it is concluded that the static magnetic fields are present be-
low 2 K. However, over the wide temperature range below

Tf, slow spin dynamics remains as probed by NQR and �SR.
Taking into account the multi-exponential behavior in the
relaxation curves at low temperatures, it is concluded that a
2D inhomogeneous magnetic state is realized in this com-
pound.

We found that the spin dynamics becomes anisotropic be-
low 0.8 K from the different temperature dependence of
1 /T1 and 1 / �4T2� as shown in Fig. 8. 1 /T1 follows a T3

dependence in the temperature range between 0.5 and 0.1 K,
and this T3 dependence holds for all the spin dynamics de-
tected by the Ga NQR as discussed above. On the other
hand, 1 / �4T2� shows a T-linear dependence below 1 K. If we
take into account that 1 /T1 and 1 / �4T2� probe spin dynamics
along different directions, we can conclude that G���� and
Gz�0� show the T3 and T-linear dependence, respectively. It
is noteworthy that isotropic spin dynamics above Tf change
to anisotropic ones below 0.8 K.

In the following, we discuss the temperature dependence
of 1 /T1 below Tf on the basis of a conventional two-magnon
process in a triangular Heisenberg antiferromagnet. 1 /T1 de-
termined by the two-magnon process was discussed by
Moriya,18 and was extended to the triangular lattice by
Maegawa.19 1 /T1 by this process is expressed as

1

T1
=
�

2
�e�n��

i,j
Gij	

�0

�m �1 + ��m

�
�2�

	
e��/kBT

�e��/kBT − 1�2N���2d� ,

where �e is the electronic gyromagnetic ratio, Gi,j is a geo-
metrical factor. �m is the maximum frequency of the spin
wave, �0 is the spin-anisotropy energy related to the internal
field at the Ni sites, and N��� is the state density of magnons.
If we assume the long-wavelength approximation, N��� in
the 3D and 2D spin waves is

N��� =�
3���2 − �0

2

��m
2 − �0

2�3/2 three-dimensional

�

2��ex
2 a2 two-dimensional, �

where �ex is the exchange frequency between the Ni spins.
Using N���, the temperature dependence of 1 /T1 determined
by the 3D and 2D spin waves is given by

� 1

T1
�

3D
� T5	

T0/T

Tm/T �x2 − �T0

T
�2��x2 + �Tm

T
�2� ex

�ex − 1�2dx

and

� 1

T1
�

2D
� T3	

T0/T

Tm/T �x2 + �Tm

T
�2� ex

�ex − 1�2dx ,

respectively. Here, Tm=��m /kB and T0=��0 /kB. The tem-
perature dependences of �1 /T1�3D and �1 /T1�2D are calcu-
lated using Tm��W  =80 K, and T0=0.4 K, which are
shown in Fig. 14 by dotted and solid curves, respectively.
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1 /T1 data in the temperature range below 1 K are roughly
reproduced by both calculations using the gap magnitude of
T0=0.4 K, however, a deviation between the calculation and
1 /T1 data is observed below 0.15 K. The deviation is con-
sidered to be due to the distribution of T0, which is suggested
from the inhomogeneous internal field as discussed in Sec.
IV B. It seems that the 2D model is more suitable for inter-
preting the whole temperature dependence below Tf, because
the deviation between the data and the 3D calculation above
1 K is more significant than that in the 2D one. 1 /T1 from
the 3D model is approximately a T3 dependence above 1 K,
which is incompatible with the experimental result. The 2D
spin-wave model seems to be consistent with the T2 depen-
dence observed in specific-heat experiments above 0.35 K,2

which suggests the existence of linearly dispersive modes.
We point out that the 2D spin-wave model also gives the
�-linear density of states.

The temperature dependence of 1 / �4T2� is consistently
interpreted by the dominant T-linear Gz�0� and the small T3

dependence from the G���� contribution discussed above.
1 / �4T2� below 1 K is approximately expressed by

1

4T2
= 2.5	 103T�K−1 s−1� +

1

2
G���� ,

which is shown by a dotted curve in Fig. 14.
In the Heisenberg triangular magnet with the 120° spin

structure, there are three kinds of low-energy excitation
modes, viz. swinging fluctuations in the xy plane, rotational
fluctuations around one of the moment directions, and verti-
cal deviation from the xy plane �see Fig. 4 in Ref. 19�. It is
considered that the lowest excitation mode is the swinging

fluctuation, because the fluctuation conserves energy.19 Tak-
ing into account that NiGa2S4 has an incommensurate short-
range correlation with q close to �1 /6,1 /6,0�, which is a 60°
spin structure,2 it is reasonable to consider that NiGa2S4 has
magnetic fluctuations similar to those in the triangular com-
pounds. It should be noted that the out-of-plane dynamics is
homogeneous although the in-plane dynamics is inhomoge-
neously distributed. It is considered that the out-of-plane dy-
namics is related to the lowest excitation, which is the swing-
ing fluctuation in the xy plane, because the swinging
fluctuation gives rise to 
Sz�t�Sz�0��. However, it is difficult
to identify what kinds of magnetic fluctuations are associated
with the in-plane and out-of-plane spin dynamics at the Ga
site. To determine the origin of the temperature dependence
in G���� and Gz�0�, a theoretical study of the magnetic fluc-
tuations with a 60° spin structure is desired.

One of the characteristic features of the 1 /T1 results on
NiGa2S4 is that 1 /T1 retains a large value down to 1 K, i.e.,
far below Tf, which is also indicated by the �SR relaxation
rate in Fig. 10. The large value of 1 /T1 is related to the fact
that the NQR spectrum affected by the inhomogeneous static
field cannot be observed between 2 K and Tf. In an ordinary
magnetic transition and spin glass ordering, 1 /T1 shows a
divergence at the magnetic ordering temperature TM and de-
creases abruptly below TM, and then the internal field
emerges. Contrastingly, in NiGa2S4, 1 /T1 is too short to be
measured by the Ga-NQR measurements down to 2 K
��Tf /5�. This indicates that the magnetic fluctuations are not
quenched abruptly but gradually decrease or stay constant
down to 2 K.

Another characteristic feature of the 1 /T1 behavior is that
the enhancement of 1 /T1 does not start just above Tf but at
80 K, which is far above Tf. Such behavior of 1 /T1 suggests
that the release of the magnetic entropy at Tf is small. It is
considered that the gradual decrease of the magnetic entropy
is the reason why the anomaly of the specific heat at Tf is so
broad that the anomaly seems to be different from ordinary
magnetic ordering. We point out that the small change of the
entropy at the magnetic anomaly is one of the characteristic
features of frustrated magnetism, because a similar broad
maximum in the specific-heat results is often observed in not
only in triangular compounds14,20 but also in kagomé
compounds.24,25

Furthermore, there remains a question to be understood
when we interpret the temperature dependence of 1 /T1 on
the basis of the spin-wave model. As reported from the neu-
tron experiment, the magnetic correlation length in NiGa2S4
is short with only six lattice constants even at 1.5 K, which
makes NiGa2S4 resemble more conventional spin glasses
than the long-range ordered 2D AF magnet. The presence of
the spin wave seems to be unrealistic in such a short-range
ordered compound. In addition, the spin-wave model is con-
sidered to have a significant field dependence of 1 /T1, which
seems to contradict the field insensitive C�T�.2

However, we point out that a similar situation was ob-
served in SCGO,24 in which the magnetic correlation length
is only two times that of inter-Cr spacing26 but specific heat
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C�T� varies as T2 at low temperatures.24 In addition, the simi-
lar slowing down of the Cr spin fluctuations when approach-
ing to the susceptibility-cusp temperature Tg�3.5 K was re-
ported from the �SR and Ga-NMR measurements.4,27 It is
considered that the linear dispersion indicated from the
specific-heat behavior does not imply the presence of the
long correlation length. We suggest the possibility of a clus-
ter glass, which might be consistent with all existing results
except for the field insensitive behavior of C�T�. The spin-
wave excitations arise inside the cluster and the clusters
freeze out independently. It is considered that the size of the
cluster might be approximately six lattice constants. The per-
sisting spin fluctuations below Tf might be associated with
the spins at the cluster boundaries. To examine this scenario,
ac susceptibility measurements and theoretical studies of the
field dependence of N��� in the frustrated systems are highly
desired.

Quite recently, Tsunetsugu and Arikawa pointed out that
spin nematic order can explain the experimental facts of ab-
sence of the magnetic long-range order, a power-law behav-
ior C�T2, and the incommensurate wave vector q
��1 /6,1 /6,0�.28 The order parameters of the spin nematic
order are not related to ordinary static spin dipole moments,
but related to anisotropy of spin fluctuations. The present
results of 1 /T1�T3 and the anisotropic spin fluctuations be-
low Tf seems to be consistent with the spin nematic order.
However, it is a crucial point whether the spin freezing be-
havior accompanied by the internal magnetic fields below
2 K, observed by the NMR NQR, and �SR measurements, is
consistent with their scenario.

On the other hand, Kawamura and Yamamoto studied the
ordering of the classical Heisenberg antiferromagnet on the
triangular structure with bilinear and biquadratic
interactions.29 They suggested a topological phase transition
at a finite temperature driven by topological vortices al-
though the spin correlation length remains finite even below
the transition point. They pointed out that the magnetic
anomaly at Tf in NiGa2S4 might originate from a vortex-
induced topological transition related to Z2 vortices.29 In
their vortex scenario, the magnetic-correlation time does not
truly diverge at Tf, but only grows sharply at Tf exceeding
the experimental time scale, and remains short over a wide
temperature range below Tf. Correspondingly, magnetic-
correlation length � is short and remains finite in this tem-
perature range, and the onset of the magnetic long-range or-
der, which is characterized by the exponential divergence of
�, is observed only at still lower temperatures.29 The mag-
netic properties revealed with the present NQR, �SR, and
neutron experiments above 2 K seem to be consistent with
the above vortex transition. In addition, if the temperature for
long-range order in the vortex scenario is considered to be
�2 K, the observation of spin-wave-like excitations similar
to those in a long-range ordered 2D antiferromagnet can be
understood. To examine this vortex scenario, the neutron ex-
periments below 2 K are highly desired.

V. CONCLUSION

We have performed 69,71Ga-NMR /NQR and �SR mea-
surements on the triangular antiferromagnet NiGa2S4. NMR

and NQR spectra above Tf indicate the existence of two Ga
sites with different local symmetries, although there exists
only one crystallographic site in perfect NiGa2S4. The inten-
sity ratio of two NQR peaks is approximately 4: 1 and the
linewidth of the intense peak is narrower than the other. At
present, the origin of the two NQR peaks is not fully under-
stood, but it is speculated that a tiny amount of sulfur disor-
der and/or planar defects such as stacking faults might in-
duce the different Ga site.

1 /T1 and 1 /T2 were measured at both Ga sites and diver-
gent behavior of 1 /T1 and 1 /T2 was observed at Tf at both
Ga sites. It was found that 1 /T1 and 1 /T2 show the same
temperature dependence above Tf, indicative of isotropic
spin dynamics in the rapid-motion limit. The observed iso-
tropic spin dynamics is considered to be characteristic of a
Heisenberg spin system. With decreasing temperature, mag-
netic correlations start to develop below −�W�80 K, which
is far above Tf. Spin fluctuations continue to slow down be-
low −�W, and become nearly static below Tf=10 K, where
the specific heat C�T� shows a broad maximum. The remark-
able divergence of 1 /T1 and 1 /T2, which is observed over
wide temperature range between �W and Tf, is characteristic
of frustrated systems, because geometrical frustration sup-
presses the magnetic anomaly down to low temperatures.

However, the wide temperature region between Tf and
2 K, where the NQR signal was not observed, suggests that
the Ni spins do not freeze immediately below Tf, but keep
fluctuating down to 2 K with the MHz frequency range. Be-
low 0.5 K, all components of 1 /T1 follow a T3 behavior.
Below Tf, we found a broad spectrum and an inhomogeneous
distribution of T1 in NMR and NQR measurements. These
results indicate the freezing of magnetic moments and the
emergence of inhomogeneous static magnetism below 2 K.
These are also suggested from the �SR experiments. The
relaxation rates decrease below Tf, and 1 /T1 follows a T3

dependence below 0.8 K, and the overall temperature depen-
dence of 1 /T1 is roughly interpreted by the 2D spin-wave
model. In addition, on the basis of the observed difference in
the temperature dependence of 1 /T1 and 1 /T2, the spin dy-
namics is interpreted to become anisotropic below 0.8 K.
These experimental results strongly suggest that short-range
magnetic order with incommensurability and/or inhomoge-
neous static moments is realized below Tf, which is consis-
tent with the neutron experiments. We suggest that the
�-linear dispersion implied from the specific-heat measure-
ments is understood as a consequence of the inhomogeneous
magnetic fields due to the inhomogeneous short-range mag-
netic order. The spin dynamics in the short-range ordered
state, which is considered to be field insensitive, and the
magnetic correlations developing below 80 K are interesting
issues in frustrated magnetism to be further studied from
theoretical and experimental points of view.
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Muon-spin-relaxation measurements have been performed for partially Zn-substituted La2−xSrxCu1−yZnyO4

with y=0–0.10 in the overdoped regime up to x=0.30. In the 3% Zn-substituted samples up to x=0.27,
exponential-like depolarization of muon spins has been observed at low temperatures, indicating a Zn-induced
slowing down of the Cu spin fluctuations. The depolarization rate decreases with increasing x, and almost no
fast depolarization of muon spins has been observed for x=0.30 where superconductivity disappears. The
present results suggest that there is no quantum critical point at x�0.19. These results are discussed in terms
of the stripe-pinning model and the phase-separation model.

DOI: 10.1103/PhysRevB.77.054516 PACS number�s�: 74.62.Dh, 74.72.Dn, 76.75.�i, 74.25.Ha

I. INTRODUCTION

The effects of nonmagnetic impurities on the Cu spin dy-
namics have been one of the central issues in research on
high-Tc superconductivity. It is widely recognized that local
magnetic moments due to Cu spins are induced by nonmag-
netic Zn in the underdoped regime1 and that superconductiv-
ity is strongly suppressed by Zn.2 In the overdoped regime,
on the other hand, Panagopoulos et al. have performed
muon-spin-relaxation ��SR� measurements in Zn-substituted
La2−xSrxCu1−yZnyO4 with y=0.05 and have found a Zn-
induced slowing down of the Cu spin fluctuations for x
�0.19 while not for x�0.19, pointing out the existence of a
quantum critical point �QCP� at x�0.19.3

Dynamical stripe correlations of spins and holes have
attracted great interest in relation to the mechanism of high-
Tc superconductivity.4,5 It is well known that dynamical
stripe correlations tend to be pinned and statically stabilized
not only by the characteristic structure of the tetragonal
low-temperature structure �space group P42 /ncm� in the
La-214 system but also by Zn impurities.6–9 So far, impurity
effects on the Cu spin dynamics and superconductivity have
been investigated from zero-field �ZF� �SR measurements
in the underdoped regime of La2−xSrxCu1−yZnyO4 with
x�0.15.10–16 It has been found that fluctuations of Cu spins
around Zn exhibit a slowing down due to the pinning of
the dynamical stripes by Zn, leading to the formation of a
static stripe order and the destruction of superconductivity
around Zn. This is an interpretation called a stripe-pinning
model. Similar effects of Zn on the Cu spin fluctuations
have been observed in the underdoped regime of

Bi2Sr2Ca1−xYx�Cu1−yZny�2O8+� �Refs. 17 and 18� and
YBa2Cu3−2yZn2yO7−� �Ref. 19� as well. The static stripe or-
der is regarded as competing with the superconductivity. On
the other hand, the dynamical stripe correlations may play an
important role in the appearance of superconductivity. In
fact, theoretical models on the mechanism of superconduc-
tivity based upon the dynamical stripe correlations have been
proposed.20 If this is the case, similar effects of Zn must be
observed not only in the underdoped regime but also in the
overdoped regime where superconductivity appears.

In this paper, we investigate effects of Zn on the Cu spin
dynamics from �SR measurements in the overdoped regime
of La2−xSrxCu1−yZnyO4 with 0.15�x�0.30 and 0�y
�0.10 in order to elucidate whether or not a QCP exists at
x�0.19 and to investigate the validity of the stripe-pinning
model in the overdoped regime of La2−xSrxCuO4.

II. EXPERIMENT

Polycrystalline samples of La2−xSrxCu1−yZnyO4 with
0.15�x�0.30 and 0�y�0.10 were prepared by the ordi-
nary solid-state reaction method. Raw materials of dried
La2O3, SrCO3, CuO, and ZnO powders were mixed in a
stoichiometric ratio and prefired in air at 750 °C for 3 h,
followed by a prefiring at 900 °C for 12 h. The prefired ma-
terials were reground and pressed into pellets of 10 mm in
diameter and sintered in air at 750 °C for 3 h, followed by
sintering at 1050 °C for 24 h with repeated regrinding. The
as-grown samples were annealed in flowing gas of O2 at
500 °C for 72 h. All of the samples were checked by powder
x-ray diffraction measurements to be single phase. Electrical
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resistivity measurements were also carried out to check the
quality of the samples, which was found to be good.

The ZF-�SR measurements were performed at low tem-
peratures down to 0.3 K at the RIKEN-RAL Muon Facility
at the Rutherford-Appleton Laboratory in the UK and at
lower temperatures down to 0.02 K at the KEK-MSL in Ja-
pan using a pulsed positive surface muon beam. The asym-
metry parameter A�t� at a time t was defined as A�t�= �F�t�
−�B�t�� / �F�t�+�B�t��, where F�t� and B�t� are total muon
events counted by the forward and backward counters, re-
spectively, and � is the calibration factor reflecting the rela-
tive counting efficiencies between the forward and backward
counters.

III. RESULTS

It is known that muons with positive charges injected in a
high-Tc copper oxide tend to stop near oxygen ions.21 In
La2−xSrxCuO4, it is well established that muons tend to stop
only near the so-called apical oxygen ion just above Cu.22

Therefore, muons stopping near the apical oxygen ion feel
strong internal fields from the CuO2 plane when the Cu spin
fluctuations exhibit a slowing down at low temperatures.

Figure 1 shows the ZF-�SR time spectra of
La2−xSrxCu1−yZnyO4 with x=0.20 and 0�y�0.10. At high
temperatures above 1 K, all the spectra show Gaussian-like
depolarization due to dipole fields induced by randomly ori-
ented nuclear spins, indicating a fast fluctuating state of Cu
spins beyond the �SR time window �10−6–10−11 s�. At
0.3 K, the Gaussian-like depolarization is still observed for
y=0 and 0.01. On the other hand, the muon spin depolariza-
tion becomes fast for y=0.02 and 0.03 so that exponential-
like depolarization is observed. This indicates slowing down
of the Cu spin fluctuations, as in the case of the underdoped
regime.10–16 Even at 0.3 K, however, no muon spin preces-
sion corresponding to the formation of any coherent mag-
netic order is observed. In the heavily Zn-substituted sample
with y=0.10, no fast depolarization of muon spins is ob-
served, indicating that the Cu spins again fluctuate fast be-
yond the �SR time window. This is explained as being due
to the spin dilution through the large amount of substitution
of nonmagnetic Zn, namely, due to the destruction of the spin
correlation, as in the case of the underdoped regime.10–16

Figure 2 shows the ZF-�SR time spectra of the 3% Zn-
substituted La2−xSrxCu1−yZnyO4 with 0.15�x�0.30 and y
=0.03 at low temperatures down to 0.3 K. The reason why
the 3% Zn-substituted samples are taken is that the Zn-
induced slowing down of the Cu spin fluctuations is most
observable in the overdoped regime as well as in the under-
doped regime.10–16 Focusing on the spectra at 0.3 K, the
exponential-like depolarization is still observed with increas-
ing x up to x=0.27, indicating the slowing down of the Cu
spin fluctuations. The depolarization becomes weak with in-
creasing x, and almost no fast depolarization of muon spins
is observed for x=0.30 where superconductivity disappears.
As for x=0.15, both the very fast depolarization in a short-
time region below 1 �s and the almost flat spectrum above
1 �s suggest the existence of a disordered static magnetic
ground state. It is noted that similar spectra have been ob-

served in underdoped La2−xSrxCuO4 and Y0.8Ca0.2Ba2Cu3O6

with p �the hole concentration per Cu�=0.09 �Ref. 23� and
�CaxLa1−x��Ba1.75−xLa0.25+x�Cu3Oy �Ref. 24�.
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FIG. 1. �Color online� ZF-�SR time spectra of
La1.80Sr0.20Cu1−yZnyO4 with various y values at low temperatures
down to 0.3 K.
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In order to obtain detailed information on the Cu spin
dynamics, the time spectra were analyzed using the follow-
ing two-component function:

A�t� = A0e−�0tGZ��,t� + A1e−�1t. �3.1�

The first term represents the slowly depolarizing component
in a region where the Cu spins fluctuate fast beyond the �SR
time window. The A0 and �0 are the initial asymmetry and
the depolarization rate of the slowly depolarizing compo-
nent, respectively. The GZ�� , t� is the static Kubo-Toyabe
function with a distribution width � of nuclear-dipole fields
at the muon site.25 The second term represents the fast depo-
larizing component in a region where the Cu spin fluctua-
tions slow down. The A1 and �1 are the initial asymmetry

and the depolarization rate of the fast depolarizing compo-
nent, respectively. The time spectra are well fitted with Eq.
�3.1�, as shown by solid lines in Fig. 2. In the fitting, the
value of A0+A1 was kept constant at all measured tempera-
tures.

Figure 3�a� shows the temperature dependence of A0 for
the 3% Zn-substituted La2−xSrxCu0.97Zn0.03O4 with various x
values. Values of A0 are normalized by those obtained at high
temperatures. It is found that A0 decreases with decreasing
temperature at low temperatures for 0.15�x�0.27. The
temperature where A0 starts to decrease decreases with in-
creasing x and the decrease in A0 disappears at x=0.30. The
decrease in A0 means the appearance of the fast depolarizing
component due to the slowing down of the Cu spin fluctua-
tions. As for x=0.15, the A0 value is saturated at low tem-
peratures to be roughly 1 /3, suggesting the existence of a
disordered static magnetic ground state.

Figure 3�b� shows the temperature dependence of �0 for
the 3% Zn-substituted La2−xSrxCu0.97Zn0.03O4 with various x
values. Values of �0 increase with decreasing temperature at
low temperatures for 0.18�x�0.27. It is found that �0 at the
lowest temperature of 0.3 K decreases with increasing x,
suggesting that the degree of the slowing down of the Cu
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FIG. 2. �Color online� ZF-�SR time spectra of
La2−xSrxCu0.97Zn0.03O4 with 0.15�x�0.30 at low temperatures
down to 0.3 K. Solid lines indicate the best-fit results using A�t�
=A0e−�0tGZ�� , t�+A1e−�1t.
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spin fluctuations is weakened with increasing x. As for x
=0.15, �0 exhibits a peak at 2 K where A0 rapidly decreases.
This is a typical behavior of �0 in the case of the existence of
a static magnetism.11

IV. DISCUSSION

The most important feature in the present results is that
the fast muon spin depolarization due to the Zn-induced
slowing down of the Cu spin fluctuations is observed in the
overdoped regime where superconductivity appears, though
the muon spin depolarization becomes weak with increasing
x. This is clearly seen in Fig. 4. Quantitatively speaking, the
normalized value of A0 increases little by little with increas-
ing x, as shown in Fig. 5�a�. It reaches the unity at x=0.30,
indicating that the Cu spins fluctuate very fast with shorter
periods than the �SR time window. The superconductivity
disappears at x�0.30,26 as shown in Fig. 5�c�. These results
are compatible with the stripe-pinning model. That is, it is
possible that the dynamical stripe correlations exist in the
whole superconducting regime and disappear in the normal-
state regime of x�0.30. Therefore, it is possible that the
dynamical stripe correlations play an important role in the
appearance of superconductivity. The present results are sup-
ported by the low-energy inelastic neutron-scattering experi-
ment in the overdoped regime of La2−xSrxCuO4 by Wakimoto
et al.27 They have reported that the maximum value of the
integrated dynamic spin susceptibility of the incommensu-
rate magnetic peaks corresponding to the dynamical stripe
correlations decreases linearly with increasing x for x
�0.25 and disappears at x=0.30. It is noted that the exis-
tence of Zn-induced local moments1 does not conflict with
the stripe-pinning model. It is because, even in the stripe-
ordered state pinned by Zn, the spin correlation is locally
destroyed in the nearest neighborhood of Zn, producing local
magnetic moments around Zn.28

The existence of a QCP in the phase diagram of tempera-
ture versus p for the high-Tc superconductors is one of inter-

esting issues in recent years.29,30 Panagopoulos et al.3 have
reported the existence of a QCP at x�0.19 from the �SR
results that no Zn-induced slowing down of the Cu spin fluc-
tuations was observed in the overdoped regime above x
=0.19 for 5% Zn-substituted La2−xSrxCu0.95Zn0.05O4. As
mentioned above, however, the 5% substitution of Zn is too
much for the slowing down of the Cu spin fluctuations to be
observed. In our �SR results of the 3% Zn-substituted
samples, there is no large difference between above and be-
low x=0.19. Accordingly, it is concluded that no QCP exists
at x�0.19.

Figure 5�b� shows the x dependence of Tf, defined as the
temperature where the ZF-�SR time spectrum starts to devi-
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FIG. 5. �a� The initial asymmetry of the slowly depolarizing
component, A0, for La2−xSrxCu0.97Zn0.03O4 with 0.15�x�0.30 at
0.3 K. Values of A0 are normalized by those obtained at high tem-
peratures. �b� Tf, defined as the temperature where the ZF-�SR time
spectrum starts to deviate from the Gaussian-like to exponential-
like behavior for La2−xSrxCu0.97Zn0.03O4 with 0.15�x�0.30. �c�
The superconducting transition temperature Tc, defined at the mid-
point of the resistive transition for the Zn-free La2−xSrxCuO4 �Ref.
26�.
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ate from the Gaussian-like to exponential-like behavior for
the 3% Zn-substituted La2−xSrxCu0.97Zn0.03O4 with 0.15�x
�0.30. The value of Tf gradually decreases with increasing x
and tends to be zero at x=0.30. Therefore, it is possible that
QCP is located at x=0.30 rather than x=0.19.

Next, we discuss the reason for the decrease of the depo-
larization rate of muon spins with increasing x. There are two
possible reasons. One is due to the weakening of the corre-
lation between Cu spins on account of the increase of holes.
As well known, a hole incorporated at an oxygen site in the
CuO2 plane forms a Zhang-Rice singlet together with a Cu
spin, producing a spin defect. Therefore, the increase of
holes may weaken the Cu spin correlation in the overdoped
regime, leading to a decrease of the muon spin depolariza-
tion rate with increasing x. The other reason is due to the
decrease of the superconducting volume fraction with in-
creasing x in the overdoped regime. First, this has been sug-
gested from transverse-field �SR measurements in the over-
doped regime of Tl2Ba2CuO6+�, because the superconducting
carrier density divided by the effective mass, ns /m*, has
been found to decrease with increasing p.31,32 Recently, the
decrease of the superconducting volume fraction with in-
creasing x has been confirmed by Tanabe et al.33,34 and Ada-
chi et al.35 from magnetic-susceptibility measurements in the
overdoped regime of La2−xSrxCuO4. Accordingly, it is plau-
sible that a phase separation into superconducting and
normal-state regions takes place in the high-Tc copper ox-
ides. As the Cu spin correlation is regarded as being very
weak in the normal-state region, the Zn-induced slowing
down of the Cu spin fluctuations may occur only in the su-
perconducting region. Therefore, the muon spin depolariza-
tion rate may decrease with the progressive decrease of the

superconducting volume fraction with increasing x in the
overdoped regime. It is a forthcoming issue to determine
which reason is plausible.

V. SUMMARY

We have investigated the Cu spin dynamics from ZF-�SR
measurements in the overdoped regime of
La2−xSrxCu1−yZnyO4 with 0.15�x�0.30 and 0�y�0.10.
In the 3% Zn-substituted samples with 0.15�x�0.30 and
y=0.03, exponential-like depolarization of muon spins has
been observed at 0.3 K, indicating a Zn-induced slowing
down of the Cu spin fluctuations. Almost no fast depolariza-
tion of muon spins has been observed for x=0.30 where the
superconductivity disappears. The present results suggest
that no QCP exists at x�0.19. Moreover, the present results
are compatible with the stripe-pinning model and the phase-
separation model. That is, it is possible that the dynamical
stripe correlations exist in the whole superconducting regime
and that they play an important role in the appearance of
superconductivity.
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Fermi-liquid behavior and weakly anisotropic superconductivity in the electron-doped
cuprate Sr1−xLaxCuO2
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The microscopic details of flux-line lattice state studied by muon spin rotation are reported in an electron-
doped high-Tc cuprate superconductor, Sr1−xLaxCuO2 �SLCO� �x=0.10–0.15�. A clear sign of phase separation
between magnetic and nonmagnetic phases is observed, where the effective magnetic penetration depth ��
���T ,H�� is determined selectively for the latter phase. The extremely small value of ��0,0� and correspond-
ing large superfluid density �ns��

−2� is consistent with the presence of a large Fermi surface with carrier
density of 1+x, which suggests the breakdown of the “doped Mott insulator” even at the “optimal doping” in
SLCO. Moreover, a relatively weak anisotropy in the superconducting order parameter is suggested by the field
dependence of ��0,H�. These observations strongly suggest that the superconductivity in SLCO is of a differ-
ent class from hole-doped cuprates.

DOI: 10.1103/PhysRevB.77.224503 PACS number�s�: 74.25.Qt, 74.72.�h, 76.75.�i

The question whether or not the mechanism of supercon-
ductivity in electron-doped �n-type� cuprates is common to
that in hole-doped �p-type� cuprates is one of the most inter-
esting issues in the field of cuprate superconductors, which is
yet to be answered. This “electron-hole symmetry” has been
addressed by many experiments and theories since the dis-
covery of n-type cuprate superconductors.1 In the theoretical
models assuming strong electronic correlation where the in-
finitely large on-site Coulomb interaction �U→� leads to
the Mott insulating phase for the half filled band, the corre-
lation among the doped carriers is projected into the t-J
model in which the mechanism of superconductivity does
not depend on the sign of charge carriers.2,3 This is in
marked contrast to the models starting from Fermi-liquid
�=normal metal� state, where such symmetry is irrelevant to
their basic framework.4 Experimentally, recent advent in
crystal-growth techniques and that in experimental methods
for evaluating their electronic properties triggered detailed
measurements on n-type cuprates, reporting interesting re-
sults suggesting certain differences from p-type ones, such as
the observation of a commensurate spin fluctuations in
neutron-scattering study or the nonmonotonic d-wave super-
conducting order parameter in angle-resolved photoelectron
spectroscopy �ARPES� measurement.5,6

The effective magnetic penetration depth ��� is one of the
most important physical quantities directly related to the su-
perfluid density �ns�,

1

�2 =
nse

2

m�c
, �1�

which is reflected in the microscopic field profile of the flux-
line lattice �FLL� state in type II superconductors. Consider-
ing that the response of ns against various perturbations
strongly depends on the characters of the Cooper pairing, the
comparison of ns between two types of carriers might serve

as a testing ground for the electron-hole symmetry. However,
the study of FLL state in n-type cuprates such as T�-phase
RE2CuO4 compounds �RE=Nd, Pr, Sm, etc.� is far behind
that in p-type cuprates because of strong random local fields
from rare-earth ions which mask information of CuO2 planes
regarding both superconductivity and magnetism against
magnetic probes such as muon. In this regard, infinite-layer
structured Sr1−xLaxCuO2 �SLCO� is a suitable compound for
detailed muon spin relaxation and rotation ��SR� study of
electron-doped systems, as it is free from magnetic rare-earth
ions.

A recent �SR study on SLCO with x=0.10 �Tc�40 K�
reported a relatively large ns��ab

−2 ��ab�T→0��116 nm� as
compared to p-type cuprates,7 strongly suggesting that
n-type cuprates belong to a different class in view of the ns
versus Tc relation.8 On the other hand, another �SR study
showed the appearance of a spin-glass-like magnetism over a
wide temperature range including superconducting phase,9

which might have also affected the result of Ref. 7. In this
paper, we demonstrate by �SR measurements under both
zero field �ZF� and high transverse field �HTF� that SLCO
exhibits a phase separation into magnetic and nonmagnetic
phases, where the superconductivity occurs predominantly in
the latter. Our measurement made it feasible to evaluate �
reliably as it was selectively determined for the nonmagnetic
phase of SLCO.

Meanwhile, the pairing symmetry of order parameter,
which is one of the most important issues in discussing the
electron-hole symmetry, still remains controversial in n-type
cuprates. A number of groups reported s-wave symmetry in
SLCO,10,11 which is in marked contrast to the dx2−y2 symme-
try well established in p-type cuprates. The pairing symmetry
can be examined by measuring the temperature and/or field
variation of ��T ,H� as an effective value observed by �SR: it
reflects the change in ns�ns�T ,H� due to quasiparticle exci-
tation and/or nonlocal effect associated with anisotropic or-
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der parameter.12,13 Here, we show evidence that the order
parameter in SLCO is not described by simple isotropic
s-wave pairing nor that of pure dx2−y2.

Powder samples of SLCO �x=0.10, 0.125, and 0.15� were
prepared by high-pressure synthesis under 6 GPa at
1000 °C. They were confirmed to be of single phase by
powder x-ray diffraction, where a small amount of LaCuO2.5
phase �LCO2.5, less than a few percent� was identified. The
length of a and c axes showed almost linear change with x,
indicating successful substitution of Sr with La for carrier
doping.14 As displayed in Fig. 1�a�, the susceptibility ��0�
measured by superconducting quantum interference device
magnetometer implies that the onset of superconductivity is
nearly 42 K and least dependent on x, whereas the bulk Tc
determined by the maximum of d�0 /dT varies with x �see
Fig. 1�b��, which reproduces earlier results.15,16 The x depen-
dence of bulk Tc suggests that the sample is close to the
optimal doping for x=0.1.

The �SR experiment was performed on the M15 beam-
line at TRIUMF �Vancouver, Canada�, where measurements
under ZF and longitudinal field �LF� were made to investi-
gate magnetic ground state of SLCO. Subsequently, those
under a HTF �up to 6 T� were made to study the FLL state in
detail. In ZF and LF measurements, a pair of scintillation
counters �in backward and forward geometry relative to the
initial muon polarization that was parallel to the beam direc-

tion� were employed for the detection of positron emitted
preferentially to the muon polarization upon its decay. In
HTF measurements, sample was at the center of four posi-
tion counters placed around the beam axis, and initial muon
spin polarization was perpendicular to the muon beam direc-
tion so that the magnetic field can be applied along the beam
direction without interfering with beam trajectory. A veto
countersystem was employed to eliminate background sig-
nals from the muons that missed the sample, which was cru-
cial for samples available only in small quantities such as
those obtained by high-pressure synthesis. For the measure-
ments under a transverse field, the sample was field-cooled
to the target temperature to minimize the effect of flux pin-
ning.

Figure 2�a� shows ZF-�SR spectra for the sample with
x=0.125, where no spontaneous muon precession is ob-
served as sample is cooled down to 2 K. Instead, fast muon
spin depolarization can be identified between 0� t�0.2 �s,
which develops with decreasing temperature. LF-�SR spec-
tra in Fig. 3�a� show that the depolarization is quenched in
two steps as a function of field strength, at first near a few
millitesla due to nuclear magnetic moments and second
around 101 mT. The asymptotic behavior of Pz�t� under ran-
dom local fields H �with an isotropic mean square, 
Hx

2�
= 
Hy

2�= 
Hz
2�= 1

3 
H2�� as a function of external magnetic field
HLF is approximately given by the following equation:

(a) (b)

FIG. 1. �Color online� �a� Magnetic susceptibility of SLCO with
x=0.10, 0.125, and 0.15 under 20 G. �b� La concentration depen-
dence of Tc. The closed symbols show Tconset and the open symbols
show Tcbulk, respectively. An earlier result �Ref. 15� �triangles� is
also quoted for comparison. The dashed line is guide for the eyes.

(a)

(b) FIG. 2. �Color online� �a� ZF-�SR spectra in
the sample with x=0.125. Inset �b� is temperature
dependence of the volume fraction of magnetic
and nonmagnetic phases.

Decoupling of Cu 3d spin

Decoupling of nuclear spin

(a) (b) A(0) Pz (t = 8 μs)

FIG. 3. �Color online� �a� LF-�SR spectra in the sample with
x=0.125. �b� Two kinds of decoupling behavior at 50 K. The dashed
line is fitting curb by Eq. �2�
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Pz�t → � �
HLF

2 + 
Hz
2�

HLF
2 + 
H2�

=
HLF

2 + 1
3 
H2�

HLF
2 + 
H2�

, �2�

and we estimated the magnitude of �
H2�� H̄int from the
behavior of Pz�t→� as 39�3� mT �the best fit with Eq. �2� is
shown in Fig. 3�b��. This is consistent with the fast initial

depolarization rate estimated by ��H̄int=33�3� MHz �where
��=2�	135.53 MHz /T is the muon gyromagnetic ratio�.
The origin of H̄int can be uniquely attributed to the localized
moment of Cu atoms, where the effective moment size is
0.15�1��B. The almost negligible depolarization for the
asymptotic component implies that spin-fluctuation rate is

much smaller than ��H̄int at 50 K. Thus, ZF /LF-�SR results
strongly suggest that the sample that exhibits superconduc-
tivity has also static magnetic phase. The magnetic region
enlarges to a halfway partition at low temperature �as seen in
Fig. 2�b��. We note that a common tendency was observed
for x=0.10 and 0.15.

In HTF-�SR, each pair of counters �right-left, upward-
downward� observes time-dependent muon spin polarization,

P̂�t�, projected to the x or y axis perpendicular to the beam
direction �with a relative phase shift of � /2�. Inhomogeneity
of magnetic-field distribution B�r� leads to depolarization
due to the loss of phase coherence among muons probing

different parts of B�r�. Using a complex notation, P̂�t� is
directly provided using the spectral density distribution for
the internal field, n�B�,

P̂�t� = Px�t� + iPy�t� = 	
−



n�B�ei���Bt− �dB , �3�

where n�B� is defined as a spatial average �
 �r� of the delta
function,

n�B� = 
��B − B�r���r, �4�

and  is the initial phase of muon spin rotation. Then, the
real part of fast Fourier transform �FFT� of �SR time spec-
trum corresponds to n�B�, namely,

n�B� = R	
−



P̂�t�e−i���Bt− �dt . �5�

Figure 4 shows the real amplitudes obtained by the FFT of
HTF-�SR spectra, which contain information on n�B�. The
narrow central peak �labeled A� is the signal from muons
stopped in a nonmagnetic �and/or nonsuperconducting�
phase where the frequency is equal to that of the external
field ��0Hext=6 T� with a linewidth determined by random
nuclear dipolar fields besides the effect of limited time win-
dow �0! t!6 �s�. A broad satellite peak �labeled B� ap-
pears on the positive side of the central peak, when tempera-
ture is lowered below 300 K. This corresponds to the fast
depolarization in time domain. The ZF /LF-�SR spectra in
Figs. 2 and 3 demonstrate that this satellite comes from a
magnetic phase in which quasistatic random magnetism of
Cu electron spins develops.

While the FFT spectra were useful to examine the overall
feature of n�B�, the actual data analysis was carried out in

time domain using the �2-minimizing method. As inferred by
Fig. 4, the �SR spectra in the normal state can be reproduced
by a sum of two Gaussian dumping signals,

P̂n�t� = �
k=1

2

fk	
−



nk�B�ei���Bt− �dB

= �
k=1

2

fk exp�− "k
2t2/2�ei��kt− �, �6�

where fk is the relative yield proportional to the fractional

volume of each phase, "k is the linewidth, and �k=��B̄k,

with B̄k being the mean value of local magnetic field follow-
ing a Gaussian distribution,

nk�B� = ��2�"k�−1 exp�− ��
2 �B − B̄k�2/2"k

2� .

It is inferred from the �2-minimizing fit of the time spectra
by Eq. �6� that the volume fraction of magnetic phase in-
creases toward low temperature monotonously in place of
nonmagnetic phase and becomes nearly a half at 50 K. This
is clearly not due to the LCO2.5 impurity phase, considering
the small volume fraction of LCO2.5 and its known Néel
temperature ��125 K�.17 The magnetic volume fraction is
independent of Hext at 50 K where the sample is in the nor-
mal state. Thus, the appearance of the satellite peak demon-
strates the occurrence of a phase separation into magnetic
and nonmagnetic domains in the normal state of SLCO.

Taking the result in the normal state into consideration,
we analyzed the �SR spectra in the superconducting phase.
In the FLL state of type II superconductors, one can reason-
ably assume that muon stops randomly over the length scale
of vortex lattice and serves to provide a random sampling of
inhomogeneity due to FLL formation. In the modified-

FIG. 4. �Color online� Fast Fourier transform of HTF-�SR spec-
tra under 6 T �after filtering the artifacts due to a finite time window
for transform �0! t!6 �s��. The peaks labeled A, B, and C corre-
spond to nonmagnetic and/or nonsuperconducting, magnetic, and
FLL phases, respectively.
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London �m-London� model, B�r� is approximated as a sum
of magnetic inductions from isolated vortices,

Bv�r� = B0�
K

e−iK·r

1 + K2�2F�K,�v� ,

where K are the vortex reciprocal-lattice vectors,
B0 ���0Hext� is the average internal field, ����T ,H� is the
effective London penetration depth depending on tempera-
ture and field, and F�K ,�v�=exp�−K2�v

2 /2� is a nonlocal cor-
rection term with �v ���� being the cutoff parameter for the
magnetic-field distribution; the Gaussian cutoff generally
provides satisfactory agreement with data. The density dis-
tribution n�B� in this case is characterized by the Van Hove
singularity originating from the saddle points of Bv�r� with a
negative shift primarily determined by � and that corre-
sponds to the peak �seen as a shoulder� labeled C in Fig. 4.
Thus, the signal from the FLL state can be readily separated
from other phases at large Hext as they exhibit different fre-
quency shifts with each other. The FFT spectra below Tc also
indicate that the domain size of the superconducting phase is
much greater than that determined by �.

It is known that the m-London model is virtually identical
to the Ginzburg-Landau �GL� model for large #=� /� �� is
the GL coherence length� and at low magnetic fields
�Hext /Hc2�0.25, with Hc2 being the upper critical field�.18,19

Meanwhile, according to a reported value of the upper criti-
cal field for SLCO ��0Hc2=12 T, in Ref. 20�, the field range
of the present measurements �0!�0Hext!6 T� might ex-
ceed the above mentioned boundary, and thus the use of the
GL model would be more appropriate. However, the
m-London model has certain advantages over the GL model
in practical application to the analysis: for example, we can
avoid further complexity of analysis due to introduction of
the field-dependent effective coherence length.12 We also
stress that the discrepancy in the analysis results has been
studied in detail between these two models, and now it is
well established that m-London model exhibits a systematic
tendency of slight overestimation of � at higher fields due to
a known cause.12,19 The discussion on the present result will
be made below considering this tendency.

Another uncertainty comes from the fact that the FLL
symmetry in SLCO is not known at this stage, and it might
even depend on the magnitude of external field as has been
found in some other cuprates.21,22 However, since we do not
observe any abrupt change in line shape nor the increase in
�2 in the fits �irrespective of model� associated with the al-
teration of FLL symmetry with varying field,23,24 we can
reasonably assume that the FLL symmetry remains the same
throughout entire field range. Moreover, the observed line
shape is perfectly in line with the hexagonal FLL, without
showing any sign of squared FLL �e.g., a large spectral
weight at the lower field side of the central peak in the ab-
sence of nonlocal effect25 or an enhanced weight at the cen-
tral peak associated with the strong nonlocal effect24�. There-
fore, the FLL symmetry has been assumed to be hexagonal in
the following analysis.

The �SR spectra in the FLL state were analyzed by fit
analysis using

P̂�t� = P̂v�t� + P̂n�t� , �7�

P̂v�t� � fve−"p
2t2	 nv�B�ei���Bt− �dB , �8�

nv�B� = 
��B − Bv�r���r, �9�

where fv is the volume fraction of FLL phase, "p represents
the contribution from the distortion of FLL due to vortex

pinning and that due to nuclear random local fields, and P̂n�t�
is that defined in Eq. �6�. The parameters including fv, �, �v,
"p, fk, "k, and �k were determined by the �2-minimization
method with good fits as inferred from the value of reduced
�2 close to unity. �More specifically, in order to reduce the
uncertainty for the analysis of data below Tc, �k was fixed to
the value determined by the data above Tc.� The magnitude
of line broadening due to vortex pinning �"p� was relatively
small �typically 30%–40% of the frequency shift for the
shoulder C in Fig. 4�. This was partly due to relatively short
� and associated large asymmetry in n�B�, and thereby the
correlation between these parameters turned out to be small
except at lower fields ��0Hext!1 T� where the spectra ex-
hibit stronger relaxation due to greater linewidth of n�B� and
stronger vortex pining �leading to larger "p�.

Figure 5�a� shows a decreasing tendency of �v with in-
creasing field, which is understood as a shrinkage of vortex
core due to vortex-vortex interaction.19 Figure 5�b� shows
the field dependence of fractional yield for each phase at 2 K.
With increasing field, the FLL phase appears to be trans-
formed into the magnetic phase. However, it must be noted
that there is a discontinuous change between ZF ��50%� and
HTF-�SR ��60%–80%�. Since no field dependence is ob-
served for the volume fraction in the normal state �T

(a) (b)

(c) (d) (e)

ZF

Background

η=1.2(3) η=1.6(1) η=1.7(3)

λ(H=0)=104(8)nm λ(H=0)=105(3)nm λ(H=0)=119(9)nm

FIG. 5. �Color online� �a� Field dependence of cutoff parameter
and �b� volume fraction of each phase at 2 K for the sample with
x=0.125, where dashed curves are guide for the eyes. ��c�–�e��
Field dependence of effective penetration depth at 2 K for x=0.10,
0.125, and 0.15, respectively. The dashed lines are a linear fit �see
text�.
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�50 K�, the reduction of the magnetic fraction at lower
fields is attributed to the overlap of magnetic domains with
vortex cores: the magnetic domains would serve as pinning
centers for vortices more effectively at lower fields due to the
softness of FLL. The increase in magnetic fraction with in-
creasing field is then readily understood as a result of de-
creasing probability for vortices to overlap with random
magnetic domains at higher fields because the relative den-
sity of vortices as well as the rigidity of FLL would increase.
This also suggests that the mean domain size of the magnetic
phase is considerably smaller than the FLL spacing �=69 nm
at 0.5 T�.

Figures 5�c�–5�e� show the field dependence of � in each
compounds. While the London penetration depth is a physi-
cal constant uniquely determined by local electromagnetic
response, � in our definition �Eq. �1�� is a variable parameter,
as ns depends on temperature �T� and external magnetic field
�H�. Therefore, we introduce an effective penetration depth,
��T ,H�, with an explicit reference to T and H dependence. It
is clear in Figs. 5�c�–5�e� that ��H�=��2 K,H� tends to in-
crease with increasing external field. Here, one may further
notice a tendency that ��H� increases more steeply below
�2 T in the case of x=0.10 and 0.15. However, these points
at lower fields are also associated with larger error bars prob-
ably because of the stronger depolarization in the time do-
main. The value extrapolated to �0Hext=0 ���0�� is esti-
mated by a linear fit with a proper consideration of the
uncertainty associated with these errors, and the result is in-
dicated in Fig. 5. These values �104–119 nm� turn out to be
significantly shorter than the earlier result7 �hereafter, the
in-plane penetration depth �ab is approximated by an equa-
tion ��1.3�ab, according to Ref. 26�. In qualitative sense,
however, our result supports the earlier suggestion of a large
discrepancy for SLCO from the quasilinear relation between
Tc and ns observed over a wide variety of p-type cuprates.8

The anomaly becomes more evident when they are mapped
to the Tc vs �−2 plot, as shown in Fig. 6. They are far off the
line followed by the data of p-type cuprates, suggesting that
n-type SLCO belongs to a class of superconductors different
from that of p-type cuprates.

It is well established that the carrier concentration, p, of
p-type cuprates nearly corresponds to that of the doping
value x while x!0.20.27 In contrast, a recent ARPES mea-
surement on an n-type cuprate, Nd2−xCexCuO4
�, has re-
vealed that small electron pockets �p�x� observed for x
=0.04 sample are replaced by a large Fermi surface �corre-
sponding to p�1+x� for x=0.10 and 0.15 samples.28 When
m� is assumed to be comparable with that of p-type cuprate
�m��3me�, ns can be estimated using Eq. �1�, yielding 1.3
	1022 cm−3 in SLCO with x=0.125 �where ��0� is deter-
mined with the best accuracy�. This corresponds to p
$0.70, and an order of magnitude larger than that of p-type
cuprates.19,29 A better correspondence to p�1+x=1.125
would be attained when m��4.8me. Thus, the present result
is yet another evidence for a large Fermi surface in SLCO.
This is also in line with some recent experimental results for
n-type superconductors. For example, resistivity �%� in the
normal state shows a Fermi-liquid-like temperature depen-
dence �%�T2� common to ordinary metals,30 and a metallic
Korringa law has been revealed by NMR study under high

magnetic fields.31 These observations coherently suggest that
the n-type cuprates cannot be regarded as the doped Mott
insulators, but they might be better understood as in the nor-
mal Fermi-liquid state already at the optimal doping �x
�0.1�.

The increase in � with increasing external field is a clear
sign that the superconducting order parameter is not de-
scribed by that of simple isotropic s-wave paring for single-
band electrons.12 One of the possible origins for the field
dependent � is the presence of nodal structure in the order
parameter ���k�=0 at particular k� that leads to the field-
induced quasiparticle excitation due to the quasiclassical
Doppler shift.32 The quasiparticle energy spectrum is shifted
by the flow of supercurrent around vortex cores to an extent
�E=mvF ·vs, where vF and vs are the Fermi velocity and
superfluid velocity, respectively. This gives rise to the pair
breaking for ��k���E and associated reduction of ns. The
presence of nodes also leads to a nonlocal effect in which �
is affected by the modification of supercurrent near the nodes
where the coherence length �0�k�=�vF /���k� exceeds the
local London penetration depth.44 For the comparison of
magnitude for the field-induced effect, we use a dimension-
less parameter � deduced by fitting data in Fig. 5 using
��h�=��0��1+�h� with h=H /Hc2. Provided that � is domi-
nated by the presence of gap nodes, the magnitude of � at
lower fields is roughly proportional to the phase volume of
the Fermi surface where ��k���E. As seen in Fig. 5, � in
SLCO is definitely greater than zero irrespective of x, taking
values between 1.2 and 1.7. It is noticeable that these values
are considerably smaller than ��6 ��0Hext�2 T� observed
in YBa2Cu3O6.95 �YBCO� that has a typical dx2−y2-wave gap
symmetry. The situation remains true even when one consid-
ers �i� the nonlocal effect that tends to reduce � at high
magnetic fields ���2 for �0Hext�2 T� �Ref. 45� and �ii� a

FIG. 6. �Color online� Tc vs �−2 for various cuprate supercon-
ductors. The closed circles represent our result, whereas the open
circle is that of Ref. 7. The open squares and triangles are for other
n-type cuprates �Refs. 33–35�, closed upward triangles for
La2−xSrxCuO4 �Refs. 29 and 36–38� and downward ones for
Y1−xPrxBa2Cu3O6.97 �Ref. 39�. The square symbols for YBa2Cu3Oy

and diamond for Bi2Sr2CaCu2O8 �Refs. 40–43�.
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possible overestimation of � at higher fields due to the ex-
tended use of the m-London model that also leads to the
overestimation of � �e.g., � based on the m-London model is
greater than that on the GL model by 0.23�7� in NbSe2 �Ref.
19� and 0.6�2� in YB6 �Ref. 12��.

Interestingly, the relatively small value of � is in line with
the recent suggestion by ARPES measurement on another
n-type superconductor, Pr0.89LaCe0.11CuO4 �PLCCO�, which
the order parameter ��k ,&� has a steeper gradient at the
nodes along azimuthal �&� direction than that for the dx2−y2

symmetry.6 Since the phase volume satisfying ��k���E is
inversely proportional to d��k ,&� /d& at the node, we have

� � �d��k,&�
d&

�
&��=0�

−1

. �10�

Assuming a situation similar to PLCCO and that � observed
in YBCO represents a typical value for dx2−y2-wave gap, our
result suggests that the gradient d��k ,&� /d& in SLCO is
1.2�3�–5.0�3� times greater than that at the node of
dx2−y2-wave gap. However, it is clear that further assessments
by other techniques that are more sensitive to the symmetry
of the order parameters are necessary to discuss the details of
gap structure in SLCO.

In conclusion, it has been revealed by the present �SR
study that a phase separation occurs in an electron-doped

cuprate superconductor, Sr1−xLaxCuO2 �x=0.10, 0.125, and
0.15�, where nearly half of the sample volume exhibits mag-
netism having no long-range correlation while the rest re-
mains nonmagnetic. The superconductivity occurs predomi-
nantly in the nonmagnetic domain, where the effective
magnetic penetration depth evaluated by using a modified-
London model is much shorter than that of other p-type cu-
prates. This suggests a large carrier density corresponding to
1+x and accordingly the breakdown of the Mott insulating
phase in SLCO and other n-type cuprates even at their opti-
mal doping. The field dependence of � suggests that the su-
perconductivity of SLCO is not described by single-band
s-wave pairing. The magnitude of the dimensionless param-
eter, � ��d� /dH�, is qualitatively in line with nonmonotonic
d-wave superconducting gap observed in other n-type cu-
prates.
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We have detected the occurrence of hydrogen bonding involving an interstitial positive muon situated
between hydrogen atoms of two independent alanate anions in sodium alanate (NaAlH4). Ti doping,
which is known to dramatically improve the hydrogen cycling performance of NaAlH4, reduces the
kinetic barrier of the transition of the muon from the muon-dialanate state to a mobile interstitial state.
This observation strongly suggests that hydrogen bonding is the primary bottleneck for hydrogen release
or uptake in sodium alanate, which might be common to other complex hydrides.

DOI: 10.1103/PhysRevLett.100.026401 PACS numbers: 71.55.�i, 76.75.+i, 82.33.�z

Complex hydrides are one of the most promising hydro-
gen storage materials to have emerged in recent years.
Many complex hydrides have a high hydrogen weight
percentage; thus, their potential as hydrogen storage ma-
terials has long been recognized. However, they are gen-
erally characterized by extremely slow hydrogen cycling
kinetics. Thus they were precluded from consideration as
practical onboard hydrogen carriers until Bogdanović’s
discovery of the remarkable effect of transition metal
dopants on the kinetics of the hydrogen cycling process
[1], NaAlH4 $ 1

3 Na3AlH6 � 2
3 Al� H2 $ NaH� Al�

3
2 H2. This breakthrough marked the beginning of a new
era in the development of metal hydrides as hydrogen
storage materials. Prior to this finding, hydrogen cycling
in a highly ionic, saline material under moderate condi-
tions was considered to be impossible. In light of
Bogdanović’s findings, the search for materials with the
right combination of high hydrogen capacity, rapid kinetics
below 100 �C, and favorable thermodynamic parameters is
no longer restricted to hydrogen absorbing metals and
alloys.

Recently, it has been found that the phenomenon of
kinetic enhancement upon transition metal doping extends
to other hydrogen storage materials. For example, inves-
tigators have recently found that this phenomenon extends
to the reversible dehydrogenation of LiNH2 [2]. This new,
expanded frontier of hydrogen storage materials can be
expected to continue to yield promising results. Despite
this progress, a material with the right combination of
properties that is required for practical viability in vehicu-
lar applications has still not been developed. A better
understanding of the fundamental basis of the enigmatic,
solid state kinetic enhancement of reversible dehydrogen-
ation in the doped materials would be invaluable to the
effort to develop improved hydrogen storage materials.

The microscopic details of how transition metal doping
enhances hydrogen cycling kinetics is still unknown. A

major component of research on alanate based materials
has been directed towards gaining a fundamental under-
standing of the nature of the dopants and the structural
effects they exert on complex hydrides. We previously
conducted solid state 1H nuclear magnetic resonance
(NMR) studies which showed that the introduction of Ti
dopants into NaAlH4 enhances a population of highly
mobile hydrogen in the hydride [3]. This conclusion is
reinforced by the observation of a �10 cm�1 shift of the
frequency of the Al-H stretch that is observed upon doping
the hydride [4]. Further information about the effects of
doping on the hydrogen in the hydride was obtained in a
recent study of NaAlH4 by anelastic spectroscopy [5].
These studies resulted in the detection of point defects
that are formed during the dehydrogenation of the doped
hydride [6]. Measurements on samples of the doped hy-
dride at subambient temperatures revealed a dynamic pro-
cess involving a very mobile species. At 70 K, a highly mo-
bile entity performs about 5� 103 jumps=s corresponding
to an activation energy of 0.126 eV (�1460 K). Deuterium
isotope studies have shown these entities involve hydrogen
[6].

The technique of muon spin rotation (�SR) has been
widely applied to the study of local electronic structure of
hydrogen atoms. It is well established that a positively
charged muon (��) behaves as a light isotope of a proton
or hydrogen upon its implantation in matter, where it re-
sides at the interstitial site(s) to minimize the electrostatic
energy. The electronic structure of a muon-electron bound
state (a muonic analog of a hydrogen atom, called muon-
ium) is identical to that of hydrogen except a small correc-
tion due to the difference of reduced mass (�0:5%). Thus,
the implanted muon simulates the state of interstitial hy-
drogen on the atomic scale and provides information on the
local structure of hydrogen isotopes which is highly com-
plementary to that of the on site hydrogens obtained by
neutron scattering and 1H NMR. As shown below, the
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positive muon also serves as a sensitive probe of the
internal magnetic fields at interstitial site(s). This is par-
tially due to its large gyromagnetic ratio (��=2� �
135:53 MHz=T, which is 3.183 times that of 1H). This
allows us to investigate the local atomic configuration
around the muon by probing the magnitude of local mag-
netic fields from nuclear magnetic moments.

The experiments were performed on the M15 beam line
at TRIUMF (Canada) and the �M3 beam line at PSI
(Switzerland) which, respectively, provide a beam of
nearly 100% spin-polarized positive muons. Conven-
tional �SR measurements were carried out on the powder
specimens of pure and Ti-doped sodium alanate. The Ti-
doped material was prepared by the mechanical milling
method [7,8] in which the hydride was combined with
2 mol % TiF3 and ball milled under an argon atmosphere
in a stainless steel bowl. The obtained powder (�0:5 g)
was wrapped with a thin aluminum foil (’15 �m) and then
sealed with a thin polymer sheet under an argon atmo-
sphere to prevent oxidation of samples. A muon beam with
an energy of 4 MeV (corresponding to the stopping range
of �150 mg=cm2) was irradiated on the sample loaded on
a He gas-flow cryostat, and time-dependent muon spin
polarization was monitored by measuring the energetic
�-e decay positrons emitted preferentially along the
muon spin direction.

Figure 1 shows the time evolution of positron decay
asymmetry A�t	 under a zero-field condition, where A�t	
is proportional to the instantaneous muon polarization ~P�t	
projected along the z axis parallel to the initial muon beam
direction, A�t	 � A0Pz�t	, with A0 (’0:18 for PSI data and
’ 0:26 for TRIUMF data) being the instrumental asymme-
try. A0 at PSI was small because ~P�0	 was tilted by nearly
45� from the z axis. In both undoped and Ti-doped
samples, the time evolution of A�t	 observed near 5 K is

characterized by a Gaussian damping that is overlapped
with sinusoidal oscillation. While such a spontaneous os-
cillation of muon spin in magnetic materials is a sign of
magnetic order, it is clearly not the case considering that
sodium alanate is a nonmagnetic insulator. The only pos-
sible origin of the oscillation is the formation of a local
atomic cluster consisting of a �� and a small number
(
2) of nearby atoms having nuclear magnetic moments.
One of the classical examples is the F�-��-F-�F�F�	
complex observed in alkali metal fluorides, where the
two 19F nuclei (spin I � 1=2) exert a well-defined mag-
netic dipolar field on a muon and thereby the muon exhibits
coherent spin precession [9]. The F�F� state is a muonic
analogue of hydrogen difluoride (F-H-F�) that is known as
a prototype of strong hydrogen bonding [10]. Observation
of the F�F� state in NaF naturally leads to the possibility
that alanate substitutes the role of fluorine to form an
AlH�

4 �
�-AlH�

4 bonding state in NaAlH4, where the near-
est two nuclei are those of hydrogen atoms. As shown
below, this speculation turns out to be a quantitatively
reasonable model for understanding the local atomic con-
figuration for the interstitial muon.

Assuming a static collinear geometry with �� at the
center of the line joining two other nuclear spins (I � 1=2),
the time evolution of muon polarization as a cubic average
is calculated by solving a simple three-spin model to yield

 G3S�t	 � 1
6f3� cos� ���

3
p

!dt	 � �� cos���!dt	
� �� cos���!dt	g; (1)

where �� � 1� 1=
���
3

p
, �� � �3� ���

3
p 	=2, and !d is the

dipolar interaction frequency

 !d � 2���I=r3; (2)

with �I and r, respectively, being the gyromagnetic ratio of
nuclear spin (�I=2� � 42:58 MHz=T for 1H) and the
distance between �� and the nucleus [9]. The observed
time evolution also suggests that a considerable fraction of
implanted muons are subjected to a local field character-
ized by the Gaussian distribution, leading to depolariza-
tion described by the Kubo-Toyabe relaxation function
[GKT�t	] under zero external field [11]. In addition, a sta-
tionary (undamped) component emerges in the undoped
specimen at higher temperatures [see Fig. 1(b)].
Considering those three components, the time spectra in
Fig. 1 are analyzed by a model relaxation function,

 A�t	 � fdA0�fe��tG3S�t	 � gGKT�t; �; �	 � h; (3)

where fd is the fractional yield of the �� state, f and g are
relative yield of the muon-dialanate state and that de-
scribed by GKT�t	 (with f� g� h � 1), � is the damping
rate of the dialanate signal, � is the Gaussian linewidth,
and � is the hopping frequency of the muon. As shown in
Fig. 1, the fitting analysis by the above model function
using the �2-minimization method provides perfect agree-

FIG. 1 (color online). Time-dependent �-e decay asymmetry
(/ muon polarization) observed in undoped (a),(b) and Ti-
doped (c),(d) NaAlH4, respectively, at about 5 and 240 K under
zero external field. The full polarization corresponds to �0:18
for (a),(b) (PSI data), and �0:26 for (c),(d) (TRIUMF data).
Solid curves are those obtained by fitting analysis using the
model described in the text, where contributions of G3S�t	 and
GKT�t	 are displayed by broken curves.
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ment with the observed spectra. The deduced parameter
values are shown in Figs. 2 and 3 with correlated errors
obtained by scanning over the multidimensional �2 con-
tour. We also examined the possibility of a muon bound to
a single nuclear spin, such as monoalanate (��-AlH�

4 ) or
�-H bound state (a H2 molecule with one of the protons
substituted by ��), where the time evolution of muon
polarization in two-spin system is described by G2S�t	 �
1
6 f1� cos!dt� 2 cos�12!dt	 � 2 cos�32!dt	g [12]. The
best fit by Eq. (3) with G2S�t	 substituting for G3S�t	 yields
nearly twice as large �2 as that with G3S�t	, indicating that
the observed �SR spectra is best explained by the muon-
dialanate configuration.

Among parameters introduced in Eq. (3), those shown in
Fig. 2 do not show significant difference between undoped
and Ti-doped cases, whereas the fractional yields (f and g)
exhibit a different tendency in the Ti-doped sample as
displayed in Fig. 3. More specifically, the population of
G3S�t	 is shifted to GKT�t	 (/g) with increasing tempera-
ture in the Ti-doped sample, while it is shifted to an
undamped component (/h � 1� f� g) with consider-
ably higher characteristic temperature for activation. As
shown in Fig. 3, a simple activation model, f�T	 � f0�1�
	0�a exp��Ea=kT	�1, provides reasonable description of
the observed T dependence, where 	0 refers to the intrinsic
mean resident time, �a to the attempt frequency, and Ea to
the activation energy. Curve fitting analysis yields Ea=k ’
756�86	 K (from f and h) and ’251�42	 K (from f and g)
for undoped and Ti-doped samples, respectively.

In the present model, the nearest neighboring (NN)
nuclei seen from the muon in the dialanate state are one
H atom of each NN alanates (the C site in Fig. 3), and
thereby the muon-H bond length is deduced from Eq. (2). It
is inferred from Fig. 2(a) that r ’ 1:43–1:46 �A in both
undoped and Ti-doped samples over most of the present

temperature region, indicating that the distance between H
atoms in the AlH�

4 -��-AlH�
4 bonding is 2.86–2.92 Å.

This is slightly longer than the distance of H atoms be-
tween the neighboring alanates (�2:2 �A), suggesting that
the bonding is associated with a slight deformation of the
alanate units.

The second component described by the Kubo-Toyabe
relaxation function is attributed to the muons located at the
octahedral interstitial sites (the O site in Fig. 3), where the
muon is surrounded by six 1H, three 23Na, and three 27Al
NN nuclei. The estimated linewidth � from these NN
nuclei is �0:33 �s�1, which is slightly smaller than those
deduced from the present data (0:4–0:5 �s�1). This dis-
crepancy, however, may be readily explained by a small
(5%–10%) local shrinkage of the alanate cage around the
muon, or slight shift of the muon position towards nega-
tively charged alanate ions. Interestingly, the hopping rate
at the O site shows very little dependence on the Ti doping,
where � ’ 2–4� 105 s�1. Since � is related to the macro-
scopic diffusion rate by the expression D � 1

2a
2
0� for the

jump between O sites in a fcc lattice (with a0 being the unit
cell length ’ 5 �A), we have D ’ 2:5–5� 10�10 cm2 s�1.
This is comparable to typical rates for hydrogen diffusion
in fcc metals over the relevant temperature region [13].

Compared with the above two components, the origin of
the undamped component (/h) is not clear at this stage.
Considering that all the elements in NaAlH4 have nuclear
magnetic moments that are comparable with each other,
the absence of spin relaxation or precession strongly sug-
gests that muons in this state are subject to fast spin

FIG. 3 (color online). Temperature dependence of the frac-
tional yield for (a) muon-dialanate state (f), (b) muons at the
O site (g), and (c) undamped state (h), where f� g� h � 1.
Solid curves represent the best fit to a simple activation model
shown in the text. (d) Crystal structure of NaAlH4 where half of
the unit cell is displayed. Dark gray (blue) (Al) and light gray
(pink) (Na) atoms occupy the vertices of a fcc lattice, and
tetrahedra represent the alanate ions (AlH�

4 ) in which the corners
are occupied by H (those at the bottom are not shown for clarity).
Possible muon (and H) sites are marked by the diamond (labeled
C, forming a collinear AlH�

4 -��-AlH�
4 hydrogen bond) and by

the square (labeled O, an octahedral interstitial site).

FIG. 2 (color online). Temperature dependence of (a) !d,
(b) �, (c) �, (d) �, and (e) fd extracted from �SR spectra using
�2-minimization fits. The value of reduced �2 is also shown
in (f). For the fractional yields (f and g), see Fig. 3.
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dynamics irrespective of the local atomic configuration
around the muon.

We also note that a small fraction of muons (1� fd ’
0:2–0:3) loses its initial polarization immediately upon
implantation. The polarization is recovered by applying a
magnetic field parallel to the initial muon polarization,
where the characteristic field for recovery suggests that
the loss is caused by the muonium formation with a hy-
perfine coupling of �420 MHz. Unfortunately, we were
not able to observe the muonium state directly by �SR
measurement under a transverse field. This is currently
attributed to the loss of phase coherence during the muon-
ium formation (epithermal) process, as it is suggested by
the absence of temperature dependence in fd.

Finally, we discuss the implications of our study of
implanted muons. It is most likely that the local atomic
structure of the muon is common to that of interstitial H
atoms in NaAlH4. This is analogous to the conclusion of
the previous studies of alkali fluorides. Thus, our result
provides direct evidence for the interaction of interstitial
hydrogen with a hydrogen atom of two AlH�

4 anions—a
new example of hydrogen bonding. This bonding interac-
tion has been found for both undoped and Ti-doped
NaAlH4. The character of the resulting species could lie
anywhere on the continuum between AlH�

4 -H�-AlH�
4 and

AlH�
3 -H�

3 -AlH3. Relatively large binding energy involved
in hydrogen bonding suggests that it is the primary bottle-
neck for hydrogen kinetics in NaAlH4, which might be
common to other complex hydrides currently considered as
hydrogen storage materials.

Provided that the free energy of interstitial muons is
different between C and O sites, the nonzero populations
of implanted muons at both sites below �102 K strongly
suggest that they are determined by statistical filling of
those states that are separated by a kinetic barrier (Ea).
(Otherwise, most of the implanted muons must be found at
a site having the lowest free energy.) Therefore, our ob-
servations suggest that Ti doping serves to reduce the
kinetic barrier for the transition from C site to O site.
This naturally leads to the hypothesis that H�-dialanate
state is the bottleneck for the hydrogen kinetics which is
improved by reducing the barrier for the transition of
hydrogen to the mobile O site. It is likely that the hydrogen
dialanate leads to generation of the off-stoichiometric units
observed by the recent anelastic spectroscopy study [6].

The reduction of Ea is associated with a change in the
final state from ‘‘undamped’’ to that of the O-site muon.
This might imply that long-range diffusion of the �� (and
H�) over the O sites is important for the efficient genera-
tion of Na3AlH6. The undamped state observed in the
undoped sample might not contribute to such long-range

diffusion. Then, the fast spin dynamics in the undamped
state may be attributed to that of locally confined motion.

It must be stressed that the information derived from
implanted muons corresponds to that in the dilute limit of
the interstitial hydrogen. Therefore, the present result
should be understood in the context of dehydrogenation
of NaAlH4 at its early stage. Further �SR studies of
NaAlH4 at different stages of dehydrogenation over a
wider temperature range would be useful to clarify the
complete picture of the hydrogen process in NaAlH4.
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A complex structure of the superconducting order parameter in Ln2C3 (Ln � La;Y) is demonstrated by
muon spin relaxation measurements in their mixed state. The muon depolarization rate [
v�T	] exhibits a
characteristic temperature dependence that can be perfectly described by a phenomenological double-gap
model for nodeless superconductivity. While the magnitude of two gaps is similar between La2C3 and
Y2C3, a significant difference in the interband coupling between those two cases is clearly observed in the
behavior of 
v�T	.
DOI: 10.1103/PhysRevLett.100.097002 PACS numbers: 74.70.Ad, 74.25.Jb, 76.75.+i

The revelation of high-temperature superconductivity in
magnesium diboride (MgB2, with a critical temperature
Tc ’ 39 K) has stimulated renewed interest in other boride
and carbide superconductors as an alternative path to novel
superconductors with an even higher Tc [1]. Sesqui-
carbides (Ln2C3, Ln � La;Y) are among such compounds
reported in the early literature; they exhibit superconduc-
tivity at relatively high critical temperatures (Tc ’ 6–11 K)
and their Tc’s strongly depend on their carbon composition
[2–4]. Recently, we have found a new superconducting
phase in Y2C3 that exhibits a much higher Tc (�18 K)
comparable with A-15 compounds [5]. This discovery has
attracted further attention to the relationship between
structural details and superconductivity in sesquicarbide
systems. However, despite various attempts [6–9], little is
known so far about the details of superconducting order
parameters in La2C3 and Y2C3 from a microscopic
viewpoint.

A recent study on the temperature dependence of the
nuclear spin-lattice relaxation rate in Y2C3 has suggested
the occurrence of a multiple superconducting gap with
s-wave symmetry in a sample having Tc � 15:7 K [10].
While a similar electronic structure would be expected for
La2C3 [9], a report on the specific heat measurement
suggests single-gap superconductivity in a specimen with
Tc � 13:4 K [11]. In any case, the real nature of super-
conductivity in Y2C3 and La2C3, including a potential
difference between the two systems, still remains largely
unclear.

The muon spin rotation (�SR) technique is a useful
microscopic tool for probing the quasiparticle (QP) density
of states available for the thermal- or field-induced excita-
tion in the mixed state of type II superconductors [12,13].
The muon depolarization rate in the mixed state is pre-
dominantly determined by the magnetic penetration depth
(�) that is controlled by the superfluid density. Since the
latter is reduced by the QP excitation, the effective value of
� serves as a monitor of the QP excitation. In this Letter,
we present the result of �SR measurements on polycrys-
talline samples of La2C3 (Tc � 11 K) and Y2C3 (Tc �

15 K), where a clear sign of double-gap superconductivity
is observed in the temperature dependence of the muon
depolarization rate. They also provide the first clear case
for the double-gap model, where the magnitude of cou-
pling between electronic bands responsible for supercon-
ductivity is explicitly examined. Our result establishes a
coherent description of multiple band or gap superconduc-
tivity in this sesquicarbide system.

For the Ln2C3 samples, starting materials were prepared
by the arc melting method using a mixture of La=Y
(99.9%) and C (graphite, 99.99%) with stoichiometric
composition of sesquicarbide. The obtained Y-C alloys
were placed into a BN cell in a dry box under an argon
gas atmosphere, and polycrystalline Y2C3 was synthesized
by elevating temperature to 1300–1400 �C for 30 min
under a high pressure of 5 GPa using cubic-anvil-type
equipment. For the polycrystalline La2C3, the La-C alloys
obtained by the arc melting were pressed into pellets in a
sealed Ta tube, and sintered at 1000 �C for 200 h under a
high vacuum condition of 3:0� 10�5 Torr, followed by a
slow cooling process to ambient temperature at a rate of
5 �C=h.

The powder x-ray diffraction patterns for both speci-
mens could be indexed as a sesquicarbide phase with the
space group of I �43d. In La2C3, nearly 10% of LaC2 was
observed as a minor phase besides that of the sesquicar-
bide, while Y2C3 was found to be in a single phase. LaC2

behaves as a normal metal above 2 K and only causes a
background in the �SR signal in the superconducting
phase. The lattice constants of La2C3 and Y2C3 were
determined to be approximately a � 8:808�5	 �A and
8.238(5) Å, respectively, which are in good agreement
with those reported previously [11,14–16]. Unfortu-
nately, the precise stoichiometry of carbon has not been
determined. Therefore, the chemical composition in this
Letter refers only to a nominal value. Heat capacity and ac
and dc magnetic susceptibilities were measured using
MPMSR2 and PPMS (Quantum Design Co., Ltd.).

Figure 1 shows the temperature dependence of dc sus-
ceptibility under zero-field cooling in La2C3 and Y2C3. In
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both cases, clear diamagnetic signals are observed below
Tc (’11:2 K and 15.2 K, respectively). As shown in the
inset, Hc2�T	 exhibits almost linear dependence on tem-
perature, which differs significantly from the Werthamer-
Helfand-Hohenberg (WHH) relation [17]. The enhance-
ment of Hc2�T	 from the WHH prediction is due to the
strong electron-phonon coupling rather than the aniso-
tropic Fermi surface or localization effect [11]. We
can extract Hc2�0	 without much uncertainty using
the Ginzburg-Landau (GL) theory, Hc2�T	 � Hc2�0	�1�
�T=Tc	2=�1� �T=Tc	2, where Hc2�0	 � �0=2��

2
GL, �0

is the flux quantum, and �GL is the GL-coherence length
[18]. The best fit using the above equation yields Hc2�0	 �
167�3	 and 256(7) kOe for La2C3 and Y2C3, respectively.

A conventional �SR experiment was performed on the
M15 beam line of TRIUMF, Canada. The polycrystalline
samples were loaded on a sample holder (a scintillator
serving as a muon veto counter, with a sample dimension
of 7� 7 mm2) and placed into a He gas-flow cryostat, to
which a 100% spin-polarized muon beam with a momen-
tum of 29 MeV=c was irradiated to collect 1:5� 107

decay positron events for each spectrum (taking about
1.5 h). Each measurement was performed under a field-
cooling process to minimize the effect of flux pinning, and
field fluctuation was kept within 10�4 of the applied field.

Since we can reasonably assume that muons stop ran-
domly on the length scale of the flux-line lattice (FLL), the
muon spin precession signal, P̂�t	, provides the random
sampling of the internal field distribution B�r	,

 P̂�t	 �
Z 1

�1
n�B	 cos���Bt�	dB; (1)

 n�B	 � h��B� B�r	ir; (2)

where �� is the muon gyromagnetic ratio (�2��
13:553 MHz=kOe), n�B	 is the spectral density for the
internal field defined as a spatial average �h ir	 of the delta
function, and  is the initial phase of rotation. These
equations indicate that the real amplitude of the Fourier
transformed muon spin precession signal corresponds to
n�B	 (except corrections for additional relaxation due to
other origins; see below). In the case of a relatively large
magnetic penetration depth (� � 3000 �A), n�B	 can be
well approximated by a simple Gaussian field profile,

yielding P̂�t	 ’ exp��
2t2=2	 cos���
�Bt�	, where 
 �

��

����������������������������h�B� B�r	2ip / ��2 and �B ’ H is the mean field.
Here, it must be stressed that � is an effective magnetic
penetration depth susceptible to the quasiparticle
excitation.

Figure 2 shows the time-dependent muon-positron de-
cay asymmetry at 2 K in La2C3 and Y2C3 with their fast
Fourier transform (FFT) displayed in the inset. The FFT
spectral linewidth in the normal state (T > Tc) is deter-
mined by the small random local fields from nuclear mo-
ments and a limited �SR time window (’8 �s), while that
in the superconducting state is further broadened by the
formation of FLL and associated inhomogeneous local
field distribution [B�r	]. The solid curves in the main
panels are the best fits of the data in the time domain,
assuming two components of the Gaussian damping,

 AP̂�t	 � X2
i�1

Ai exp
�
�
2

i t
2

2

�
cos���Bit�i	; (3)

where the ith component refers to the contribution from
superconducting (i � 1) and normal (i � 2) phases, Ai is
the partial asymmetry (

P
iAi � A), 
i is the relaxation rate,

and ��Bi is the central frequency for the respective com-
ponents. The model yields good fits to data, as indicated by
the reasonably small values of reduced chi square: �2=Nf

is mostly less than 1.7 for La2C3 and 1.3 for Y2C3, with Nf

being the number of degrees of freedom. Considering that

2 represents the relaxation due to the nuclear magnetic
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FIG. 2 (color online). Time revolution of muon-positron decay
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FIG. 1 (color online). Temperature dependence of dc magnetic
susceptibility at 10 Oe in La2C3 and Y2C3 normalized by the
value at 2 K. Inset shows magnetic field (H) vs temperature (T)
phase diagram. The triangle, circle, and square symbols indicate
data determined by heat capacity and dc and ac magnetic
susceptibility measurements, respectively. The open and closed
symbols show data obtained from T and H scan, respectively.
The solid and dashed curves correspond to the WHH relation and
the GL model, respectively.
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moment (i.e., 
2 � 
n), the net relaxation rate in the
superconducting state is expressed as 
2

1 � 
2
n � 
2

v,
where the second term comes from n�B	 in the FLL state
and it is proportional to the superfluid density [19]. From
the fitting analysis, the superconducting volume fractions
[ � A1=�A1 � A2	] at 2 K are estimated to be �0:91 and
0.98 in La2C3 and Y2C3, respectively, where the former
value is in good agreement with the fractional yield esti-
mated by the x-ray analysis (with the rest corresponding to
LaC2 in the normal state).

Figure 3 shows the temperature dependence of 
v for
La2C3 at 2.5 kOe and Y2C3 at 5.0 kOe, where the fields are
chosen to be reasonably away from the lower critical field
(the field dependence at the relevant field range is shown
for La2C3). It is interesting to note that the data of La2C3

exhibit a shoulderlike structure near 4 K, indicating clear
deviation from the behavior predicted for single-gap BCS
superconductors. The effect of flux pinning as a possible
origin of such a structure is ruled out by the fact that 
1 at
2 K is almost independent of the applied field below
30 kOe [see the inset of Fig. 3(a)]. According to the
theories that consider multiband superconductivity [20–
22], such an inflection is expected to occur in the systems
consisting of two superconducting bands that are weakly
coupled. The behavior of 
v below �4 K is then attributed
to the band with a smaller gap energy. To our knowledge,
this is the first unambiguous example of double-gap super-
conductivity with extremely week interband coupling.

Compared with La2C3, no strong anomaly is observed in
the case of Y2C3. However, while the superfluid density
(and hence 
v) is predicted to be virtually independent of
temperature for T=Tc 
 0:4 in the single-gap BCS model,
a clear variation of 
v with temperature is observed below
6 K. This is another sign that the order parameter of Y2C3

has an anisotropic structure. Considering the present result

in La2C3 and previous NMR studies [10], we can attribute
the T dependence of 
v also to the double-gap super-
conductivity. This is further supported by a recent first-
principles calculation [23], where it is suggested that the
Fermi surface of Y2C3 consists of three hole bands (0.12,
0.15, and 0:88=eV unit cell spin) and one electron band
(2:73=eV unit cell spin) that arise mainly from the hybri-
dized orbitals of Y d and C-C antibonding �� states. Such
large differences in the density of states and Fermi veloc-
ities between hole and electron bands might lead to the
opening of two superconducting gaps in the different parts
of the Fermi surface.

The origin of difference in the temperature dependence
of 
v between La2C3 and Y2C3 is understood by consid-
ering the difference in the interband coupling strength
between these two compounds. For quantitative discus-
sion, the data in Fig. 3 are analyzed using a phenomeno-
logical double-gap model with s-wave symmetry [24,25],
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where �i (i � 1 and 2) is the energy gap at T � 0, w is the
relative weight for i � 1, kB is the Boltzmann constant,
f��; T	 is the Fermi distribution function, and ��T	 is the
standard BCS gap energy. The solid curves in Fig. 3 are the
best fit results obtained by using the above double-gap
model with the parameters listed in Table I. For La2C3, a
simplified model (dashed curve) assuming two indepen-
dent superconducting bands was also tested against the
data, which turned out to exhibit a slightly better agree-
ment than that described by using the above model [yield-
ing 2�1=kBTc � 4:5�3	 and 2�2=kBTc � 1:3�3	]. This
might suggest that the above model may not necessarily
be a good approximation for the case of weak interband
coupling.

0.0

0.2

0.4

0.6

0 5 10 15 20

(b) Y
2
C

3

   Y      La   

3.1(1)2.7(1) ΔΔ Δ  Δ1111                                            

0.7(3)0.6(1)ΔΔΔΔ2222                                        

0.86(2)0.38(2)w

(meV)

(meV)

0.0

0.2

0.4

0.6

0.8

0 5 10 15

σ v (
μs

−1
)

(a) La
2
C

3

0

1

2

3

0 0.5 1.0

Δ/
k B

T
c

T / T
c

0.5

0.6

0.7

0.8

0 10 20 30

σ 1

H (kOe)

T = 2 K

T (K) T (K)

0

1

2

3

0 0.5 1.0

Δ /
k B

T
c

T / T
c

FIG. 3 (color online). Temperature dependence of the muon
spin relaxation rate for (a) La2C3 at 2.5 kOe and (b) Y2C3 at
5.0 kOe. Error bars (not shown) are smaller than the symbol size.
Solid and dashed curves indicate the result of the fitting analysis
using the double-gap model described in the text. Insets show the
relaxation rate in the superconducting state (
1) as a function of
the magnetic field for La2C3 (a) and the order parameters
[��T	=kBTc] for the respective cases.

TABLE I. Superconducting properties of La2C3 and Y2C3

determined from the present experiment, where those obtained
from the double-gap analysis correspond to the solid curves in
Fig. 3.

La2C3 Y2C3

Transverse field (kOe) 2.5 5.0
Tc (K) 10.9(1) 14.7(2)

v�0	 (�s�1) 0.71(3) 0.48(2)
��0	 (Å) 3800(100) 4600(100)
w 0.38(2) 0.86(2)
�1�0	 (meV) 2.7(1) 3.1(1)
�2�0	 (meV) 0.6(1) 0.7(3)
2�1=kBTc 5.6(3) 4.9(3)
2�2=kBTc 1.3(3) 1.1(5)
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The superconducting parameters deduced from the
present experiment are summarized in Table I. Here, we
calculated the magnetic penetration depth ��0	 using
the formula 
v�0	��s�1 � 4:83� 104�1�H=Hc2	�
�1� 3:9�1�H=Hc2	21=2=�2�0	 [nm] [19,26]. The gap
parameter 2�=kBTc of Y2C3 is in reasonable agreement
with that deduced by NMR (i.e., 2�=kBTc � 5 and 2) [10],
again supporting the present double-gap scenario. We also
find that 2�=kBTc for the two respective bands of La2C3

are comparable with those of Y2C3. Thus, it appears that
the superconductivity of La2C3 and Y2C3 share the com-
mon features of strong electron-phonon coupling and
s-wave symmetry, which is in line with the previous heat
capacity results [11].

Provided that there is a significant difference in the
interband coupling between La2C3 and Y2C3, the observed
difference in the relative weight (w) between two gaps
might also be connected with the interband coupling.
Furthermore, considering that the double-gap features
tend to be suppressed by the localization (scattering) effect,
one might suspect that such a difference in w may arise
from that in the quality of the specimen. In this regard, we
have to note that the Y2C3 samples were obtained only in a
polycrystalline form using high pressure synthesis and that
their short annealing time might have resulted in a quality
less than that of La2C3. At this stage, we presume it
unlikely that the present result has been strongly affected
by the localization effect, considering that the electronic
mean free path measured using the microwave cavity
perturbation technique is much longer than �GL for the
sample prepared under the same condition [27]. However,
it would be certainly helpful to study the influence of
sample quality (and chemical stoichiometry as well) in
the future to elucidate the details of the localization effect
on the double-gap behavior.

Finally, let us point out the noncentrosymmetric effect in
superconductivity. In the case of a sesquicarbides system
with the I �43d group symmetry, an asymmetric spin-orbit
interaction can be approximated by the Dresselhaus-type
interaction. When the order of magnitude of a supercon-
ducting gap is comparable to that of the spin-orbit band
splitting, the original isotropic gap structure is modulated
by a magnetic field to have a point node, because the
anisotropic Pauli depairing effect can occur in the specific
part of the momentum space [28]. This may lead to an
unusual field-induced quasiparticle excitation, and a de-
tailed �SR study on the field dependence of magnetic
penetration depth is currently in progress to examine the
proposed scenario.

In summary, we performed a �SR experiment on Ln2C3

(Ln � La;Y) to clarify the structure of a superconducting
order parameter through the temperature dependence of
quasiparticle excitation reflected in the muon depolariza-
tion rate, 
v�T	 in the mixed state. We showed that 
v�T	

exhibits a characteristic of double gap in the superconduct-
ing order parameter, with a marked variation in the tem-
perature dependence between La and Y compounds that is
attributed to the difference in the interband coupling. The
gap parameters for two respective bands were deduced
using the phenomenological double-gap model and were
found to be comparable between La and Y compounds,
which is consistent with the occurrence of a strong-
coupling superconductivity with s-wave symmetry in
both the systems.
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The presence of macroscopic phase separation into superconducting and spin-glass-like magnetic
phases in LaFeAs(O1�xFx) is demonstrated by muon spin rotation measurement in a sample near the
phase boundary (x ¼ 0:06). Both magnetism and superconductivity develop simultaneously below a
common critical temperature, Tm ’ Tc ’ 18K. This remarkable accordance strongly suggests that the
electronic correlations leading to these two competing ground states share a common origin.

KEYWORDS: oxypnictide superconductor, muon spin rotation, electronic correlation, magnetism
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The recent discovery of the oxypnictide superconductor
LaFeAsO1�xFx (LFAO-F) with a critical temperature (Tc) of
26K1) and the successful revelation of much increased Tc
upon the substitution of La for other rare-earth elements
(such as Sm, leading to �43K2)) and the application of
pressure for LFAO-F (�43K3)) have triggered broad interest
in the mechanism yielding a relatively high Tc in this new
class of compounds. They have a layered structure like high-
Tc cuprates, where the dopant and conducting layers are
so separated that the doped carriers (electrons introduced by
the substitution of O2� with F� in the La2O2 layers) move
within the layers consisting of strongly bonded Fe and As
atoms. They exhibit another qualitative similarity to cuprates
in that superconductivity occurs upon carrier doping of
pristine compounds that exhibit magnetism.4) Some prelimi-
nary results of the muon spin rotation/relaxation (�SR)
experiment on a variety of oxypnictide superconductors
showed that the superfluid density ns falls on the empirical
line on the ns vs Tc diagram observed for the underdoped
cuprates,5,6) from which possibility of the common mecha-
nism of superconductivity is argued between oxypnictides
and cuprates.

However, in terms of the doping phase diagram, there are
certain differences between these two systems, e.g., (i) Tc
(> 0 for 0:4 < x < 0:12) does not vary much with x1) as in
cuprates known as ‘‘bell-shaped’’ and (ii) the magnetic (spin
density wave, SDW) phase shares a boundary with the
superconducting phase near x ’ 0:04.1,7) The insensitivity of
Tc to x is reasonably understood from the conventional BCS
theory where condensation energy is predicted to be in-
dependent of carrier concentration. The close relationship of
magnetism and superconductivity suggests that a detailed
investigation of how these two phases coexist (and compete)
near the phase boundary will provide important clues to
elucidating the paring mechanism. Among various tech-

niques, �SR has a great advantage in that it can be applied
in systems consisting of spatially inhomogeneous multiple
phases, providing information on respective phases accord-
ing to their fractional yield. Our �SR measurement in the
LFAO-F sample with x ¼ 0:06 (Tc ’ 18K) reveals that
these two phases indeed coexist in the form of macroscopic
phase separation, and more interestingly, that a spin glass-
like magnetic phase develops in conjunction with super-
conductivity in the paramagnetic phase. This accordance
strongly suggests a common origin of the electronic cor-
relation leading to these two competing phases.

Although the oxypnictide with rare-earth (R) substitu-
tion RFeAsO1�xFx exhibits higher Tc than that of LFAO-F,
strong random fields from rare-earth ions preclude a
detailed study of the ground state using sensitive magnetic
probes like �SR. Therefore, we chose the original LFAO-F
system for our �SR study. The target concentration of
LaFeAsO1�xFx is set near the phase boundary, x ¼ 0:06, for
which a polycrystalline sample was synthesized by solid
state reaction. The detailed procedure for sample preparation
is described in an earlier report.1) The sample was confirmed
to be mostly of single phase using X-ray diffraction analysis.
Of two possible impurity phases, namely, LaOF and FeAs,
only the latter exhibits a magnetic (helical) order with
TN ’ 77K.8) As shown in Fig. 1, magnetic susceptibility
exhibits no trace of FeAs phase or local magnetic impurities
except below � 50K where a small upturn is observed. The
susceptibility at a lower field [shown in Fig. 3(a)] provides
evidence of bulk superconductivity with Tc � 18K from the
onset of diamagnetism. Conventional �SR measurement
was performed using the LAMPF spectrometer installed on
the M15 beamline of TRIUMF, Canada. During the
measurement under a zero field (ZF), residual magnetic
field at the sample position was reduced below 10�6 T with
the initial muon spin direction parallel to the muon beam
direction [P�ð0Þ k ẑz]. For longitudinal field (LF) measure-
ment, a magnetic field was applied parallel to P�ð0Þ. Time-
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dependent muon polarization [GzðtÞ ¼ ẑz � P�ðtÞ] was moni-
tored by measuring decay-positron asymmetry along the
ẑz-axis. Transverse field (TF) condition was realized by
rotating the initial muon polarization so that P�ð0Þ k x̂x,
where the asymmetry was monitored along the x̂x-axis to
obtain GxðtÞ ¼ x̂x � P�ðtÞ. All the measurements under a
magnetic field were made by cooling the sample to the
target temperature after the field equilibrated.

ZF-�SR is the most sensitive technique for examining
magnetism in any form, where the development of local
magnetic moments leads to either the spontaneous oscilla-
tion (for long-range order) or exponential damping (inho-
mogeneous local magnetism) of GzðtÞ. Figure 2 shows
examples of ZF-�SR time spectra collected at 2 and 30K.
The spectrum at 30K (>Tc) exhibits a Gaussian-like relaxa-
tion due to weak random local fields from nuclear magnetic
moments, indicating that the entire sample is in the para-
magnetic state. Meanwhile, the spectrum at 2K is split into
two components, one that exhibits a steep relaxation and the
other that remains to show Gaussian-like relaxation. This
indicates that there is a finite fraction of implanted muons
that sense hyperfine fields from local electronic moments.
The absence of oscillatory signal implies that the hyperfine
field is highly inhomogeneous, so that the local magnetism is
characterized by strong randomness or spin fluctuation. The
fractional yield of the component showing steep relaxation is
as large as 25% (see below), which is hardly attributed to
impurity and therefore implies that the sample exhibits a
macroscopic phase separation into two phases.

The magnitude of the hyperfine field and that of spin
fluctuation are evaluated by observing the response of the
�SR spectrum to a LF. It is shown in Fig. 2 that the
relaxation in the paramagnetic component is quenched by
applying a weak magnetic field (LF ¼ 5mT), which is
perfectly explained by the suppression of static nuclear
dipolar fields (< 100 mT). Meanwhile, the faster relaxation
(seen for 0 < t < 1 ms) due to the magnetic phase is
recovered only gradually over a field range of 101–102 mT,
and there still remains a slow relaxation even at the highest
field of 60mT. This residual depolarization under LF is a
clear sign that local spins are slowly fluctuating, leading
to the spin-lattice relaxation of P�ðtÞ. Such quasi-two-step
relaxation is also observed in dilute spin-glass systems,9)

which is understood as a distribution of spin correlation
time. A detailed analysis is made considering that these two
components coming from the magnetic phase (see below).

Under a transverse field, implanted muons experience an
inhomogeneity of the field [BzðrÞ] due to flux line lattice
formation below Tc that leads to relaxation, in addition
to those observed under a zero field. The TF-�SR time
spectrum in Fig. 2 (envelop part of the oscillation) obtained
under a field of 50mT exhibits complete depolarization at
2K, indicating that the entire volume of the paramagnetic
phase falls into the superconducting state. The rapidly
relaxing component observed under ZF is also visible
(although the coarse binning of the spectra for extracting the
envelop part makes it slightly obscure), indicating that the
corresponding part of the sample remains magnetic.

Considering the presence of the magnetic phase besides
the paramagnetic (=superconducting below Tc) phase, we
take special precaution to analyze both TF and ZF/LF �SR
spectra in a consistent manner. For the determination of
physical parameters describing the behavior of signals
from the magnetic phase, we first analyze ZF/LF spectra
at 2K using the �-square minimization fit with the relaxation
function

GzðtÞ ¼ w1 þ
X3
i¼2

wi expð��itÞ
" #

� GKTð�N : tÞ; ð1Þ

where GKTð�N : tÞ is the Kubo–Toyabe relaxation func-
tion for describing the Gaussian damping due to random
local fields from nuclear moments (with �N being the
linewidth),10) w1 is the fractional yield for the paramag-
netic phase, w2 and w3 are those for the magnetic phase
(
P

wi ¼ 1) with �2 and �3 being the corresponding
relaxation rate described by the Redfield relation

�i ¼
2�2i �i

�2i þ !2
�

ði ¼ 2; 3Þ; ð2Þ

where !� ¼ ��HLF, �� is the muon gyromagnetic ratio
(¼ 2�� 135:53MHz/T), HLF is the longitudinal field, �2
and �3 are the means of the hyperfine fields exerting on
muons from local electronic moments, and �2 and �3 are the
fluctuation rates of the hyperfine field. The solid curves in
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Fig. 2. (Color online) �SR time spectra observed in LaFeAs(O1�xFx)

with x ¼ 0:06 at 2K under a longitudinal field (LF), a zero field (ZF), and
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Fig. 1. (Color online) Magnetic susceptibility of LaFeAsO1�xFx with

x ¼ 0:06 for the sample used for �SR measurement. Inset shows a

reduced view of the region below 35K.
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Fig. 2 show the result of analysis where all the spectra at
different fields (only ZF and LF ¼ 5mT are shown here) are
fitted simultaneously using eqs. (1) and (2) with common
parameter values (except !� that is fixed to the respec-
tive value for each spectrum), which show excellent agree-
ment with all the spectra. The deduced parameters are
as follows: w1 ¼ 0:754ð9Þ, w2 ¼ 0:165ð9Þ, w3 ¼ 0:081ð4Þ,
�2 ¼ 0:71ð5Þ ms�1, �3 ¼ 3:9ð3Þ ms�1, �2 ¼ 1:7ð2Þ ms�1, and
�3 ¼ 4ð1Þ ms�1. Although the depolarization in the magnetic
phase is approximately represented by two components with
different hyperfine couplings (�i), the fluctuation rates (�i)
are close to each other (107 s�1 at 2K), suggesting that the
randomness is primarily due to the distribution in the size of
local moments (or in their distances to muons). Since no
impurity phase with a fraction as large as 25% is detected by
X-ray diffraction analysis, it is concluded that this magnetic
phase is intrinsic.

In the analysis of temperature-dependent TF spectra, we
used the relaxation function

GxðtÞ ¼ exp � 1

2
�2Nt

2

� �
½w1 expð��2s t

2Þ cos ð2� fst þ �Þ

þ ðw2 þ w3Þ expð��mtÞ cosð2� fmt þ �Þ�; ð3Þ
where wi and �N are fixed to the values obtained by
analyzing ZF/LF-�SR spectra. The first component in the
above equation represents the contribution of flux line lattice
formation in the superconducting phase, where �s corre-
sponds to the linewidth 	s ¼

ffiffiffi
2

p
�s ¼ ��hðBðrÞ � B0Þ2i1=2

[with B0 being the mean BðrÞ], while the second term
represents the relaxation in the magnetic phase. Here, the
relaxation rate for the latter is represented by a single value
�m (instead of �2;3), as it turns out that the two components
observed under LF are hardly discernible in TF-�SR spectra.
[This does not affect the result of the analysis, because
the amplitude is fixed to w2 þw3 so that �m may represent
a mean ’ ðw2�2 þw3�3Þ=ðw2 þ w3Þ.] The fit analysis
using the above form indicates that all the spectra are
perfectly reproduced while the partial asymmetry is fixed to
the value determined from ZF-�SR spectra. This strengthens
the presumption that the paramagnetic phase becomes
superconducting below Tc. The result of analysis is summa-
rized in Fig. 3, together with the result of dc magnetization
measured in the sample from the same batch as that used
for �SR.

It is interesting to note in Fig. 3(b) that, although the
central frequency in the superconducting phase ( fs) does not
show much change below Tc ’ 18K probably owing to a
large magnetic penetration depth (it is indeed large, see
below), that in the magnetic phase ( fm) exhibits a clear shift
in the negative direction below Tm ’ Tc. The magnitude of
the shift is as large as � 1% and thus is readily identified
despite a relatively low external field of 50mT. As shown in
Fig. 3(c), the relaxation rate in the magnetic phase (�m) also
develops below Tc in accordance with the frequency shift,
demonstrating that a spin-glass-like magnetism sets in below
Tc. Here, we note that the development of magnetic phase is
already evident in the ZF/LF-�SR spectra, and results are
fully consistent with each other. The onset of superconduc-
tivity below Tc is also confirmed by an increase in �s,
as observed in Fig. 3(c). This remarkable accordance of
onset temperature between magnetism and superconductiv-

ity strongly suggests that there is an intrinsic relationship
between the superconducting and magnetic phases that leads
to a common characteristic temperature.

The temperature dependence of 	s in Fig. 3(d) is com-
pared with theoretical predictions for a variety of models
with different order parameters. The weak-coupling BCS
model (s-wave, single gap) apparently fails to reproduce
the present data, as they exhibit a tendency to vary with
temperature over the region T=Tc < 0:4. Although a fit using
a two-gap model11) shown by a dotted line seems to exhibit
reasonable agreement with data, the deduced gap parameters
(2�i=kBTc) are largely inconsistent with the prediction of the
weak-coupling BCS model (see Table I). These observations
suggest that the superconducting order parameter is not
described by a s-wave symmetry with a single gap. When a
power law, 	s ¼ 	0½1� ðT=TcÞ
�, is used in fitting the data,
we obtain a curve shown by the broken line in Fig. 3(d) with
an exponent 
 ’ 2. This is in good agreement with the case
of d-wave symmetry at the dirty limit.
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In the limit of extreme type II superconductors [i.e.,
�=� � 1, where � is the effective London penetration depth
and � ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�0=ð2�Hc2Þ
p

is the Ginzburg–Landau coherence
length, �0 is the flux quantum, and Hc2 is the upper critical
field], 	s is determined by � using the relation12) 	s=�� ¼
2:74� 10�2ð1� hÞ½1þ 3:9ð1� hÞ2�1=2�0�

�2, where h ¼
HTF=Hc2 and HTF is the magnitude of external field. From
	s extrapolated to T ¼ 0 and taking Hc2 ’ 50T (ref. 13),
we obtain � ¼ 595ð3Þ nm. Because of the large anisotropy
expected from the layered structure of this compound, � in
the polycrystalline sample would be predominantly deter-
mined by in-plane penetration depth (�ab). Using the formula
� ¼ 1:31�ab for such a situation,14) we obtain �ab ¼ 454ð2Þ
nm. This value coincides with that expected from the
aforementioned empirical relation between ��2

ab supercon-
ductors.6,15) However, this may not be uniquely attributed to
the superfluid density because � depends not only ns but also
on the effective mass, 	s / ��2 ¼ nse

2=m�c2.
Finally, we discuss the feature of the spin glass-like phase.

Assuming that the local moments are those of off-stoichio-
metric iron atoms with a moment size close to that in the
SDW phase (� 0:36�B

4)), the mean distance between muon
and iron moments in the relevant phase is estimated to be
�0:5 nm from an average of �i. Given the unit cell size
(a ¼ 0:404 nm, c ¼ 0:874 nm1)), this would mean that more
than a quarter of iron atoms in the magnetic phase (i.e.,
’ 7% of the entire sample) should serve as a source of local
moments. It is unlikely that such a significant fraction of iron
atoms remains as impurities in the present sample.

It might also be noteworthy that there is an anomaly near
Tm2 ’ 12K in the susceptibility [the onset of ZFC/FC
hysteresis in Fig. 1 and a steplike kink in Fig. 3(a)]. This
seems to be in accordance with the onset of a steeper
increase in �m below Tm2, suggesting a change in magnetic
correlation.

�SR studies of LFAO-F have been made by a number
of groups. According to those preliminary studies, no
clear sign of magnetism is observed in the sample over
relevant doping concentrations, except for a weak relaxation
observed far below Tc for x ¼ 0:05 and 0.075 in ZF-�SR
spectra and an unidentified additional relaxation observed
in TF-�SR spectra for x ¼ 0:075.5–7) This led us to recall
the sensitivity to chemical stoichiometry in the emergence
of the spin glass-like A-phase observed near the boundary
between the antiferromagnetic and superconducting phases
in CeCu2Si2.

16) In addition to the A-phase, the present
LFAO-F system exhibits a closer similarity to this classical
heavy-fermion superconductor such as the phase diagram
against pressure/doping.17) Further study of the dependence

of fractional yield for the magnetic phase with varying x

(in small steps near the phase boundary) would provide
further insight into the true nature of these phases and the
mechanism of superconductivity itself that is working
behind the coexistence/competition.

In summary, it has been revealed by our �SR experi-
ment that superconducting and magnetic phases coexist in
LaFeAs(O0:94F0:06). These two phases simultaneously devel-
op just below Tc, strongly suggesting an intimate and
intrinsic relationship between these two phases. The result of
TF-�SR measurement suggests that the superconductivity of
LaFeAs(O0:94F0:06) cannot be explained by the conventional
weak-BCS model (single gap, s-wave).
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Abstract

At the J-PARC muon science facility, the muon target was made of an isotropic graphite (IG-43). The energy deposited by the proton
beam is estimated to be 3.3 kW on graphite and 600 W on the copper frame. To alleviate the thermal stress, a titanium stress absorber is
inserted between the graphite and the copper. Although graphite is known to be difficult to be brazed, the titanium is attached to the
graphite through silver-brazing. In this report, we will describe the development of a silver-brazing method for graphite in the fabrication
of the J-PARC muon target. A capillary test between the graphite and the titanium was performed to determine the optimal brazing
conditions. The test involved bonding graphite and titanium plates while varying the gap between them in order to determine the brazing
material and the optimal surface treatment of graphite. Subsequently, a trial muon-production target was fabricated using this optimized
brazing method. Specimens were cut from the trial target, and bending test experiments were performed to determine the tensile and
shear strength of the interface. As a result, it was confirmed that graphite could be bonded adequately through the silver-brazing.
� 2008 Elsevier B.V. All rights reserved.

1. Introduction

At the J-PARC muon science facility, the most intense
pulsed muon beam in the world will be produced by a
3 GeV/1 MW/25 Hz proton beam on a target made of
20-mm thick, disc-shaped, isotropic graphite (IG-43). The
target frame will be constructed using copper with a stain-
less steel tube embedded for water cooling. The energy
deposited by the proton beam is estimated to be 3.3 kW
on the graphite target and 600 W on the copper frame by
PHITS [1]. Using the results obtained by PHITS, both
the static and the dynamic characteristics of the target such
as temperature distributions, thermal stresses, shockwaves,
and transient responses were evaluated thorough a finite
element method (FEM) simulation. It was found that most

of the thermal stress is located at the boundary edge
between the graphite and the copper frame because of the
difference in thermal coefficients between graphite and
copper. To alleviate the thermal stress, a titanium stress
absorber is inserted between graphite and copper [2].
Fig. 1 shows the schematic drawing and the picture of
the muon target.

Considering that the beta-transition temperature in tita-
nium is 885 �C, the bonding of the muon target must be
performed under this temperature. Since the temperature
of the interface between graphite and titanium will reach
more than 200 �C during the full beam proton operation
through the evaluation of an FEM simulation, the brazing
material must have a much higher melting point simulta-
neously. Therefore, the silver-brazing method was selected
to bond the two interfaces, which were graphite–titanium
and titanium–copper. In general, graphite is known to be
difficult to be brazed because the low wetting of graphite

0022-3115/$ - see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2008.02.025

* Corresponding author.
E-mail address: shunsuke.makimura@kek.jp (S. Makimura).

www.elsevier.com/locate/jnucmat

Available online at www.sciencedirect.com

Journal of Nuclear Materials 377 (2008) 28–33



– 58 –

disturbs the capillarity, and the brazing material has diffi-
culties to permeate the gap. At first, the commercial sil-
ver-brazing Incusil-Aba (59Ag/27.25Cu/12.5In/1.25Ti)
was applied to the muon target, since graphite and titanium
can be combined to make titanium carbide. But the graph-
ite could not be bonded to the titanium adequately because
the silver-brazing did not permeate the whole interface.
Later we used a special silver-brazing material (76Ag/
22Cu/2Ti), which was used to bond C/C composite and
the oxygen-free copper in the development of the nuclear
diverter [3]. We also considered that the surface treatment
might affect the capillarity. Therefore, we performed a
capillary test, in which graphite and titanium plates were
bonded while varying the gap between them in order to
determine the brazing material and the optimal surface
treatment of graphite. The capillary test is described in
Section 2.

Graphite is known to shrink due to radiation damage
[4]. To reduce the tensile stress by the shrinkage, we could
expect that the compressive stress, which results as the
residual stress from the fabrication process, would compen-
sate the tensile stress. Therefore, the graphite, shaped as a
tapered cylinder, and the titanium, shaped as a tapered
ring, are inserted into the copper frame at high temperature
[5]. Fig. 2 shows the schematic drawing of this configura-
tion used in the silver-brazing method. At room tempera-
ture, the copper frame and the titanium layer would
shrink more than the graphite target. Then this compres-
sive stress would act on the graphite like a shrink fit.
Because the muon target is fabricated by this special config-
uration, it can be predicted that the properties of the
interface are different from that in the capillary test. Subse-
quently, a trial muon target was fabricated using the
optimized brazing method. In Section 3, the interface,
which was obtained from the fabricated trial muon target,
was observed by using a scanning electron microscope
(SEM).

Through an evaluation by FEM, it was found that the
compressive stress would take place at almost whole the
interface of the graphite and the titanium during the proton
beam operation, while the tensile and shear stress would
occur simultaneously at the edge of the interface. Hence,
specimens were cut from the trial target, and a bending test
was performed to measure the tensile and shear strength of
the interface. The stress analysis and the bending test
experiment are described in Section 4.

A conclusion is given in Section 5.

2. Determination of the silver-brazing method

To determine the optimal silver-brazing method, a cap-
illary test was performed under the following four condi-
tions. (1) The commercial silver-brazing ‘Incusil-Aba’ was
applied without any surface treatment to provide a basis
of comparison. (2) The special silver-brazing material
(76Ag/22Cu/2Ti) was applied without any surface treat-
ment to compare with the example of the nuclear diverter.
(3) A commercial silver-brazing material BAg-8 was
applied after the graphite surface was painted and baked
with the special silver-brazing material (76Ag/22Cu/2Ti).

Fig. 1. The schematic drawing and the picture of the muon target. The target itself is made of 20-mm thick, disc-shaped, isotropic graphite (IG-43). The
target frame is constructed using copper with a stainless steel tube embedded for water cooling. A titanium stress absorber is inserted between graphite and
copper.

tapered
graphite

tapered
titanium

copper

Fig. 2. The schematic drawing of the silver-brazing process for the
fabrication of the muon target.
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Under this condition, we can expect that the surface of the
graphite was wrapped by the metal which is easy to wet,
and that the graphite and the titanium in the special sil-
ver-brazing will combine to make titanium carbide during
the baking process. However, the thickness of the wrapped
brazing cannot be uniform if the treated surface is vertical
against gravity, such as the muon target, where the whole
surface of the cylinder cannot stay horizontal at all-time.
In fact, the redundant brazing material was removed by
machining after baking. (4) The commercial silver-brazing
material BAg-8 was applied after the graphite was surface
treated using a titanium arc ion plating (AIP) method. We
considered that a high ion acceleration voltage is required
for the titanium ion to be implanted in the graphite. But
too high an acceleration voltage (more than 100 V) will
lead to the brittleness of the implanted surface through
sputter-etching effect. Therefore, it was decided that the
titanium ion should be accelerated to 50 eV in the AIP pro-
cess. The implantation thickness of the titanium layer was
5 lm.

For each of those four conditions, the graphite and the
titanium plates were bonded while varying the gap between
them. The gap distance was 0.1 mm, 0.05 mm, and
0.01 mm, since the precision of the machining is better than

0.1 mm for the parts of the muon target. Fig. 3 shows a pic-
ture of the capillary test under the second condition with a
gap of 0.05 mm. To observe the permeation of the silver-
brazing, an ultra-sonic method was utilized. The ultra-
sounds were incident to the graphite plate. If there is a
gap between the graphite and the titanium, the ultra-sound
is reflected on the gap and the echo is detected on the
graphite surface faster than if the echo is reflected on the
surface of the titanium. Through the capillary test, the fol-
lowing results were obtained. (1) Incusil-Aba could not
permeate the gap for each gap distance. (2) The special sil-
ver-brazing material (76Ag/22Cu/2Ti) could permeate only
a gap of 0.1 mm, but could not permeate narrower gaps.
The wetting of the brazing material is improved compared
with Incusil-Aba. (3) BAg-8 could permeate the gap
between the titanium and the graphite with a surface treat-
ment using the special silver-brazing material for each gap
distance. (4) When using AIP of titanium on graphite, the
result was similar to the second case. Thus, we could deter-
mine that the graphite and titanium could be bonded by
BAg-8 with a surface treatment using the special silver-
brazing material (76Ag/22Cu/2Ti).

3. Observation of the interfaces on the trial muon target

In the silver-brazing process, the two interfaces, graph-
ite–titanium and titanium–copper, were bonded. There-
fore, we must consider the validity of both interfaces.
The interfaces, which were obtained from the fabricated
trial muon target, were observed by using a scanning elec-
tron microscope (SEM). Fig. 4 shows a picture of the inter-
faces by SEM between the graphite and the titanium on the
right-hand side, and between the titanium and the copper
on the left-hand side. We could not find any gaps on the
whole interfaces through SEM.

4. Stress analysis and bending test experiment

4.1. First stress analysis and FEM simulation

During the proton beam operation, it was found
through FEM that 8 MPa of the tensile stress and 6 MPa

graphite

titanium

brazing material

Fig. 3. The picture of the capillary test under the second condition, where
the special silver-brazing material (76Ag/22Cu/2Ti) was applied without
any surface treatment, with a gap of 0.05 mm.

copper

silver brazing

titanium
titanium

silver brazing

graphite

Fig. 4. The picture of the interfaces by SEM between the graphite and the titanium on the right-hand side, and between the titanium and the copper on the
left-hand side.
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of the shear stress will take place on the interface between
the graphite and the titanium [2]. In general, the testing of
tensile strength and shear strength is performed by stretch-
ing and giving a torque to a specimen, which is chucked at
both ends by the testing apparatuses. However in our case,
the specimen must be cut from the trial muon target, which
is not large enough. Moreover, it is not easy to chuck
graphite, since it easily brittles. Therefore, we decided to
adopt the bending test of a simple bar, which was cut from
the trial muon target with a shape of a parallelepiped. In
that way, both the tensile stress and the shear stress on
the interface could be evaluated through FEM. If both
stresses in the bending test are beyond the design stress val-
ues, it can be confirmed that the bonded interface will with-
stand the proton beam operation. Although the stress-
distribution was calculated in detail through FEM, we pre-
viously introduced a simple stress analysis to predict the
effect of the configuration such as the dimensions of the
specimen, the location of the interface, the location of the
loading point, and so on. In this analysis, it was assumed
that the specimen was made of an uniform material. As
shown in Fig. 5, the bar has a distance l of the two support
points, a width w, a height h, and a load F, which is loaded
at the center between the two support points. Then the ten-
sile stress occurs at the lower part of the bar. The maximum
tensile stress T at a location x apart from the loading point
is expressed as

T ¼ M
Z

¼ F
2
� l

2
� x

� �
� 6

wh2
¼ 3F

wh2
l
2
� x

� �
; ð1Þ

where M is the bending moment and Z is the section
modulus [6].

The shear stress on the vertical plane against the bar axis
is expressed as

S ¼ F
2wh

: ð2Þ

When the bending test was actually performed, the existing
testing apparatus gave some limitations on the available
load and the size of the specimen as well. In our case, the
available load was from 1 N to 1000 N, and the specimen
dimensions were decided as l = 30 mm, w = 4 mm, and
h = 6 mm (variable). When x becomes too large, the prop-
erties of the support point and the setting precision of the
specimen against the support point cannot be ignored.
Therefore, we also applied x = 5 mm. In this section, it is

assumed that the interface is parallel to the vertical plane
against the bar axis. The simple bar model with a tilted
interface is discussed in the following section. Although
8 MPa of the tensile stress and 6 MPa of the shear stress
on the interface were the criteria, it would be favorable if
the interface could be stronger than the graphite itself. Be-
cause graphite is known to break under the tensile stress, it
is difficult to know the precise shear strength of graphite.
Hence, 40 MPa of the tensile strength, that is the tensile
strength of graphite, and 6 MPa of the shear strength on
the interface were applied as criteria. To let the shear stress
S beyond 8 MPa (safety factor of 1.3), F must be beyond
380 N. Then we can obtain T = 80 MPa. This means that
the graphite will break before the shear stress reaches the
criteria of 8 MPa. In the analysis, T was proportional to
h�2, and S is to h�1. Hence, if h = 12 mm and F = 760 N
are used, we would obtain T = 40 MPa and S = 8 MPa.
Then the evaluation through a FEM was performed again
under these different conditions. Consequently, Tfem =
57 MPa and Sfem = 7 MPa were obtained. The tensile stress
was still larger than that in the stress analysis. We could
consider that h was large enough so that the specimen
could not be considered as a simple bar anymore. There-
fore, it was concluded that the graphite will break under
tensile stress before the shear stress can reach the design va-
lue, if the interface is on the vertical plane against the bar
axis.

4.2. Second stress analysis and FEM simulation

Before a discussion of the specimen with the tilted inter-
face, the shear stress on the stretched bar will be described.
In general, when the tensile load is introduced to the bar,
the shear stress occurs on the tilted plane against the load
axis. Furthermore, the shear stress is maximized when the
tilted angle is 45�. Then the shear stress becomes half of
the tensile stress. The bending test in this section was based
on this consideration. A tilted angle of 45� against the bar
axis was applied to the specimen. Then it was assumed that
l = 30 mm, w = 4 mm, h = 6 mm, and F = 150 N, which
was loaded on the interface between the titanium and the
copper. Here the shear stress was defined against the plane,
which was parallel to the interface. Fig. 6 shows the shear
stress-distribution calculated through FEM, when the
bending test was performed. Fig. 7 shows the distribution
of the shear stress, the maximum principal stress, and the
minimum principal stress, along the interface between the
graphite and titanium, where the horizontal axis was
defined as the distance from the lower surface to the upper
surface. As a result, the maximum stress Tfem = 41 MPa
and Sfem = 21 MPa were obtained on the lower surface.
As predicted, the shear stress was approximately half of
the tensile stress and it was enough large compared with
the criteria of 8 MPa. Finally, we determined that this con-
figuration would be used in the actual bending test. Here,
the specimen with the vertical interface was also evaluated
through a FEM simulation to confirm that the shear stress

F

l

x
w

h

Fig. 5. The schematic drawing of the simple bar for the stress analysis.
The bar has a distance l of the two support points, a width w, a height h,
and a load F, which is loaded at the center between the two support points.

S. Makimura et al. / Journal of Nuclear Materials 377 (2008) 28–33 31



– 61 –

increases by tilting the interface. In this model, h, w, and l

were the same as for the specimen with the tilted interface.
The load was 140 N, and was added on the interface
between the titanium and the copper. The difference
between the two models is shown in Table 1.

4.3. Experiment

For the bending test, three kinds of the specimens (five
samples each) were prepared. First, specimens made of
only graphite were tested to make sure the validity of the

testing method and the data scatter of the material
strength. The specimen would break when the load reaches
130 N. Second, the specimens with the interface vertical to
the beam axis were prepared. Although the number of sam-
ples was not enough to evaluate the data scatter, it was dif-
ficult to obtain more specimens from our trial target. The
purpose to test these specimens was to confirm that the
interface was stronger than graphite in terms of the tensile
stress. Those specimens would break through a FEM sim-
ulation when the load reaches 140 N, which is on the inter-
face between the titanium and the copper. Finally, the
specimens discussed in the former section were prepared
to confirm that the interface could withstand the design
shear stress. Those last specimens would break when the
load reaches 150 N. Fig. 8 shows a picture of the bending
test, in which a specimen with the tilted interface was
tested. From the bending test, the following results were
obtained: (1) the specimens composed of only graphite
were broken when the load reached 160 N, 170 N, 167 N,
160 N, and 160 N, respectively; (2) the specimens with the
vertical interface were broken when the load reached a
value of 160 N, 180 N, 174 N, 160 N, and 180 N, respec-
tively; and (3) the specimens with the tilted interface were
broken when the load reached 170 N, 165 N, 186 N,
192 N, and 164 N, respectively. The calculated loads in
the FEM simulation, the measured average loads and their
standard deviation are shown in Table 2. The breaking
loads in the bending test were beyond the calculated loads
in all the specimens. Moreover, it seems that the difference
of the standard deviation is caused by the precision of set-
ting the specimens. As shown in Fig. 6, the load was
applied on the interface between the titanium and the cop-
per. The brazed interface looked thicker than the actual
one, because the brazing material diffused into the titanium
and the copper. Considering that the specimens were set by
hand, the specimens were positioned with a precision of
about 0.7 mm. Since the tensile stress is proportional to
l/2 � x, and also that the location of breaking is almost

Fig. 6. The shear stress-distribution calculated through FEM, when the
bending test with the tilted interface was performed.

Fig. 7. The distribution of the shear stress, the maximum principal stress,
and the minimum principal stress, along the interface between the graphite
and titanium, where the horizontal axis was defined as the distance from
the lower surface to the upper surface.

Table 1
The calculated tensile and shear stress by FEM, for the tilted interface
model and the vertical interface model

Interface Load (N) Tensile stress (MPa) Shear stress (MPa)

45�-tilted 150 41 21
Vertical 140 44 3.6

Fig. 8. The picture of the bending test, in which a specimen with the tilted
interface was tested.
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on the interface (l/2x = 9 in the tilted interface), an error of
0.7 mm on x would correspond to an error on the tensile
stress in the tilted interface of 14 MPa. Even in the vertical
interface, we can obtain an error on the tensile stress of
9 MPa. This seems consistent with the measured values.
As a result, it was concluded that the interface could with-
stand a tensile stress of 41 MPa and a shear stress of
21 MPa.

Additionally, it should be noted that all the specimens
broke at the graphite. Fig. 9 shows a picture of a typical
broken surface in the bending test observed through
SEM. From this experiment, it was concluded that the
interface between the graphite and the titanium was

bonded adequately during the fabrication process of the
muon target.

5. Summary

The silver-brazing method for graphite in fabrication of
the muon target has improved. The capillary test was per-
formed to obtain the optimal conditions by observing the
interface through an ultra-sonic method. As a result, we
could determine that the graphite and the titanium would
be bonded by BAg-8 with a surface treatment by the special
silver-brazing material (76Ag/22Cu/2Ti). Then this method
was used to fabricate the trial muon target, and specimens
for the bending test were cut. The bending test was per-
formed to confirm that the tensile strength of the interface
between the graphite and the titanium was beyond that of
graphite (40 MPa), and that the shear strength was beyond
the shear stress (8 MPa), which would take place during the
proton beam operation. The interface was tilted with an
angle of 45� against the bar axis to confirm the shear
strength. To extract these strengths from the measure-
ments, a FEM simulation was used. Consequently, it was
proved that the tensile strength of the interface was beyond
41 MPa and the shear strength was beyond 21 MPa.
Finally, we could determine the optimum silver-brazing
method for graphite in the fabrication of the muon target.
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Abstract

We have produced a pulsed beam of low energy (ultra slow) polarized positive muons (LE-l+) and performed several demonstration
muon spin rotation/relaxation (lSR) experiments at ISIS RIKEN-RAL muon facility in UK. The energy of the muons implanted into a
sample is tuneable between 0.1 keV and 18 keV. This allows us to use muons as local magnetic microprobes on a nanometre scale. The
control over the implantation depth is from several nanometres to hundreds of nanometres depending on the sample density and muon
energy. The LE-l+ are produced by two-photon resonant laser ionization of thermal muonium atoms. Currently �15 LE-l+/s with 50%
spin polarization are transported to the lSR sample position, where they are focused to a small spot with a diameter of only 4 mm. The
overall LE-l+ generation efficiency of 3 � 10�5 is comparable to that obtained when moderating the muon beam to epithermal energies
in simple van der Waals bound solids. In contrast to other methods of LE-l+ generation, the implantation of the muons into the sample
can be externally triggered with the duration of the LE-l+ pulse being only 7.5 ns. This allows us to measure spin rotation frequencies of
up to 40 MHz.
� 2007 Elsevier B.V. All rights reserved.

PACS: 76.75.+i; 07.77.Ka; 36.10.Dr; 32.80.Rm; 41.75.–i; 42.65.Ky

Keywords: Low energy muons; Ultra slow muons; Muon spin rotation; Muonium generation; Muonium ionization; Vacuum-ultraviolet laser; Lyman-a;
Thin film

1. Introduction

Spin polarized LE-l+ are an important tool in con-
densed matter research for studying implantation-depth-
dependent properties of thin samples, nanomaterials,

multilayered thin films, or superconductors. The implanta-
tion depth can be easily controlled on a scale ranging from
several nanometres to hundreds of nanometres by re-accel-
erating LE-l+ from eV energies to tens of keV in an elec-
trostatic field. Using the technique of lSR (muon spin
rotation and relaxation) [1,2] the beam of LE-l+ with
well-defined initial spin polarization can be used as a depth
sensitive microscopic magnetic probe to measure local
magnetic fields or spin fluctuations. Alternatively, in sam-
ples where it can bind to an electron to form muonium
(Mu), the muonium can act as a light hydrogen-like probe
that can be studied with the lSR technique.
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Over the past 10 years there has been a significant effort
to develop an efficient method of LE-l+ generation from
the surface muon beams with kinetic energies around
4 MeV available at various muon facilities [3–7].

A successful technique for generation of LE-l+ has been
developed using a continuous muon source at the Paul
Scherrer Institute (PSI) in Switzerland. This method, gener-
ating LE-l+ with epithermal energies down to 15 eV
without any loss of spin polarization, is based on the
moderation of surface muons in wide band gap insulators.
Particularly suitable as moderators are van der Waals
bound solids, such as solid argon, neon or nitrogen. Most
reliable and efficient so far has been moderation in a thin
solid nitrogen layer grown on a microstructured silver
substrate with large surface area. With such a target, the
efficiency of converting incident muons to LE-l+ and
transporting them to the sample is as high as 3 � 10�5 [8].

We have been developing an alternative technique at the
RIKEN-RAL muon facility [9] located at the Rutherford
Appleton Laboratory (UK) using a pulsed surface muon
beam with intensity of 1.2 � 106 l+/s and pulse repetition
rate of 50 Hz. The basis of the technique has been
described in detail previously [10,11]. Briefly, the surface
muon beam is thermalized in a hot tungsten foil of opti-
mized thickness. The muons that diffuse to the surface
can be thermionically emitted to vacuum from the bulk
metal as neutral muonium atoms, as the work function
for muonium is much lower than that for the charged

muon. The thermal muonium is then resonantly ionized
through a two-photon 1S?2P?unbound process by a
pulsed nanosecond laser to gain ‘‘free” muons with mean
kinetic energy of only 0.2 eV.

2. Details of the experimental setup

Fig. 1 shows the layout of the experiment as it is set up
at the RIKEN-RAL muon facility. The experimental setup
for performing lSR measurements with LE-l+ consists of
a laser system, an ultrahigh vacuum beamline (ion optics)
for efficient transport of LE-l+ and a well shielded com-
pact lSR spectrometer with all the necessary data acquisi-
tion electronics. Most of the laser parameters, as well as the
parameters of the ion optics and tungsten target tempera-
ture can be remotely controlled and monitored from a ded-
icated control cabin.

2.1. Laser system

The binding energy of the electron in muonium is
13.6 eV. We believe that the most efficient laser ionization
can be achieved through two-photon resonant ionization
via the 2P state. This requires using two laser beams of dif-
ferent wavelengths. Firstly, for the strongly allowed elec-
tric-dipole transition from the 1S to 2P state, tuneable
radiation around 122 nm (Lyman-a, 10.2 eV) is required.
The second laser beam, for the ionization from the 2P state,

Surface muon
beamline

Control cabin

Air-conditioned 
laser cabin

RIKEN-RAL  Port 3 experimental area

T

T

T

T

UHV 
(Figure 3)

V

Laser
power supplies

HV

DAQ

M&C

TH

Fig. 1. Layout of the experiment to generate the low energy positive muons at ISIS RIKEN-RAL muon facility. T mark the optical tables with the laser
system, UHV is the ultrahigh vacuum apparatus including the LE-l+ transport beamline (ion optics) and the lSR spectrometer, HV are the high voltage
power supplies for the ion optics, DAQ is the data acquisition electronics for the lSR spectrometer and the computer control of the ion optics, V is the
control rack for the ultrahigh vacuum system, TH is the high-current power supply for heating the tungsten foil, and M&C is the monitoring and remote
control electronics of the important components of the laser system.
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is required to have a wavelength shorter than 366 nm
(3.4 eV) and, conveniently, the 355 nm laser beam gener-
ated as the third harmonic of a Nd:YAG laser can be used.
The laser beam at 122 nm has not only to be tuneable, but
also has to have a large bandwidth of about 200 GHz in
order to cover the Doppler width of the thermal energy
range of the muonium generated from the tungsten foil
heated to 2000 K.

The 122 nm radiation is generated through a nonlinear
frequency conversion process in a gaseous medium.
Although this is inherently rather inefficient, being propor-
tional to the third order nonlinear susceptibility v(3) tensor,
there is no possibility to use birefringent nonlinear crystals,
since none of the known nonlinear crystals is transparent at
wavelengths below 190 nm. We are using a two-photon res-
onant sum-difference frequency mixing scheme in a phase-
matched krypton gas [12]. This frequency conversion
scheme unfortunately adds to the complexity of the laser
system as it requires two laser beams, but it provides a large
degree of tuneability and a high conversion efficiency
(�10�4). The first laser is operating at 212.5 nm and is
tuned to a two-photon resonance in Kr, while the second
laser operating in the range of 810–850 nm provides the
tuneability of the Lyman-a output and is designed to have
sufficient bandwidth to cover the Doppler width of muon-
ium. The wide tuneability of the output allows us to ionize
under the same conditions not only muonium, but also
hydrogen or deuterium. This provides a useful tool for test-
ing the whole apparatus without need for the muon beam.

Fig. 2 shows a simplified schematic diagram of the laser
system. The major part of laser system (generating the
required beams at 355 nm, 212.5 nm and 810–850 nm
respectively) is housed in an air-conditioned cabin con-
nected via a duct with the rest of the apparatus at Port 3
of RIKEN-RAL muon facility (radiation area). The rest
of the laser system is attached to the ultrahigh vacuum
beamline and consists of beam steering and focusing optics,
and a Kr–Ar cell for generating the Lyman-a radiation
around 122 nm.

The details of the laser system and its layout have been
described previously [13]. The main changes since this pub-
lication include a threefold increase of the output at
355 nm to 380 mJ/pulse by replacing the Spectra physics
GCR-160 laser with a Continuum Powerlite 9025. At the
same time we have also installed an image relay telescope
in the path of the 355 nm beam to image the laser output
to a distance of �12 m at the Port 3 experimental area
and thus ensure a more uniform intensity profile inside
the ultrahigh vacuum beamline. Furthermore, an increase
in the output pulse energy at 850 nm has been gained by
adding a new 2-pass Ti:sapphire amplification stage at
the output of the Continuum Mirage 800 laser and by
introducing image relay telescopes in the path of the pump
beams of the 4-pass Ti:sapphire amplifier. The resulting
increase of the output pulse energy at 850 nm to 250 mJ/
pulse and the significant improvement in the beam quality
has lead to an increase in the available pulse energy at the

generated second harmonic at 425 nm by a factor of two
(to 140 mJ/pulse). The 425 nm beam is then split into two
beams and converted to 212.5 nm using two 5 mm long s-
BBO crystals with conversion efficiency of approximately
15%. Although the s-BBO crystals are superior to BBO
crystals at this wavelength, they still exhibit a significant
nonlinear absorption at 212.5 nm, resulting in a tempera-
ture gradient between the input and exit faces of the crys-
tal. This introduces a phase mismatch for the generated
212.5 nm beam that reduces the conversion efficiency.
For this reason we have chosen to generate two separate
212.5 nm beams using two temperature stabilised s-BBO
crystals and to cool the centre of the output face of the s-
BBO by blowing nitrogen gas from a 1 mm diameter nozzle
onto the crystal.

The current output parameters of the laser system are
summarized in Table 1. The laser system has excellent long
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Fig. 2. Schematic diagram of the laser system used for resonant ionization
of muonium. The image relay telescopes, beam focusing optics as well as
the laser beam diagnostics are not shown in this diagram. SHG is 7 mm
long BBO crystal (12 � 12 � 7 mm) for second harmonic conversion to
425 nm; FHG are temperature stabilised, 5 mm long, s-BBO crystals
(12 � 12 � 5 mm) for conversion to 212.5 nm; SLM denotes single
longitudinal mode operation. An inset shows a simplified energy level
diagram of muonium to demonstrate the two-photon resonant ionization
scheme used to gain l+ with mean energy of just 0.2 eV.
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term reliability. Stable 24 h/day operation can be sustained
for up to 20 days, limited primarily by the lifetime of flash-
lamps used in the Nd:YAG lasers.

It is important to note that the laser system is operating
at a repetition rate of only 25 Hz which means that only
half of the muon pulses are used for LE-l+ generation.
This limitation is due to strong thermal effects associated
with operating high power solid state laser systems that

make it difficult to build 50 Hz system with same pulse
energy as achieved with the 25 Hz system.

2.2. LE-l+ transport beamline

Fig. 3 shows the layout of the LE-l+ beamline with the
lSR spectrometer. The pulse of surface muons with
momentum of 28 MeV/c enters the apparatus through a

Table 1
Summary of the laser output parameters

Wavelength 355 nm 212.5 nm 810–850 nm 116–123 nm (Lyman-a)
Pulse duration [FWHM] 10 ns 4 ns 12 ns �4 ns
Pulse energy 380 mJ 10–12 mJ (�2 beams) 12 mJ (�2 beams) >0.5 lJ (�2 beams)
Bandwidth 30 GHz <2 GHz 180 GHz 180 GHz

Fig. 3. Layout of the ultrahigh vacuum apparatus used to generate low energy positive muons (LE-l+) and to implant them in a sample. The sample is
mounted on a cryostat inside a compact lSR spectrometer. Kr–Ar is the gas cell used to generate Lyman-a laser pulse by nonlinear frequency conversion,
CL is the cylindrical lens window of the Kr–Ar gas cell, M is a remotely controlled, retractable retro-reflection mirror for the Lyman-a beams, HR is a
remotely controlled dielectric retro-reflection mirror for 355 nm beam, BS is a remotely controlled knife-edge beam stop to protect M from 212.5 nm and
820 nm beams, NO is the ionization cell filled with NO gas for monitoring the Lyman-a pulse energy, T is the heated tungsten foil used to generate
muonium, G1 and G2 are vacuum gate valves, S1–S3 are electrodes of SOA immersion lens, and Q1–Q5 are electrostatic quadrupole focusing elements.
Section A-A shows the overlap of the laser beams in front of the tungsten foil.
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50 lm thick stainless steel window and is first moderated
by 20 lm thick tungsten foil and then by a 45 lm thick
tungsten foil heated by DC current up to 2100 K. The func-
tion of the first foil is to shield the stainless steel window
from the heat of the 45 lm tungsten target. The area of
the tungsten target foil exposed to the muon beam is
40 mm (W) � 35 mm (H). The foils used were of 6 N purity
(99.9999%W), manufactured by PLANSEE. The total
thickness of the foils is optimized to stop a significant frac-
tion of the incident beam near the rear surface of the hot
foil which results in efficient emission of muonium atoms
from the hot tungsten target.

Two sets of laser beams at 212.5 nm and 820 nm are
each collinearly focused (with f = 500 mm plano-convex
spherical lenses) into the cell filled with mixture of krypton
and argon gas to generate two Lyman-a beams separated
vertically by 10–15 mm. These then enter the ultrahigh
vacuum chamber through a thin MgF2 cylindrical lens
(ROC = 78 mm; f = 120 mm @ 122 nm). The focusing
optics shapes each of the Lyman-a beams to have (in front
to the W foil) a width of only 1–2 mm (FWHM) in the hor-
izontal plane and about 5–8 mm in the vertical plane. The
two Lyman-a beams pass through a 14 mm wide gap
between the tungsten target and the first extraction grid
denoted as S1 and overlap the cloud of thermal muonium
atoms about 5 mm from the target surface. The 355 nm
beam is introduced to the beamline from the top at 30�
from the Lyman-a beam and is shaped similarly to have
a width of 3 mm by 25 mm. All laser beams are retro-
reflected to maximize the ionization yield. Since the retro-
reflecting mirrors are placed at the distance of 0.5 m, the
width of the ionizing pulse is effectively broadened from
4 ns to 7 ns (FWHM). The overlap of the Lyman-a and
355 nm beams defines an interaction region with a volume
of approximately 1 cm3.

In order to protect the Lyman-a retro-reflecting mirror
(Acton Research; Al reflector coated with MgF2 protection
layer; reflectivity @ 122 nm �75%) from laser induced
damage, the laser beams were aligned slightly off-centre
on the cylindrical lens window. This dispersively separates
the laser beams, so that the 212.5 nm and 820 nm beams
can be blocked by a knife-edge beam stop placed in front
of the Lyman-a reflector.

The LE-l+ generated by the laser ionization are initially
extracted by a low gradient electrical field between the
tungsten foil (held at 9.0 kV) and mesh electrode S1 (held
at 8.8 kV). S1 is the first of three elements forming an
SOA immersion lens [14] which then re-accelerates the
LE-l+ to 9.0 keV. Such arrangement is necessary in order
to minimize the energy variation of the re-accelerated
LE-l+ beam. The SOA lens also focuses the collected
LE-l+ to a tight spot of only 2.5 mm (FWHM) which is
then imaged to the sample surface with the ion transport
optics consisting of five electrostatic quadrupoles (Q1–
Q5), a bending magnet and an electrostatic deflector. In
this geometry the electrostatic deflector effectively rotates
the muon spin polarization, which is originally anti-parallel

to the momentum, by 90�. The muons implanted into the
studied sample are therefore horizontally polarized with
the spin perpendicular to the muon momentum.

The section of the beamline between the bending magnet
and the electrostatic deflector houses a retractable position-
sensitive microchannel plate detector (ROENTDEK DLD-
80). This is used either for checking the yield and profile of
the LE-l+ beam or for measuring D+ yield when optimiz-
ing the performance of the apparatus by ionizing the resid-
ual deuterium dissociated by the hot tungsten target.

The total transmission efficiency of the beamline has not
been measured, but it is worth noting that there is a signif-
icant loss of muons due to decay. The overall path length
from the tungsten target to the focus at the sample cham-
ber is 3.9 m and the time-of-flight for 9.0 keV muons is
1.15 ls, resulting in �40% loss of LE-l+ due to decay.
We are planning to increase the acceleration voltage to
18 keV. This will extend the range of available implanta-
tion energies and reduce the loss through decay in flight
to about 28%.

2.3. Sample chamber and lSR spectrometer

The sample chamber, which has a diameter of 100 mm
and a length of 540 mm, can be isolated from the rest of
the ultrahigh vacuum beamline to allow changing of
samples. The vacuum level in the apparatus is typically
3 � 10�8 hPa when measured in the vicinity of the heated
tungsten foil. The vacuum level in the sample chamber
can be as low as 8 � 10�10 hPa several days after a sample
change. Experiments with LE-l+can be started approxi-
mately 6 h after the sample change when the vacuum level
reaches about 1 � 10�7 hPa. Samples for the lSR studies
can be mounted on a closed circuit two-stage helium cryo-
stat (Iwatani HE-05 with cooling power of 0.5 W at 4 K)
capable of cooling samples to about 10 K. Alternatively,
the sample chamber can accommodate a position-sensitive
microchannel plate detector (ROENTDEK DLD-40) that
is used to check the focusing of the LE-l+ beam. The
energy of the muons implanted into the sample can be con-
tinuously varied from zero to 18 keV by applying voltage in
the range of +9.0 kV to �9.0 kV directly onto the sample
holder, which is isolated from the cryostat finger by
10 mm thick disc of sapphire.

Around this small sample chamber we have built a com-
pact lSR spectrometer designed with the aim of providing
a very high signal-to-noise ratio. The sample chamber is
surrounded by a close arrangement of eight telescope pairs
of plastic scintillation counters covering a solid angle of
80% of 4p sr. These detectors are inserted inside a solenoid
type coil with a magnetic length of 260 mm providing mag-
netic field with strength of up to 60 mT parallel to the
muon momentum and perpendicular to the spin. The mag-
netic field homogeneity at the field value of 8 mT over a
distance of 40 mm along the magnet’s axis is below
500 ppm. The field homogeneity measured at 3 mT in the
transverse direction over a 10 mm radius is below
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100 ppm. In-built into the magnet are also coils for com-
pensating external magnetic fields of up to 250 lT (2.5 G)
in any direction. The spectrometer can be therefore used
for transverse field TF-lSR measurements as well as
measurements in zero external magnetic field (ZF-lSR).
During the ZF-lSR measurements the zero field compen-
sation can be monitored using three single axis fluxgate
magnetometers (Bartington Instruments MAG01-H
F-probes). These are mounted on the sample holder imme-
diately behind the sample. The zero field condition can thus
be maintained at a level 0.1 lT (1 mG) over a period of sev-
eral days.

To make meaningful lSR measurements with the rela-
tively low LE-l+ rates currently achieved requires a very
low background. The combination of the bending magnet
and electrostatic deflector provides selection of the
transported ions by mass and energy, respectively. This,
together with lead shielding with thickness of 100–
200 mm around the scintillation detectors and the sample
chamber, provides excellent background suppression to
less than 0.012 counts over the 15 ls period after each
muon pulse. In our case, when the laser is operating at half
the repetition rate of the ISIS accelerator, the signal-to-
noise ratio can be further increased by subtracting the fixed
background of the laser-off spectrum from the laser-on
spectrum. This allows us to observe LE-l+ decay to at least
6 muon lifetimes after the implantation, see Fig. 4.

3. Experimental results

3.1. Dependence of LE-l+ yield on laser pulse energy

The high efficiency of thermal muonium production
from the surface muon beam makes this method poten-
tially capable of cooling surface muons to eV energies with
efficiency as high as 10�2. However, it is currently limited
by the available laser pulse energy, especially at
the Lyman-a frequency. The relative measurement of the
energy of the Lyman-a pulse is made by passing the
Lyman-a beam through an NO gas cell at a pressure of

6.5 hPa and measuring the photoionization current [15].
Fig. 5 shows the observed dependence of the LE-l+ yield
on the Lyman-a energy. It shows that even though the laser
beam overlaps just a small fraction of the muonium cloud
(�1 cm3), the Lyman-a intensity is still not sufficient to sat-
urate the Doppler broadened 1S–2P transition. We do not
currently have a detector in our setup to measure the abso-
lute pulse energy of the generated Lyman-a and can only
make a rough estimate of �1 lJ/pulse (total of 2 beams)
based on the integrated ionization current of the NO gas
cell. Given the beam size in front of the tungsten foil we
can estimate the peak intensity to be in the region of several
kW/cm2, still below the expected saturation intensity (for
200 GHz Doppler broadening) of 5 kW/cm2.

Significant improvement (beyond an order of magni-
tude) of the Lyman-a pulse energy with the existing laser
system is not currently envisaged. Our previous investiga-
tions have shown that process of Lyman-a generation in
krypton gas is saturated [13] and gains achieved by com-
pensating for the phase mismatch in krypton gas with
argon gas are not as high as originally anticipated. Our
measurements show that for the phase-matched Kr–Ar
mixture the conversion efficiency from the UV beam at
212.5 nm is fixed at approximately the 10�4 level. For pulse
energy E of the 212.5 nm beam in the range of 2–14 mJ the
Lyman-a energy is increasing approximately as E0.8. There-
fore, further increase of Lyman-a energy and consequently
a higher LE-l+ yield should be possible by increasing the
pulse energy of the 212.5 nm beam. Further improvement
of the LE-l+ yield can be also expected from an increase
of the pulse energy of the 355 nm beam judging from the
energy dependence of the LE-l+ yield shown in Fig. 6.

With the current laser parameters, the overall conver-
sion efficiency including transport losses is 3 � 10�5 and
about 15 l+/s are observed at the sample chamber – a
significant improvement on our first result in 2001 of
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Fig. 4. Histogram of positron counts originating from LE-l+ decay in the
sample chamber.

Fig. 5. Dependence of the overall efficiency of LE-l+ generation on the
pulse energy of the Lyman-a at 122 nm. The efficiency is determined as a
ratio of the number of LE-l+ delivered at the sample position per laser
pulse NLE-l and the number of incident surface muons per pulse Nl.
Relative values of pulse energy at 122 nm are determined from photoion-
ization signal in NO gas. A single 122 nm beam was generated by focusing
212.5 nm beam with energy of 12 mJ and 820 nm beam with pulse energy
of 13 mJ into the Kr–Ar cell. In this measurement the 122 nm beam was
not retro-reflected and was instead absorbed in the NO gas cell. The
energy of the 355 nm pulse measured at the output of the laser was 280 mJ.
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0.03 l+/s [13]. This has allowed us to perform simple lSR
experiments and demonstrate the feasibility of this method
for pulsed muon sources.

Of as much importance as the LE-l+ rate is the capabil-
ity to focus the muons into a small spot at the sample, since
for the lSR investigations with the LE-l+ only small sam-
ples may be available. While the full-width at half-maxi-
mum (FWHM) diameter of the incident surface muon
beam is 35 mm, the FWHM diameter of LE-l+ beam is
about 10 times smaller. The beam spot was measured with
a position-sensitive MCP (ROENTDEK DLD-40) placed
at the sample position. The spot-size measured at the focus
of the LE-l+ beam accelerated to 9.0 keV is shown in
Fig. 7. Gaussian fitting in the horizontal and vertical direc-
tions yields FWHM of 3.3 mm and 4.1 mm, respectively.

3.2. Pulse duration

A particularly important advantage of using the short
laser pulse to ionize muonium is the improvement of the
muon pulse structure and the capability of having an exter-
nal control over the triggering of the LE-l+. The surface
muon beam at RIKEN-RAL has a double-pulse structure
consisting of �80 ns (FWHM) pulses separated by 320 ns.
The short laser pulses ionizing muonium atoms are trig-
gered with an optimum delay of about 400 ns relative to
the surface muon pulse. This delay allows the muonium –
having the mean thermal velocity of 20 mm/ls – to evapo-
rate to a few millimetres away from the tungsten target and
reach its maximum density in the laser beam volume. The
arrival time of the muons at the sample is determined by
the timing of the laser pulse plus a fixed delay correspond-
ing to a time-of-flight (TOF) through the apparatus. As the

muonium cloud is expanding relatively slowly, the laser
timing and consequently the LE-muon timing can be varied
around the optimum value by several hundred nanosec-
onds at the expense of the LE-l+ rate (the rate is approx-
imately halved by delaying the muonium ionization by
400 ns relative to the optimum delay). As the laser itself
can be externally triggered with 1 ns accuracy, this feature
opens a possibility to perform new lSR measurements
requiring precise triggering of the muon implantation and
synchronization with pulsed sample excitation. The time
of muon implantation relative to an external laser trigger
is known to within the pulse width of the LE-l+ in the
TOF spectrum, which is below 10 ns. This pulse width of
the LE-l+ is completely independent of the complicated
pulse structure of the surface muon beam and is deter-
mined primarily by the duration of the laser pulse and
partly also by the acceleration voltage. The time-of-flight
(TOF) spectrum measured at sample position for 9.0 keV
muons is shown in Fig. 8.

3.3. Energy resolution

The generation of LE-l+ based on the laser ionization of
thermal muonium makes it possible to generate beams with
extremely narrow energy resolution, as the LE-l+ have
kinetic energy of only 0.2 eV after ionization. This is signif-
icantly lower than the intrinsic energy resolution of the
LE-l+ generated by moderation in van der Waals bound
solids, where the epithermal muons escape the moderator
with rms energy spread of about 15 eV. If the high energy
resolution of the order of several eV can be maintained
through re-acceleration, transport and deceleration up to
the sample, ultra-thin films or surfaces could be studied
using the lSR technique with �1 nm resolution. The depth

Fig. 6. Dependence of the overall efficiency of LE-l+ generation on the
laser pulse energy at the wavelength of 355 nm. The laser pulse energy was
measured at the output of the laser; the actual pulse energy at 355 nm
delivered inside the ultrahigh vacuum system is about 35% lower due to
absorption in air and losses on mirrors and optical windows. Estimated
intensity of 355 nm beam inside the vacuum system is about 30 MW/cm2

(at maximum laser output of 380 mJ) Compared to the measurement
shown in Fig. 5, the muonium excitation to the 2P state was increased by
using two 122 nm beams vertically separated by 15 mm that were retro-
reflected by VUV mirror with reflectivity R = 0.75. Each of the 122 nm
beams was generated from 9.0 mJ at 212.5 nm and 9.5 mJ at 820 nm.

Fig. 7. Plot of the 9 keV LE-l+ beam spot at the sample position
measured with a position-sensitive microchannel plate detector with a
resolution of 0.5 mm.
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resolution in the sample depends mainly on the density of
the material and the muons’ struggling in it. To give an
example, for muons implanted in Al with a mean energy
of 20 eV and a standard deviation of 10 eV, the calculation
using the Monte Carlo code TRIM.SP [16,17] gives the
mean penetration depth to be just 0.7 nm with a spread
of 0.7 nm. Reducing the energy resolution below 10 eV,
however, does not significantly reduce the width of the
muon implantation profile as it is determined by muons’
struggling in Al. In this respect the depth resolution of
the order of 1 nm should be achievable by either method
of LE-l+ generation but only using a pulsed muon beam.
For continuous muons beams, such as available at PSI, it
is necessary to determine the muon implantation time in
order to construct the lSR spectrum. This requires insert-
ing a thin foil into the LE-l+ beam and thus broadening
the energy resolution at the sample to �400 eV [10].

In our experimental setup achieving the energy resolu-
tion of several eV at the sample is possible. The energy var-
iation of the re-accelerated LE-l+ depends on the
differences in the potential seen by the individual muons
at the point of laser ionization relative to the S1 electrode.
The difference in electrostatic potential over the 14 mm gap
between the tungsten foil and S1 is therefore kept low (at
only 200 V). The differences in electrostatic potential seen
by the individual muons are mainly arising due to:

(a) the width of the ionization region determined by the
overlap of the Lyman-a and 355 nm beams (including
the retro-reflected beams), which is of the order of
2 mm (FWHM), thus contributing to the standard
deviation of the muon energy with �13 eV;

(b) the uneven distance between tungsten foil and S1
arising from bending of the heated tungsten foil into
the gap – this reduces the gap of 14 mm at the edges
of the foil to �12 mm at its centre – contributing to
the standard deviation of the muon energy with
�4 eV;

(c) any differences in aligning the two Lyman-a beams at
the same distance from S1 and parallel to S1 – also
contributing to the energy variation with �4 eV.

The effect of the pulse-to-pulse pointing stability of the
laser beams is below 1 eV level. These contributions give an
estimate of the energy resolution of the extracted LE-l+ as
rE = 14 eV (33 eV at FWHM). The energy resolution can
be improved by reducing the extraction field between the
tungsten foil and S1 and possibly also by reducing the width
of the interaction region, though this would make alignment
of the retro-reflected Lyman-a beams more difficult.

3.4. Test lSR experiments

To demonstrate the feasibility of using the pulsed beam
of LE-l+ for lSR measurements we have measured some
simple muon spin precession spectra in transverse magnetic
field. Despite the relatively low rate of 15 l+/s implanted
into the sample, up to 106 positrons originating from the
muon decay in sample ðlþ ! eþ þ me þ �mlÞ can be detected
per day by the scintillation counters of our lSR spectrom-
eter. The number of detected positrons as a function of
time after the muon implantation in each of the detector
pairs was recorded in eight histograms Ni(t) (i = 1, . . ., 8).
Let us assume for simplicity of the explanation that the
muons are implanted into a metal, where muonium can
not be formed, and subjected to a static magnetic field ori-
ented perpendicular to the initial muon spin direction. The
time dependence recorded in these histograms then corre-
sponds to the exponential muon decay with the muon life-
time sl modulated by the free muon spin precession with
Larmor precession frequency xl, and by the spin relaxa-
tion function G(t) and can be expressed in the form

NiðtÞ ¼ N 0ie
�t=sl ½1þ AlGlðtÞ cosðxlt þ uiÞ�

þ NBG
i ðtÞ ði ¼ 1; . . . ; 8Þ; ð1Þ

where N0i is normalization constant for each of the detec-
tor pairs. The initial phases ui are fixed by the geometry
to the initial phase u1 (ui = ui�1 + p/4 for i = 2, . . ., 8).
The background contribution and NBG

i ðtÞ to the signal
can in our setup be determined from every second muon
pulse when laser is off and the low energy muons are not
incident on the sample. The spin relaxation function de-
pends on the distribution of the local magnetic fields seen
by the implanted muons. For example, if local fields have
a Lorentzian distribution then GL

l ðtÞ ¼ e�kt. Simultaneous
fitting of all eight histograms then allows determining the
parameters xl, k and the initial amplitude of the precession
signal Al, the so-called diamagnetic asymmetry. It follows
from the angular distribution of the positrons originating
from the muon decay that the maximum value of Al when
integrated over all positron energies is equal to 1/3 if the
implanted muons are initially 100% spin polarized. The
asymmetry values in the vicinity of 0.2–0.25 are typical
for lSR instruments, depending on the setup.

The LE-l+ generated by the ionization of muonium,
however, are only 50% spin polarized and the asymmetry
is therefore expected to be half of the value typical for
other lSR instruments. This polarization loss is a result

Fig. 8. Time-of-flight histogram of the 9.0 keV LE-l+ detected by
microchannel plate detector at the sample position. Time zero corresponds
to muonium ionization by the laser pulses. Gaussian fit to this histogram
yields FWHM pulse duration of 7.5 ns.
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of the interaction with the electron spin in the muonium
atom. The muonium bound state is formed with equal
probabilities for the muon and electron spins to be either
parallel (ortho-muonium) or anti-parallel (para-muonium).
In the case of anti-parallel spins, the hyperfine interaction
causes rapid depolarization of the initial muon spin
[18,19] and hence only half of the low energy muons
obtained by the muonium ionization are spin polarized.

In our first experiment we have implanted LE-l+ with
energy of 9 keV into a 20 mm diameter silver sample at
room temperature. The initial diamagnetic asymmetry Al

determined by fitting the data from the eight detector pairs
was AAg

l ¼ 10:11 � 0:23% with no observable spin depo-
larization (G(t) = 1).

In order to visualize the muon spin precession signal we
have divided the detectors into two opposing groups of
four detectors and added the positron signals in each group
into one histogram and subtracted the background signal
determined from the ‘‘laser off” data. The lSR asymmetry
spectrum from these two histograms NG1(t) and NG2(t) is
plotted in Fig. 9 simply as

a0ðtÞ ¼ NG1ðtÞ � NG2ðtÞ
NG1ðtÞ þ NG2ðtÞ : ð2Þ

The amplitude of the oscillations determined from these
two histograms is consistent with multiplying the initial
diamagnetic asymmetry Al by a geometrical factor of
0.653, reflecting the fact that positron signal is integrated
over an angle of p rather than p/4 radians.

In our next test experiment we have used the pulsed LE-
l+ beam for depth-resolved lSR measurement analogous
to the measurements of Morenzoni et al. [17] of a thin
metallic film sample coated on an insulator. The purpose
of the experiment was to demonstrate the control over
the implantation energy and the mean implantation depth.
The principle of the experiment is described in detail by
Morenzoni et al. [17] and relies on the fact that the stop-
ping site of muons can be determined from the amplitude
of the spin precession signal of the ‘‘free” diamagnetic
muon (diamagnetic asymmetry) in the sample. The muons
that penetrate through the metallic layer and thermalize in

the insulator substrate will mostly form muonium. For the
half of the muons that form para-muonium the polariza-
tion will be rapidly lost due to the hyperfine interaction
and for the rest that forms ortho-muonium the transitions
between muonium triplet states in a weak transverse mag-
netic field B will yield a single Larmor precession frequency
of xMu = 87.619 Mrad/mT * B, about 100 times faster
than the muon precession of xl = 0.852 Mrad/mT * B.
By choosing the field B sufficiently large, so that 2p/xMu

is much shorter than the binning interval of the positron
decay histogram, the muonium spin precession signal can
be averaged out. The muons that formed muonium will
then show in the measured signal as a loss of the diamag-
netic asymmetry, which will be reduced proportionally to
reflect the remaining number of diamagnetic muons in
the sample.

Our sample, placed at the focus of the LE-l+ beam
(�4 mm FWHM), was an optically flat SiO2 substrate,
20 mm in diameter, coated by sputtering with a pure Al
layer with a nominal thickness of 40 nm. The experiment
was performed at the room temperature under UHV con-
ditions at a pressure of �10�9 hPa in a 4 mT (40 G) exter-
nal magnetic field transverse to the muon spin.

The implantation profile for muons – taking into
account the muon energy, the incidence angle and the sam-
ple density – can be accurately calculated using the Monte
Carlo code TRIM.SP. Fig. 10 shows the calculated implan-
tation profiles in the sample for several implantation
energies.

Fig. 11 shows the measured initial amplitude of the dia-
magnetic muon precession (diamagnetic asymmetry) as a
function of the muon implantation energy. This measured
dependence is in a good agreement with the calculated frac-
tion of diamagnetic muons using the TRIM.SP program.
The measured asymmetry is a sum of contributions from
diamagnetic muons that have thermalized in the Al layer
and from the small fraction of muons in the SiO2 substrate
that did not form muonium; there is also a small back-
ground contribution from muons that thermalized in any
metal parts outside the sample, e.g. in the metal ring hold-
ing the edges of the sample. For muons that penetrate the

Fig. 9. Muon spin precession signal measured in pure Ag sample with 9 keV LE-l+. The signal represents asymmetry in the positron decay spectrum
observed between two opposing groups of four detectors. Since the signals from four detectors in each group were added into one histogram the amplitude
of the oscillations reflecting the spin precession of l+ is effectively reduced. The diamagnetic asymmetry Al as defined in Eq. (1) for eight individual
detectors can be obtained by dividing the amplitude of the spin precession signal shown here by a factor of 0.653.
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SiO2 with residual energy below 5 keV there remains a rel-
atively large fraction that does not form muonium and the
diamagnetic asymmetry contribution from the SiO2 sub-
strate is therefore energy dependent. We have used this
energy dependence ASiO2

ðEÞ measured in [[17] (Fig. 8)] to
determine the contribution from free diamagnetic muons
in the SiO2 substrate to the measured asymmetry. The
mean residual energies of muons after passing through
the 40 nm Al layer as well as the numbers of muons
implanted to SiO2 and Al layer were calculated using the

TRIM.SP code for 105 incident LE-l+. In the calculation
we have assumed standard deviation of the incident muon
energy to be rE = 14 eV and the standard deviation of the
incidence angle from the normal incidence to be ra = 5�.
We have included in the calculation small thickness varia-
tion of the Al layer with a standard deviation of 2 nm. We
have not considered any Al2O3 oxide layer that might have
formed on the surface of the sample as we have seen no
reduction of the measured asymmetry for low implantation
energies. The TRIM.SP calculation predicts reflection of a
fraction of muons at low incident energies (about 9% of the
total at 1 keV and as much as 30% at 0.1 keV). Upon reflec-
tion there is a high probability that the muon captures an
electron and forms muonium and this should result in a
corresponding reduction of the measured diamagnetic
asymmetry. We have not, however, seen this reduction
for muons implanted at energy of 1 keV, given the low sta-
tistics we have accumulated for this data point.

The background contribution to the asymmetry from
the muons stopping in metal parts outside the sample
was determined from the diamagnetic asymmetry of
1.5 ± 0.2% measured at 18 keV. At this energy all of the
incident muons are implanted in SiO2, where about
0.09 ± 0.01 of them will remain as diamagnetic muons
[17] contributing to the asymmetry with 1.0 ± 0.1%. The
background contribution to the measured asymmetry is
then estimated to be 0.5 ± 0.2%, corresponding to about
0.045 of the incident muons stopping outside of the
20 mm diameter of the sample.

It should be noted that at room temperature the muons
implanted in the Al layer will rapidly diffuse throughout
the metal layer, but not necessarily into the SiO2 substrate.
For the muon energies in the range of 1–4 keV, when
most of the muons are implanted into the Al layer, we
have observed a small spin relaxation rate k = 0.10 ls�1
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energy backscattered stopped in Al stopped in SiO2

1.0 keV 90.7% 0.0%
3.0 keV 96.8% 0.0%
5.0 keV 58.2% 40.1%

10.0 keV 4.7% 94.6%
17.0 keV 0.7% 99.0%
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Fig. 10. The implantation profiles for LE-l+ in 40 nm thick Al layer on SiO2 substrate calculated for different implantation energies using TRIM.SP code.
Calculation assumes narrow Gaussian energy distribution of the incident muons with a standard deviation of rE = 14 eV and the incidence angle being
perpendicular to the sample surface with ra = 5.
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Fig. 11. Energy dependence of the asymmetry of the diamagnetic muon
Al measured in SiO2 sample coated with 40 nm thick Al layer. For muon
implantation energies below 4 keV the muons are mostly stopped in Al
layer and remain as free muons and consequently the measured asymme-
try approaches the maximum observable asymmetry Amax of the lSR
spectrometer. With increasing implantation energy, the muons penetrate
into SiO2 substrate (see Fig. 10) where most of the stopped muons form
muonium. This results in proportional loss of the measured diamagnetic
asymmetry Al. The solid line is the expected energy dependence of Al

derived from the muon stopping profiles calculated using the TRIM.SP
code.
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independent of the implantation energy (within our exper-
imental error). It was found by measurements in bulk Al
that pure Al gives rise to no depolarization in the temper-
ature range of 0.1–300 K [20]. Our own measurements with
18 keV muons implanted into a 500 nm thick pure Al sam-
ple at room temperature also show minimal relaxation rate
k = 0.03 ± 0.02 ls�1. The small relaxation observed in our
40 nm thick Al layer is therefore most likely related to a
small fraction of muons diffusing across the Al/SiO2 inter-
face. The structural disorder and imperfections at the layer
interface in samples prepared by sputtering significantly
hinder the diffusion across the interface, as was observed
for the Cr/Au interface prepared by sputtering [21].

The short pulse duration of the LE-l+ generated by the
laser ionization of muonium allows us to measure very high
precession frequencies and extend the dynamic range for
pulsed lSR to measure processes on a timescale ranging
from nearly 10 ns to more than 10 ls. For a Gaussian pulse
shape with FWHM width of sp the amplitude A of the har-
monic component at frequency f will reduce by a factor

Aðf Þ
Að0Þ ¼ expð� p2s2pf

2

4 ln 2
Þ: ð3Þ

We have measured this frequency response using the ortho-
muonium spin precession signal in a transverse field of up
to 3 mT (30 G). LE-l+ with energy of 15 keV were im-
planted into the Al (40 nm) coated SiO2 sample. If the pos-
itron decay time histograms are binned in intervals shorter
than 2p/xMu the fitting function (Eq. (1)) has to include an
additional term describing the muonium spin precession

NiðtÞ ¼ N 0ie
�t=sl ½1þ AlGlðtÞ cosðxlt þ uiÞ

þ AMu

2
GMuðtÞ cosð-Mut þ uMu

i Þ�
þ NBG

i ðtÞ ði ¼ 1; . . . ; 8Þ; ð4Þ
where the amplitude of the muonium precession signal is
written in the usual convention as one half of the initial
muonium asymmetry AMu, since the other half of the
muonium asymmetry is not observed due to fast depolar-
ization. On implantation, the sum of Al and AMu must
equal the maximal experimentally observable asymmetry
Amax which we have determined from our measurement
of diamagnetic asymmetry in pure metal sample
ðAmax ¼ AAg

l ¼ 10:11� 0:23%Þ. As we have determined in
the measurements shown in Fig. 11, the diamagnetic asym-
metry from the free diamagnetic muons at 15 keV is
1.56 ± 0.38%, the expected muonium asymmetry AMu is
then 8.55 ± 0.44%. The ratio of the observed muonium
asymmetry and the expected muonium asymmetry is then
plotted against the muonium precession frequency in
Fig. 12. As expected from the short duration of the LE-
l+ pulse, fast spin precession frequencies and fast
relaxation rates can be observed; although this is admit-
tedly limited by the relatively low count rate. With about
106 muon decay events detected, the muonium spin preces-
sion at 28 MHz could be clearly observed with muonium

asymmetry reduced by 25% compared to the asymmetry
measured at low frequency. By fitting the measured data
points with frequency dependence according to Eq. (3)
the pulse width sp can be determined as sp = 12.7 ± 2.0 ns.
This value is somewhat higher than the LE-l+ pulse dura-
tion determined from the time-of-flight spectrum (Fig. 8) as
it also includes various optical and electronics delays in-
volved in detecting the positrons from the muon decay in
the lSR spectrometer.

4. Conclusions

An experimental setup has been constructed at RIKEN-
RAL muon facility to perform depth-resolved lSR mea-
surements on nanometre scale with pulsed ultra low energy
muons. Several lSR experiments have been carried out to
demonstrate the characteristics of the apparatus. The
parameters of the pulsed low energy muon beam are sum-
marised in Table 2. The efficiency of the surface muon beam
cooling to eV level is comparable to the method using the
cryogenic moderator (of �3 � 10�5). The efficiency of ther-
mal muonium production is, however, of the order of 10�2.
As Figs. 5 and 6 demonstrate, the laser pulse energy is not
yet sufficient to ionize all muonium atoms, even though
the laser beams overlap only a small fraction of the gener-
ated thermal muonium cloud. Therefore, there is a clear
prospect that with development of a new and more intense
VUV laser source, the efficiency of LE-l+ production could
be increased by up to two orders of magnitude. The muon-
ium ionization method of LE-l+ generation has distinct
advantages for pulsed operation. The LE-l+ implantation
in the sample can be externally triggered with nanosecond
accuracy that makes it possible to perform lSR experiments
where the muon implantation is synchronised with a sample
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Fig. 12. Frequency response plot of the LE-l+ lSR apparatus as
measured using muonium spin precession signal in SiO2 sample. The
data points show the ratio of the measured muonium asymmetry to the
expected muonium asymmetry obtained for several precession frequencies
from 7 MHz up to 42 MHz. The solid line represents fit to the data points
with frequency dependence according to Eq. (3) yielding
sp = 12.7 ± 2.0 ns. For comparison, the dotted line shows the frequency
response for sp = 82 ns, equivalent to FWHM duration of the ISIS surface
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excitation. The LE-l+ pulse duration is reduced to only
7.5 ns (measured at FWHM), which is in fact as short as
the time resolution for the LE-l+ implantation at continu-
ous muon source [22]. This short pulse duration is indepen-
dent of the initial pulse structure of the incident surface
muon beam, which would be of particular advantage if this
method of LE-l+ generation was used at the new J-PARC
Muon Science Facility where each muon pulse will consist
of two bunches each of 100 ns duration and separated by
as much as 600 ns [23].
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Table 2
Present characteristics of the pulsed LE-l+ beam and of the lSR
spectrometer

Low energy muon beam parameters

Intensity at sample 15 l+/s
Beam spot diameter at sample 4 mm

(FWHM)
Energy at W target region 0.2 eV
Energy after reacceleration 0.1–18 keV
Energy uncertainty after reacceleration rE � 14 eV
Pulse repetition rate 25 Hz
Pulse duration in TOF spectrum at 9.0 keV 7.5 ns

(FWHM)
l+ spin polarization �50%

lSR spectrometer parameters

Solid angle covered by detectors 80% of 4p sr
Maximum instrumental asymmetry of lSR

spectrometer
10.1%

Maximum measurable spin precession frequency �40 MHz
Sample cryostat temperature range 10–300 K
Transverse magnetic field range 0–60 mT
Zero field compensation �0.1 lT
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The large-bore magnets in the injection system of a high-intensity proton synchrotron are placed close
to each other as compared to their bore sizes. In such cases, the magnetic cores interfere with the fringe
fields of adjacent magnets. Moreover, the incoming beam passes through several kinds of time-varying
fields along the injection line and the nonlinear field region of the ring quadrupole magnet. The beam
behavior under these conditions is analyzed by using the Runge-Kutta method. Although the interference
of the magnetic fields does not result in emittance growth, it produces a closed-orbit distortion. Field
fluctuations of the time-varying field cause an emittance growth and the nonlinear field deforms the beam
profile in phase space of the incoming beam. These effects lead to the modification of the injection
scheme. This study focuses on the particle tracking with magnetic field interferences during the early
stage of beam commissioning, when the space charge force is not important.

DOI: 10.1103/PhysRevSTAB.11.064201 PACS numbers: 41.85.Ar, 41.75.�i, 29.27.�a

I. INTRODUCTION

The rapid cycling synchrotron (RCS) of the Japan
Proton Accelerator Research Complex (J-PARC) [1] is
designed to have a very large transverse acceptance of
324� mmmrad in order to achieve beam power in the
order of megawatts. The main parameters of the RCS are
listed in Table I. The drift spaces between the magnets are
short as compared to the bore radius of quadrupoles and the
gap height of dipoles. The magnetic fringe fields interfere
with each other especially at the beam-injection area where
the magnetic components are installed at short distances.
Moreover, the injected beam passes through the regions
where the linearity of the magnetic field is not preserved.
These contributions to the painting beam injection of the
J-PARC RCS were investigated.

The beam-injection line in the J-PARC RCS is shown in
Fig. 1. The Cartesian right-hand coordinate system �x; y; z	
is adopted in the orbit tracking, and its z axis is defined as
the central orbit of the ring in this area. The beam from the
LINAC is injected into the ring by using the charge ex-
change and phase-space painting methods in order to ac-
cumulate the high-intensity protons. Two orbit-bump
systems are prepared [2,3]. One is the shift-bump system
to form an orbit offset of x � 90 mm at the carbon-
stripping foil, and the other is the paint-bump system for
the beam painting. The shift-bump system produces a flat-
top field during the entire injection period. On the other
hand, the paint-bump system has a time dependence for
painting the RCS beam in the phase space of
216� mmmrad with an injected beam of 6� mmmrad.
The injection process continues for approximately 320
turns. Each bump system has four bump magnets, which

are called SB1, SB2, SB3, and SB4 in the shift-bump
system, and PB1, PB2, PB3, and PB4 in the paint-bump
system. A carbon-stripping foil is placed between SB2 and
SB3. The foil position is defined as the injection point. A
similar injection system has been designed in the
Spallation Neutron Source (SNS) project in Oak Ridge
National Laboratory (ORNL) [4,5].

The field-data preparation is described in Sec. II. The
particle-tracking procedure is introduced in Sec. III.
Results and discussions are presented in Sec. IV. Finally,
the conclusion is given in Sec. V.

II. FIELD INTERFERENCE

A. Magnetic fields of the injection area

The magnetic fields of bump magnets and quadrupoles
interfere with the neighboring magnetic materials because
the distance between the magnets is not sufficiently long as
compared to their apertures. In such a case, two or more

TABLE I. Main parameters of J-PARC RCS.

Parameter Value Unit

Circumference 348.333 [m]
Average radius 55.44 [m]
Injection energy 0:181=0:4 [GeV]
Ejection energy 3.0 [GeV]
Tune ��x; �y	 � �6:680; 6:270	
Physical aperture >486� [mm mrad]
Collimation 324� [mm mrad]
Painting area 216� [mm mrad]
Injected beam (unnormalized full) 6� [mm mrad]
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magnets are treated as a whole system. The magnetic field
is calculated by using the magnet design code OPERA-3D

[6]. The field calculations are performed at a time for the
shift-bump field area, where the area is defined from s �
76:928 to s � 87:278 m; the area includes four dipole
magnets and two quadrupole ones as shown in Fig. 1.
The analysis procedure requires the division of the target
object into small pieces. Figure 2 shows the broad mesh
design of the magnets for the complex dipole and quadru-
pole system. First, all the vertices of the magnets must
coincide with the mesh points. Then, the sizes of the mesh
should be small enough as compared to the field variation.
It is possible to satisfy these conditions by defining a
sufficiently small mesh size. On the other hand, the number
of elements that can be treated at a time is limited by the

memory size and time required for calculation. This is the
main difficulty with the magnetic field calculation. In order
to reduce the number of elements required for the calcu-
lation, the mesh size along the z (or s) axis should be set
larger than the sizes in the x and y directions. The maxi-
mum mesh sizes were determined to be 10 mm for the x
and y directions and 100 mm for the z direction. The
reliability of the calculated field was confirmed with a
more precise analysis, which uses meshes with a maximum
size of 25 mm for the z direction.

OPERA-3D produces a lattice-structured field-data file.
The lattice lengths of the field data also have to be short
as compared with the shape of the magnetic field. The field
data were sampled in steps of 10 mm for the x and y
directions and in step of 25 mm for the z direction.

1080

1460

FIG. 2. (Color) Cross-sectional view of the magnet mesh design
for the complex dipole and quadrupole system. The yoke shape
of the dipole and quadrupole magnets are shown by blue and red
lines, respectively. Black lines show the broad blocks of analysis.
Moreover, these blocks are divided into smaller pieces when the
field calculation is performed (units in mm).
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FIG. 3. (Color) By distribution in the shift-bump field area at
x � 0 and �100 mm with y � 0. The cutoffs are introduced in
order to distinguish the dipole field from the quadrupole field.
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Figure 3 shows the magnetic field component By given by
OPERA-3D using the whole-system calculation method.
Because every bump field is time dependent, they should
contain the sextupole and other higher-order multipole
components which are induced by eddy currents.
However, the horizontal aperture of bump magnets is large,
and the effects on beam by the sextupole or higher-order
multipole components are negligible. The bump field was
then calculated as a static field for simplicity. The black
line of x � y � 0 mm shows only the shift-bump field,
where there is no contribution from the quadrupole field.
The field interference between the shift-bump magnets can
be observed. The magnetic field between SB1 and SB2 and
that between SB3 and SB4 falls sharply to zero. On the
other hand, the magnetic field between SB2 and SB3 does
not decrease to zero because there are two fringe fields
overlapping in the same direction. The red line of x �
100 mm shows the quadrupole-field contribution. As
shown in Fig. 4, the superposition of the individual fields
of each magnet does not reproduce the result of the whole-
system calculation, even if the mesh sizes used in the field
calculation by OPERA-3D are the same for both methods.
The dipole field is diverted into the quadrupole magnet
core particularly near the quadrupole magnets, thereby
resulting in a big difference. Preliminary simulation studies

by particle tracking using interfered fields were presented
in some reports [7–9] and such a field interference is also
investigated for the SNS design [10].

B. Normalization of the magnetic fields

The shift-bump magnets SB1 to SB4 have the same
design and are connected in series so as to form a local
bump orbit. The field integral Bl along the z axis of each
magnet should ideally have the same value; however, due
to the field interferences discussed above, it is necessary to
modify the bump fields in order to obtain the required kick
angles. The interval for the field integration is defined as
the region between the zero cross point and local minimum
for SB2 and SB3, and the region between the zero cross
point and the tail end for SB1 and SB4. The Bl values thus
obtained at x � y � 0 are listed in Table II. The Bl’s for
SB1 and SB4 are 1% smaller than those for SB2 and SB3
due to the field interference. Particle tracking with imbal-
anced fields was performed, and the imbalance of the Bl
values causes an orbit distortion, as shown in Fig. 5. While
the test particle with x � x0 � 0 and y � y0 � 0 starts at
the entrance of the shift-bump area, it does not return to its
original coordinates at the exit due to the imbalance. Such

TABLE II. Bl values of the shift-bump magnets at the central
position: x � y � 0. Designed value � 0:175 59 Tm.

Name Bl [Tm]

SB1 0.173 73
SB2 0.175 48
SB3 0.175 51
SB4 0.173 65
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FIG. 5. (Color) Central orbit trajectory in the shift-bump area,
which began from x � y � 0. The black line shows the orbit of a
test particle with the unnormalized field data, the red line shows
the case after the Bl normalization, and the green dashed line
indicates the stripping foil position (s � 82:113 m).

TABLE III. Central orbit trajectory with the shift-bump sys-
tem before and after the Bl normalization at the foil position
(s � 82:113 m) and at the exit of the shift-bump field area (s �
87:278 m). Test particle starts from x � x0 � 0 and y � y0 � 0.

x (foil)
[mm]

x0 (foil)
[mrad]

x (exit)
[mm]

x0 (exit)
[mrad]

Unnormalized 88.83 �0:60 �7:45 �2:21
Normalized 90.26 �0:05 �0:56 �0:17
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FIG. 4. (Color) Magnetic field difference between the two meth-
ods of field calculations at x � y � 0. The whole-system calcu-
lation result was subtracted from the sum of the individual
calculations of an isolated system.
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an imbalance can be corrected by increasing the gap height
of SB2 and SB3 by inserting a thin insulating sheet into the
vertically splitting plane of the return yoke. In the calcu-
lation, however, the field strength of each region was scaled
to give the design Bl value for simplicity. The result with
this normalization is also shown in Fig. 5 and in Table III
where the residuals of closed-orbit distortion (COD) are
negligibly small. In order to distinguish the dipole field of
SB1 and SB4 from the quadrupole field, the tail-end field
facing the quadrupole magnet is discarded by introducing a
‘‘cutoff.’’ The position of the cutoff is defined as a zero
cross point of By with the quadrupole field at x �
�100 mm for the QFL and x � �100 mm for the QDL.
Although these cutoffs discard the tails of the shift-bump
field from SB1 and SB4, the effect on the central orbit
trajectory is negligible. The orbit deviations are less than
0.1 mm both at the top of the bump orbit and at the
returning point, in comparison with 90.26 and
�0:56 mm, respectively. With the shift-bump and paint-
bump magnets in operation, Table IV summarizes the
calculated bump orbit in comparison with the designed
value. The paint-bump magnet fields were also normalized
similarly.

In actual operations, a small amount of orbit distortion
may remain even after the gap height adjustment. The
decay time of the shift-bump orbit is too short for the
ordinary orbit correctors to make up for the residual
COD. The paint-bump magnets can be used for such a
fast orbit correction if necessary, because they are driven
by independent power supplies with a sufficient power
capacity.

Similarly to the dipole fields, the Gl value is defined as
the integral of the field gradient along the z axis from the
field edge to the cutoff. The QFL field is defined in the area
from the entrance of the shift-bump field area to the cutoff
position. The QDL field is also defined in the area from the
cutoff position to the exit of the shift-bump field area. The
deviation of the Gl values due to the field interference was
approximately 0.15% here; the cutoff contribution was
negligible.

III. PARTICLE-TRACKING METHOD

The particle-tracking code ‘‘TRACY-II’’ [11], which was
originally developed for simulating the KEK Proton
Synchrotron slow-extraction process [12,13], was used in
this study. It has been applied to the J-PARC project. Since

TRACY-II assumes that the target particles exist in the
accelerator and/or beam-transport line, the tracking proce-
dure is carried out using the transfer-matrix method. In
order to take into account the realistic fringe field and field
interference, a more general particle tracking code,
‘‘GENERICSOLVER,’’ was developed as an additional feature
of TRACY-II. GENERICSOLVER is a subprocedure communi-
cating with the particle data file. Although beam tracking
simulators that can consider the magnetic fringe fields have
already been developed, for example, COSY [14], SAD
[15], MAD [16] etc., they are not designed for field
interference.

GENERICSOLVER traces the particle motion in an arbi-
trary three-dimensional magnetic field, which is given by
field analysis codes such as OPERA-3D. Since the field data
required here has a text-based data format, it can also be
prepared by using any other magnet design tools.
GENERICSOLVER is a 4th order Runge-Kutta integrator of
Lorentz equation with a time-independent magnetic field.
Although this numerical integration module does not en-
sure symplecticity, it is confirmed that the system energy is
conserved in the present calculations. The magnetic field is
given by the distributed field vectors on the lattice structure
that forms a rectangular box in the Cartesian coordinate
system. The magnetic field at the particle position is inter-
polated from eight vectors at the corner of a box to which
the particle belongs. It is important to choose a proper
structure size because the field-data file easily becomes
large leading to wastage of computer resources. The mag-
netic field is divided into the lattice structure of 10� 10�
25 mm. In the particle-tracking process, the time step of
the integration along the particle trajectory was surveyed.
It was determined in order to perform more than ten
integrations per box of the magnetic field, which corre-
sponds to approximately 1 mm. More than one interpola-
tion methods [17] are available in GENERICSOLVER. The
‘‘cloud-in-cell’’ method is the default method, and it uses
eight data points. The ‘‘triangular-shaped-cloud’’ method
uses 27 data points for the second-order interpolations. The
accuracy of the interpolated field depends on the algorithm
and the intervals of the distributed data points. When the
intervals are short enough in comparison with the varia-
tions in the magnetic field, the dependence on interpolation
methods is not very important. The difference on tracking
results among these interpolation methods was negligible.
For example, the difference in the bump height obtained by
the shift-bump system was less than the order of 10�4.

IV. TRACKING RESULTS

A. Injected H� beam

As a first step, single particle tracking of 300 turns is
performed with the shift-bump magnets in operation.
Figure 6 shows the footprints in the phase space of test
particles with three emittances at the stripping foil posi-
tion. The distributed field data is applied only for the shift-

TABLE IV. Bump-orbit summaries at the injection point (s �
82:113 m) with the shift-bump and paint-bump fields.

x (design) [mm] x0 (design) [mrad]

Shift-bump 90.26 ( 90.00) �0:05 ( 0.00 )
Paint-bump 41.09 ( 41.00) �5:51 ( � 5:50)
Both 131.44 (131.00) �5:51 ( � 5:50)
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bump field area and a linear lattice is assumed for the other
magnets. Test particles were generated at 10.0895 m up-
stream of the stripping foil, s � 72:0235 m; three emit-
tance ellipses of 216, 162, and 108� mmmrad were used,
where the emittance of 216� mmmrad corresponds to the
painting size of an injected beam for both phase-space
planes. Table V shows the Twiss parameter sets with or
without the shift-bump orbit. In the vertical plane, the
Twiss parameters are changed due to the effect of edge
focusing. On the other hand, in the horizontal plane, the
effect of edge focusing is small but there is y dependence of
integrated By, which can be seen as a small diffusion of the
plot. In GENERICSOLVER, the momentum component pz,
which is conserved in the transfer-matrix method, changes
slightly; however, the total energy is well conserved. As
shown in Fig. 6, no emittance growth was observed for all
the cases.

Next, the painting injection process was simulated. The
injection parameters are as follows: (i) 400 MeV H� ion
�p=p � �0:3%; (ii) �x � �y � 6 and �x � 11:3, �y �
8:9� mmmrad. (unnormalized full beam); (iii) injection
point is �x; x0; y; y0	 � �131;�5:5; 0;�3:7	 �mm;mrad at
the stripping foil position; (iv) painted transverse area is
216� mmmrad; (v) collimator acceptance is
324� mmmrad. The carbon-stripping foil is placed at
�x; y	 � �131; 0	 mm and s � 82:113 m in the ring. A
beam size on the foil is estimated to be 6.829 mm wide
and 7.171 mm high. The stripping foil size is determined
with a margin of 10 mm. Thus, (i) x � 131� 6:829�
10 mm and (ii) y � ��7:171� 10	 mm. The linac beam
is collimated to 4� mmmrad by a collimator at the L3BT
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FIG. 7. (Color) Phase-space distribution of the ring optics beam of 6� mmmrad at the injection point (s � 82:113 m) during 308
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parameters without any bump orbits (bump off in Table V).

TABLE V. Twiss parameters for the test particle generation at
the foil (s � 82:113 m), as calculated by transfer matrices.

Optics �x [m] �x �y [m] �y

RCS (shift-bump off) 11.02 1.481 10.95 �1:584
RCS (shift-bump on) 11.01 1.480 10.85 �1:603
L3BT line 11.66 �1:788 12.86 0.174
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FIG. 6. (Color) Poincaré map at the stripping foil between SB2
and SB3 (s � 82:113 m) during 300 turns with shift-bump
magnets in operation. Lines correspond to the bare ring parame-
ters without any bump system.
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(LINAC—3 GeV RCS beam transport) line. However, a
typical beam emittance at the primary foil is estimated to
be 6� mmmrad due to the emittance growth by the space
charge force while passing from the collimator to the foil.
Test particles were generated with the designed Twiss
parameters of the RCS ring with the shift-bump magnets
at the foil position and traced back to the entrance of the
shift-bump field area with the linear lattice matrices. The
particle tracking begins from the entrance of the shift-
bump field area.

The results of the painting injection with a 6� mmmrad
beam are shown in Fig. 7. When all the bump magnets are
fully excited, the injection point corresponds to the central
orbit where the carbon-stripping foil is located. The paint-
bump system adds a horizontal displacement of 41 mm to
the shift-bump orbit at the beginning of the beam injection.
The paint-bump decreases to zero according to the painting
function: 1� �������

t=	
p

, where 	 is an injection period. In the
horizontal plane, the first bunch is injected into the center
of the phase space, and the last bunch is injected into the
outermost one. In the vertical plane, the injection angle of
�3:7 mrad decreases according to the function:

����������������
1� t=	

p
.

The last bunch is injected into the center of the phase
space. This painting scheme causes a flat distribution on
the circulating beam and is called ‘‘anticorrelated paint-
ing.’’ The L3BT beam indicates the beam projections at the
foil position after QFL, SB1, and SB2, which correspond to
the last bunch for the horizontal plane and the first bunch
for the vertical one. When the injected beam emittance is
less than 6� mmmrad, the injected beam in the synchro-
tron ring can be contained within the design emittance of
216� mmmrad with the designed bump-orbit parameters.
Here, the 1st, 101st, 201st, and 301st injected bunches are
traced. The first injected bunch has 308 turns in the ring.
On the other hand, the 301st injected bunch has only 8
turns.

In the actual J-PARC L3BT line, the line optics does not
match the ring optics. The H� beam passes through the
defocusing quadrupole magnet (QFL), which acts as a
focusing magnet to the circulating proton beam, as shown
in Fig. 1. The horizontal beam parameter (�x) for the
circulating beam is positive at the foil, but that for the
incoming beam is negative. It is possible in principle to
obtain a matched beam. However, a very large �x is
generated upstream of the foil, resulting in a large modu-
lation of the beta function along the L3BT line. Such a
modulation of the beta function enhances the emittance
growth by the space charge force in addition to the aperture
problem. The beam parameters along the L3BT line are
chosen to ensure that the emittance growth is as small as
possible. The Twiss parameters at the injection point (s �
82:113 m) thus obtained are listed in Table V with a
comparison of those in the ring.

At the beam-injection line, the beam passes through
several kinds of time-varying fields until it reaches the

primary stripping foil. The stability/precision of these
fields results in the emittance growth. Vertical painting
magnets are located in the L3BT line, and this is assumed
to cause the �5% fluctuations in the vertical coordinate
and its divergence. Pulsed horizontal bending magnets are
utilized for changing the painting areas depending upon the
beams for neutron users and the injection into the 50 GeV
ring, the stability of which is �0:5%. An incoming beam
also passes through the ring quadrupole magnet (QFL) and
the shift-bump magnets, the stabilities of which are �0:2%
and �1:0%, respectively. All these fluctuations give the
effective emittances ��x; �y	 � �11:3; 8:9	� mmmrad,
while the nominal one is 6� mmmrad. Further, the incom-
ing beam passes through the QFL magnet with x >
250 mm where the quadrupole field is not linear any
more, as shown in Fig. 8. When the initial beam emittance
was large, the beam profile is deformed because it passes
outside the good field region of the QFL magnet, as shown
in Fig. 9.

Under these conditions, the heights of the shift-bump
orbit and the paint-bump orbit, and also the covered area of
the carbon-stripping foil should be readjusted in order to
accommodate the painted beam within 216� mmmrad.
Since the injection point should be fixed to �x; y	 �
�131; 0	 mm, the shift-bump height increases from 90 to
102 mm. On the other hand, the paint-bump height de-
creases from 41 to 29 mm. For the vertical plane, the
injection angle is changed from 3.7 to 2.5 mrad. With
such a limited painting range, the beam core of the circu-
lating beam remains within the designed emittance, as
shown in Fig. 10. However, the number of foil hits by the
H� and circulating protons increases from 26 to 64 on an
average, which may in turn shorten the life of the stripping
foil and produce greater beam loss due to nuclear and
multiple scatterings. Since an optics mismatch is a control-
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lable parameter, the foil-hitting rate and emittance growth
of the incoming beam can be optimized.

B. Stripped electrons

The stripped electrons from the injected beam have a
power of 145 W. In this case, the electron catcher plays a
very important role for the H� injection [18]. When the
stripped electrons have the same speed as the injected
proton, the corresponding electron momentum becomes

519� 521 keV=c (217� 219 keV). In this energy range,
electrons lose their energy by ionization. The energy loss
by the carbon-stripping foil is given by dE=dx �
�2:41 eV=��g=cm2	 at an energy of 218 keV. Test parti-
cles are generated at the entrance of the foil of
300 �g=cm2. The nuclear multiple scattering angle of
electrons in the foil is estimated to be 
rms � 3:1 degrees
[19]. Figure 11 shows the electron track downstream of the
stripping foil without taking into account large angle scat-
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terings. As the trajectory diffuses in the vertical plane, an
electron catcher should be placed at x � �320 mm in this
case. A cross-sectional view at x � �320 mm is shown in
Fig. 12.

The x, y trajectories of the stripped electrons can be
understood from the fringe field between SB2 and SB3.
Figure 13 shows Bx, By, Bz at �x; y	 � �131; 10	 �mm,
corresponding to 10 mm above the injection point. In order
to observe the Bz components, the y location is set to a
nonzero value. The x dependence of the Bz amplitude is
small in the range of x � 0 to 131 mm, and Bx is almost
zero around the region of the carbon-stripping foil. Bz is
dominant for the diffusion in the vertical direction.
Downstream of the carbon-stripping foil, Bz is positive
for the �y region and negative for the �y region.
Electrons move toward the �x direction due to By, which

increases with z. Consequently, the stripped electrons di-
verge vertically.

A rough estimate of the space charge fields exerted upon
electrons by the circulating proton beam is given by

 Er � e�
2��0

1

r
� 2:5� 104 V=m (1)

 �B � �
�0Ib
2�

1

r
� 1:3� 104 V=m; (2)

where � is the line density, Ib is the beam current of the
circulating beam, � is the velocity of the stripped electrons,
and r is a proton beam size at the foil (5 cm). As seen in
Fig. 13, the fringe field at the stripping foil is �60 Gauss at
the minimum for the By-component, resulting in �By �
1:3� 106 V=m. Comparing the space charge forces at the
edge of the beam with the one by the fringe field, the latter
is more than 30 times stronger than the sum of the space
charge forces. The space charge effect from the circulating
protons can be omitted.

V. CONCLUSION

A beam-injection process with field interferences was
simulated by a three-dimensional particle tracker without
taking into account the space charge force. This simulation
study was applied to the design of the injection-straight
section of the J-PARC RCS, where the magnetic fields
were calculated by OPERA-3D. Magnetic field interference
causes the Bl imbalance, resulting in a closed-orbit dis-
tortion. However, such an imbalance can be compensated
by adjusting the gap height of the relevant dipole magnets
and the paint-bump magnets can also be used for the orbit
correction if necessary.

Additional features of the RCS injection are the fluctua-
tions of the time-varying fields along the injection line, and
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the fact that an injected beam passes through the far side of
the ring quadrupole magnet. Field fluctuations cause an
emittance growth of the incoming beam. The nonlinear
field of the quadrupole magnet deforms the beam profile.
Hence, a modification of the originally planned painting
scheme is required and the hitting rate of the carbon-
stripping foil by the circulating beam is increased. The
orbit of the stripped electrons was also investigated for
efficient electron collection.

These results will be used in the early stage of the RCS
commissioning. The space charge effect will be included in
forthcoming simulations of the subsequent beam commis-
sioning at higher intensity.
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A negative muon in hydrogen targets, e.g., D2 or D–T mixture, can catalyze nuclear fusions
following a series of atomic processes involving muonic hydrogen molecular formation
�muon-catalyzed fusion, �CF�. The ortho-para state of D2 is a crucial parameter not only for
enhancing the fusion rate but also to precisely investigate various muonic atom processes. We have
developed a system for controlling and measuring the ortho-para ratio of D2 gas for �CF
experiments. We successfully collected para-enriched D2 without using liquid-hydrogen coolant.
Ortho-enriched D2 was also obtained by using a catalytic conversion method with a mixture of
chromium oxide and alumina. The ortho-para ratio of D2 gas was measured with a compact Raman
spectroscopy system. We produced large volume �5–30 l at STP�, high-purity �less than ppm high-Z
contaminant� D2 targets with a wide range of ortho-para ratios �ortho 20%–99%�. By using the
ortho-para controlled D2 in �CF experiments, we observed the dependence of �CF phenomena on
the ortho-para ratio. © 2008 American Institute of Physics. �DOI: 10.1063/1.2918538�

I. INTRODUCTION

Negative muons stopped in hydrogen isotopes induce a
variety of atomic and molecular processes and nuclear fusion
reactions, i.e., muon-catalyzed fusion ��CF�.1–3 In �CF re-
actions, resonant muonic molecular formation4 is an essential
process because it determines how many fusions occur
within the muon lifetime of 2.2 �s. In order to enhance the
fusion rate and, ultimately, to realize “energy break-even”
and energy production by �CF, the resonant molecular for-
mation rate must be increased by changing the target condi-
tions. For this purpose, the ortho-para ratio of D2 is an im-
portant parameter because the resonance condition of the
muonic molecular formation in D2 strongly depends on the
ortho-para ratio. A large enhancement of the dt� molecular
formation rate for para-D2 in �CF with a deuterium-tritium
mixture �d-t �CF� has been theoretically predicted.5,6 In ad-
dition, for the understanding of the resonant molecular for-
mation mechanism and the relevant muonic atom processes,
the observation of the ortho-para ratio dependence is signifi-
cant. Such observations are crucial for several unsolved
problems related to the condensed-matter effect in �CF, e.g.,
unexpectedly high rates of resonant dd� formation observed
in several studies.7–9

Resonant muonic molecular formation mechanism in
pure D2 was first explained by Vesman.4 Because of the shal-
low bound state �'11�−1.96 eV� in the dd� molecule with
the rotational/vibrational state �J ,��= �1,1�, a dd� molecule
is formed resonantly from a d� atom:

�d��F + �D2�Ki,�i
→ ��dd��dee�

Kf,�f

* , �1�

where F denotes a hyperfine state, Ki and �i are the initial
rotational and vibrational quantum numbers, and Kf and � f

are the final quantum numbers. The collision energy of the
incident particles and the dd� binding energy are transmitted
to the final rotational and vibrational energy of the muonic
molecular complex of ��dd��dee�. Resonant dt� formation
for the collision between t� atoms and D2 or DT in d-t �CF
takes place in the same scheme.

The energy matching for resonant dd� formation is de-
scribed by the parameter '�

3

'� = '11 + �'dd��S� + EC�Kf,� f� − 'd� − �'d��F�

− ED2
�Ki,�i� , �2�

where EC and ED2
are the rotational energies of ��dd��dee�

and D2 relative to the D+D dissociation energy. The spin
splitting energies �'d��F� for d� and �'dd��S� for dd� and
the collision energy 'd� are also essential for energy match-
ing. When energy matching occurs �'�=0�, a dd� molecule
is resonantly formed. Figure 1 shows a simplified scheme of
the dd� molecular formation mechanism for isolated D2

molecules.
The resonance energy 'if is an important parameter for

resonant molecular formation. It is defined as the energy dif-
ference between the initial state �atomic and molecular
rotational/vibrational/spin state� and the final state except the
collision energy.10 As described in Eq. �2�, the resonance
energy is compensated by the collision energy 'd�. Reso-a�Electronic mail: imao@riken.jp.
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nance energies on the order of meV for d� atoms with the
hyperfine state F=2 /3 are realized in d-d �CF.

Resonant molecular formation is sensitive to the ortho-
para states, which was first considered by Leon and Cohen.5

Because of the symmetric property of D2 for the permutation
of the indistinguishable boson d, we can artificially control
the distribution of the initial rotational state Ki of D2 by
controlling the ortho-para ratio. The splitting energy
�7.4 meV for isolated D2 molecules� between the rotational
states of the ground state �K=0� and the first excited state
�K=1� is comparable to the resonance energy. We note that
the splitting energy should be slightly distorted �sub-meV
broadening� due to anisotropic electric quadrupole-
quadrupole interaction by the K=1 molecules in the solid
phase.11 The small energy splitting of the nuclear spin states,
the ortho-para states, causes a large effect on the nuclear
fusion on the order of MeV energy in �CF.

Our group has investigated the resonant dd� formation
mechanism while controlling the ortho-para ratio of
deuterium.12–15 Producing high-purity and large-amount D2

gas for �CF experiments under a controlled ortho-para ratio
was indispensable step and required special care. This paper
reports the developed system for controlling and measuring
the ortho-para ratio of the D2 targets applied in �CF experi-
ments. In Sec. II, we describe the gas handling system for
making ortho-para controlled �CF targets. The practical
method and apparatus for controlling the ortho-para ratio of
D2 is described in Sec. III and the system for measuring the
ortho-para ratio is described in Sec. IV. We discuss the per-
formance of our system with some typical results obtained
by gas analysis in Sec. V. In Sec. VI, applications to �CF
experiments are discussed.

II. D2 GAS HANDLING SYSTEM

We used deuterium or hydrogen targets in various phases
�solid, liquid, and gas� in our �CF experiments. Each target

was enclosed in an oxygen-free high-conductivity �OFHC�
copper target cell, which was fixed to a cryogenic system
with a helium-flow cryostat �Oxford Instruments�. The target
cell was connected to a gas handling system through gas
transfer lines.

The gas handling system was designed and constructed
to make high-purity D2 gas with a controlled ortho-para ratio
under safe operating conditions. Figure 2 shows a schematic
diagram of the gas handling system. It consists of a deute-
rium bottle, gas storage buffers, vacuum gauges, metal
valves �SS-4H-V51, Swagelok Inc.�, tubing, a palladium fil-
ter, a para-to-ortho converting system �ortho converter�, a
para-D2 collecting system �para converter�, gas sample cells
for Raman spectroscopy and the target cell. Most of the tub-
ing was made of 1 /4 in. stainless steel. Cajon VCR-seal cou-
plings were used for the connections.

�CF experiments require highly purified deuterium to
avoid muon loss due to muon transfer to heavier impurities
in the target.16 Assuming nitrogen as an impurity, the transfer
rate is expressed as 1.45	105 N �s−1, where  N is the con-
centration of N2. Even a 5 ppm contamination of N2 causes
muon loss comparable to the muon-decay rate. The whole
system was baked and a vacuum-leak check was performed
before the gas handling operation. The palladium filter �LS-
09, Japan Pionics Inc.� was used to remove impurities from
the hydrogen isotopes. The palladium filter ensures that D2

gas is produced with impurity levels less than 1 ppb. This
equipment was also important for preparing ortho-66% D2

gas �normal equilibrium D2�. The deuterium is physically
adsorbed on the surface of the palladium, where the molecu-
lar deuterium becomes nuclear deuterium. Deuterons and
electrons are dissociated and penetrate the lattice of the pal-
ladium. The difference in pressure causes the nuclear deute-
rium to diffuse throughout the palladium texture. On the op-
posite side of the membrane, the deuterons and electrons
again couple, becoming a gas. The palladium filter was

FIG. 1. Scheme of the resonant dd� molecular forma-
tion mechanism for isolated D2 molecules. The loose
binding energy of �1.96 eV for dd� �J=1,�=1� for-
mation can be absorbed into the vibrational excitation
energy �� f =7� of the muonic molecular complex
��dd��dee�*. The resonance energy 'if depends on the
initial atomic and molecular states, i.e., the d� hyper-
fine state and the rotational state of D2, and the final
states, i.e., the spin state of dd� and the rotational and
vibrational state of ��dd��dee�*. The parity of the ini-
tial rotational state of D2 is determined by the parity of
the ortho-para state. The energy splitting between the
ground state �Ki=0� and the first excited state �Ki=1� is
7.4 meV, which is comparable to the resonance energy.
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heated to 420 °C for increased deuterium permeability. Once
it has passed through the palladium filter, the D2 gas is in
completely normal equilibrium �66% ortho�. Because of this
property, we used the palladium filter only before the ortho-
para conversion.

III. ORTHO-PARA CONVERSION

The ortho-para conversion rate due to intermolecular in-
teractions is only 1%/year in gaseous D2 because of the small
magnetic dipole moment.17,18 There is a chance of ortho-para
conversion for D2 in various phases due to the metallic wall
of the container and impurity contamination like for O2, if
the ratio is not in equilibrium �we monitored the ortho-para
ratio every experimental run, as discussed in Sec. VI� Such
natural conversion rate is generally so slow that we cannot
produce highly enriched ortho- and para-D2 gas by just wait-
ing during �CF experiments over a period of about two
weeks. In the present study, it was required that a large vol-
ume �5–30 l at STP� of ortho-or para-D2 enriched gas is
prepared several times in the limited beamtime. We devel-
oped special devices and techniques to enrich ortho- and
para-D2 to achieve this requirement.

A. Ortho-D2 enrichment

Enrichment of the lowest energy state of hydrogen with
K=0 �ortho-D2 and para-H2 are the molecular rotation even
state because of the parity of the nuclear spin� has important
applications in many fields of science, e.g., hydrogen
storage,19 studies of surface interactions,20,21 and ultracold
neutron production targets.22,23 Enrichment can be realized
by cooling and allowing the deuterium to reach equilibrium
through ortho-para conversion, e.g., the equilibrium concen-

tration of ortho-D2 at 10 K becomes 0.999. Because the
spontaneous conversion rate is quite low, a paramagnetic
catalyst is commonly used to promote ortho-para conversion
toward equilibration.

The basic theory of catalytic conversion for hydrogen
isotopes was proposed by Wigner in 1933.24 Because ground
state hydrogen has no electron spin, the magnetic conversion
is due to a hyperfine dipolar interaction between an external
catalyst spin and the two nuclear spins. An inhomogeneous
magnetic field, created by the magnetic moment of the mag-
netic catalyst, provides a differential torque on the proton’s
spins, and a relative dephasing occurs in the precession of
the two nuclear spins. As a result, a singlet-triplet nuclear
transition occurs, together with a rotational transition.

The best catalysts are those that contain impurities with
large magnetic moments and substrates that can adsorb large
quantities of D2. The conversion reactions dynamically occur
at 2–3 Å from the surface in the ortho-para frequency range
��1012 s−1�. Surface cleanliness by pretreatment is important
to ensure a route for the molecules to approach to the mag-
netic impurities. Combinations of paramagnetic catalysts and
suitable adsorbents are effective as catalysts. Historically,
many catalysts consisting of magnetic materials have been
used, e.g., chrome-nickel, Mn�OH�4, CrO3, Cr2O3, Fe�OH�3

and MnO2.17,25 Common adsorbents for increasing the sur-
face are charcoal, rutile, alumina, and hydroxide gels.
Cr2O3–Al2O3 is one of the best combinations.26,27 In the
present experiments, a mixture of Al2O3 and Cr2O3 was used
�Al2O3:Cr2O3=2:1 in volume�.

The para-to-ortho conversion cell �made of OFHC cop-
per�, enclosed by a 80 K copper thermal-radiation shield,
was placed in a thermal insulating vacuum chamber �Fig. 3�.

FIG. 2. Schematic diagram of the gas handling system
to make ortho- and para-enriched D2 targets. The D2

gas is purified through a palladium filter and is con-
verted to ortho-or para-enriched gas in the respective
converters.
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A helium-flow cryostat was used to cool the cell. A heater
equipped with a cryostat was used to control the temperature
of the cell, monitored by thermometers attached to the cell
and the cold head of the cryostat. The 128 cm3 inner volume
of the cell was filled with a mixture of Al2O3 �4 �m mean
diameter; Furuuchi Chem.� and Cr2O3 �15 �m mean diam-
eter; Furuuchi Chem.� powders. The cell was carefully baked
to 100 °C �below the melting temperature of the indium
seal� for a day, outgassing to a low pressure ��10−6 torr�
before experiments.

In order to make ortho-enriched D2, purified normal D2

gas was first introduced and condensed in the cell at
10–20 K. We then controlled the ortho-para ratio by control-
ling the holding time of the condensed D2 �solid or liquid� in
the conversion cell. Typical holding time for producing 30 l
at STP of fully ortho D2 gas ��98% � was about 24 h. After
the conversion, the converted D2 gas was extracted to a gas
buffer tank by heating the cell to 40 K. Because the tempera-
ture rise of the cell was a possible cause of back conversion
�para-to ortho-D2�, the extraction was done as quickly as
possible. The extraction time was typically within 15 min for
30 l at STP of gas in our operation. We did not observe
significant back conversion in this extraction procedure.

B. Para-D2 enrichment

It is impossible to produce concentrations of para-D2

higher than 33% by the catalytic “conversion” method used
for ortho-D2 enrichment. In 1954, Sandler first pointed out
that the ortho-para ratio of H2 adsorbed on TiO2 was greater
than that of the equilibrium ratio.28 Because the rotational
energy levels of the adsorbed molecules are distorted from

those in the gas phase,17,29,30 preferential adsorption of
para-D2 occurs on various porous substrates. This “preferen-
tial absorption” method for preparing para-enriched D2 �or
ortho-enriched H2� has been reported in several old papers.
Cunningham et al. studied this method with � alumina to
produce para-enriched D2 in 1958.31 Depatie and Mills fur-
ther developed the technique with activated alumina �8–14
mesh� in 1968.32 Because the collecting efficiency increases
near the liquidification temperature of adsorbed H2 or
D2,17,30 the apparatuses developed in the previous studies
used large amounts of liquid hydrogen as a cryogen and the
para-D2 collecting cell filled with suitable adsorbent was im-
mersed in a bath of liquid hydrogen. The device developed
by Silvera and Nielsen could produce �5 l at STP of 98%–
99% para-enriched D2 by withdrawing the adsorption cell
immersed into liquid-hydrogen Dewar.17 Although liquid hy-
drogen �or deuterium� is an ideal coolant for achieving the
liquidification temperature of D2 with high cooling power, it
is quite problematic in the point of view of the difficulty of
the treatment and the safety issues �e.g., explosion hazard�.
For producing para-enriched D2 in muon-accelerator facili-
ties, it was essential to use the liquid-hydrogen-free system
and technique. We have newly developed para-D2 collecting
system without using liquid hydrogen coolant.

Figure 4 shows the para collecting cells developed in the
present study. The OFHC copper cell placed in a vacuum
chamber is cooled to 25–35 K by a helium-flow cryostat
�Oxford Instruments�. The temperatures at the end of cold
head and the bottom of the cell were monitored by using two
resistance thermometers. We used two cells depending on the
desired amount and concentration of para-D2. Collecting cell
No. 1 �535 cm3 inner volume� can produce a large amount
��20 l at STP� of para-enriched D2 in one operation. Col-

FIG. 3. Cross-sectional view of the para-to-ortho conversion cell. The cell
was filled with a mixture of Al2O3 and Cr2O3 powders. D2 gas was intro-
duced and condensed in the cell at 10–20 K. The condensed D2 was held in
the cell for an appropriate time for the desired ortho concentration.

FIG. 4. Cross-sectional views of the para-D2 collecting cells. The cells
cooled at 25–35 K are filled with grained �-alumina pellets. The cooled
adsorbent preferentially filters para-D2 from the flow gas introduced through
the coiled inlet tube. The flow gas is continuously evacuated through the gas
exit by a rotary pump. Adsorbed para-enriched D2 gas is then rapidly ex-
tracted with the Kapton heater.
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lecting cell No. 2 �126 cm3 inner volume� provides �6 l at
STP of para-enriched D2 in one operation and is suitable
when an amount of para-enriched D2 gas is required quickly.
The para enrichment must be performed quickly to reduce
the catalytic conversion on the alumina surface ��3
	10−7 mol /s /g �Ref. 31��. Typical times for one operation
are 3.5 h for cell No. 1 and 1.5 h for cell No. 2. We used
grained �-alumina pellets �10�20 mesh, Soegawa Chemical�
as an adsorbent �440 g for cell No. 1 and 110 g for cell No.
2�, baked ��200 °C� before use. The gas inlet tube was
coiled inside the cell to increase the heat conductance to the
pellets. The cell was wound with a high-power Kapton heater
�300 W for cell No. 1 and 100 W for cell No. 2; Yagami�,
used for baking to reactivate the absorbent and also for rapid
extraction of adsorbed D2 gas.

The procedure to concentrate para-D2 is as follows.
First, the collecting cell and absorbent were precooled for
�12 h. Next, the purified gas �approximately 30 l at STP for
collecting cell No. 1 and 9 l at STP for cell No. 2� was
adsorbed on the �-alumina pellets with the temperature of
the para collecting cell maintained at 25–30 K monitored at
the end of the cold head. An absorption equilibrium pressure
of 50–60 torr was realized; the first adsorbed molecular
layer forms under this pressures.31 Because the lower cooling
power of the helium-flow cryostat compared to liquid-
hydrogen coolant, the initial gas was gradually introduced
keeping the temperature of the cell constant to within 
5.0°.
Maintaining the temperature and pressure, further normal-D2

gas was slowly passed through the adsorbent by evacuating
the exit with a rotary pump. After the gas flow process, the
cell was evacuated for 1 min. The “preferentially adsorbed”
para-enriched D2 was then extracted by rapidly heating the
cell with the Kapton heater. Because ortho-D2 is more easily
desorbed than para-D2 in the extraction procedure, the
para-D2 concentration of the initially desorbed D2 gas was
decreased. Therefore, the initially desorbed gas �less than
half of the amount of the initially absorbed gas� was sepa-
rately extracted as a disposal gas. The achieved para-D2 con-
centration was dependent on the para-D2 concentration of the
flow gas. Further para concentration was realized by repeat-
ing the above procedure with para-enriched gas used as a
flow gas.

IV. MEASUREMENT OF ORTHO-PARA RATIO

It was essential to check the ortho-para ratio of the D2

gas during the beamtime, requiring a reliable and instant sys-
tem to confirm the ortho-para ratio. Raman spectroscopy33 is
a good way to measure the ortho-para ratio because it can
determine the absolute value of the ortho-para ratio. For
measuring the ortho-para ratio of D2 in �CF experiments,
we used Raman spectroscopy method with a compact and
portable laser system. The populations of the molecular ro-
tational states are obtained by analyzing the intensity of the
rotational Raman transitions in the Raman spectrum. As a
complementary method to know the ortho-para ratio, we also
used a thermal conductivity method.

A. Raman laser system

In order to instantly analyze the gas sampled from a
target during the beamtime at muon-accelerator facilities, a
compact Raman laser system was developed and placed be-
side the experimental area. Measurement of the sampled D2

gas was carried out immediately after the gas operations. A
schematic diagram of the laser system is illustrated in Fig. 5.
The Raman laser system consists of a diode pumped solid
state �DPSS� laser, an optical system to induce the laser light
and to collect the scattered light, a sample cell and a spec-
trometer connected to a photon-detection system.

The compact DPSS blue laser �New Lambda Corp.� had
a 20 mW cw output and a single 473 nm TEM00 line. The
whole laser path was packed in a shade box for safety. The
laser light was focused by a biconvex lens into the center of
a cubic sample cell �Raman cell�. A spherical biconvex lens
of BK7 �SLB-25B-25PM; Sigma Koki Inc.� was used to col-
lect the laser beam.

The Raman cell was used to expose the sampled
D2 gas to laser irradiation. The aluminum housing was
mat black to reduce stray light. The cell had four flat
parallel BK7 windows �2	WBMA-25C02-550 and 2
	WBMA-15C02-10-550; Sigma Koki� with broadband an-
tireflection coatings on both faces for high transmittance
more than 99%. The cell was connected to the gas handling
system when the gas sampling was performed. In order to

FIG. 5. Schematic view of the Raman laser system and
a magnification around the Raman cell. The whole sys-
tem was placed near the experimental area of the muon
beamline for instant measurements.
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increase the signal of the Raman scattered light, the D2 gas
sampled in the cell was pressurized to 3 atm.

The laser beam exiting from the Raman cell was re-
flected by a dielectric mirror �10D10DM.6, New Port Inc.�
back through the cell for a second pass. This second reflected
beam increased the Raman scattering signals by 20%. The
Raman scattered light was collected by a large biconvex lens
� =50.8, fl=38.1� of BK7 �KBX139, New Port Inc.� with a
solid angle of 5% of 4�. The window opposite the light-
collecting side was covered by a mat-black cloth to block
stray light.

A Czerny–Turner spectrograph �Shamrock SR-303i, An-
dor Tech.� with a charge coupled device �CCD� detector
�DV420A-OE, Andor Tech.� was used for photon detection.
The spectrograph was equipped with a 1800 lines /mm grat-
ing of holographic blaze. The spectra of the Raman scattered
light were measured by the CCD detector, which had a
1024	255 array of 26 �m pixels. We can perform a simul-
taneous measurement for different wavelengths with the
CCD detector. The obtained spectra are nearly unaffected by
the small power fluctuations ��1% � and the wavelength
drift and shift ��0.01 nm� of our laser. The CCD was cooled
to around −60 °C with a built-in Peltier cooler to suppress
dark current.

Optical filters were critical in the Raman spectroscopy
system to prevent undesired light from reaching the spec-
trometer and swamping the relatively weak Raman signal
��10−6�. To eliminate the Rayleigh �elastic� scattering from
the surrounding material, a 473 nm edge pass filter �LP01-
473RU-25, Semrock�, which blocks with an optical density
exceeding 12 from 385 to 471 nm, was inserted between the
sample cell and the slit of the spectrograph in the present
system. This filter greatly improved the system performance
�Fig. 6�. The data acquisition for obtaining the Raman spec-
tra was executed with the equipped software of the SR-303i.
The cosmic-ray background was removed by the software.

B. Thermal conductivity

As a complimentary method to the Raman spectroscopy,
we also measured the thermal conductivity of the sampled

gas. The ortho-para ratio can be determined from the differ-
ence between the thermal conductivity of ortho- and para-D2

because the thermal conductivity is linearly dependent on the
ortho concentration. The thermal conductivity analyzer
shown in Fig. 7 was used for the measurement. Both
300 cm3 chambers of the analyzer were immersed in liquid
nitrogen at 77 K, because the difference in the thermal con-
ductivity is higher around that temperature.34 Two Pirani
gauges �WPB-10-34, Ulvac Technologies� were used to mea-
sure the difference of the thermal conductivity of the two
kinds of gas. In a Pirani gauge, the thermal conductivity is
detected by the change in the heat divergence of the Pt re-
sistance of the filament. When the same current is supplied to
both resistances, the difference of the resistance temperature
�� the difference of the resistance values� depends on the
thermal conductivity difference. We detected the difference
of the resistances by using a bridge circuit, as shown in Fig.
7. The procedure is summarized as follows. First, both cham-
bers were filled with normal D2 gas at the same pressure of
300 hPa with accuracy of 0.1 hPa. After the stabilization of
the temperature at 77 K, the bridge circuit was balanced. The
normal-D2 gas in one of the chambers was replaced by the
sampled gas, whose ortho-para ratio was unknown, at the
same pressure. The unbalanced current due to the difference
in the thermal conductivity between the reference normal-D2

gas and the sampled gas was detected.

V. RESULTS AND DISCUSSION

By using the apparatus and techniques presented in Sec.
II, we produced ortho-para controlled D2 gas. The ortho-para
ratio was measured and analyzed with the Raman laser sys-

FIG. 6. Typical Raman spectrum with and without the edge pass filter. The
five peaks in each spectrum show the Ki=0→Kf =2, Ki=1→Kf =3, Ki=2
→Kf =4, Ki=3→Kf =5, and Ki=4→Kf =6 transitions. The Rayleigh peak
was strongly suppressed by the edge pass filter. The spectrum is for para
enriched D2.

FIG. 7. Schematic drawing of the thermal conductivity analyzer and the
bridge circuit to detect the difference between the resistances of the Pirani
gauges.
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tem and the thermal conductivity analyzer discussed in Sec.
III. In this section, we describe the results and the perfor-
mance of our system.

A. Raman spectra

The five obtained Stokes lines of the Raman scattering
for the various ortho-concentrations of D2 gas are shown in
Fig. 8. The peak at the lowest Raman shift corresponds to the
transitions from Ki=0 to Kf =2. The second to fifth peaks
correspond to the transition from Ki=1 to Kf =3, Ki=2 to
Kf =4, Ki=3 to Kf =5 and from Ki=4 to Kf =6, respectively.
The analysis method to obtain the ortho-para ratio was based
on a comparison between the unknown spectra of ortho-or
para-enriched D2 gas to the well-known spectra of
normal-D2 gas. The spectra were fitted to five Gaussian func-
tions with appropriate background functions. The yield of the
Raman scattering for Ki, Y�Ki�, is given by

Y�Ki� =
I

�I
4'�Ki�BKi,Kf

f�Ki� , �3�

where I is the incident laser flux, �I is the wavelength
�=473 nm�, '�Ki� is the total efficiency for a Ki-th Raman
scattered photon, BKi,Kf

is the Placzeck–Teller coefficient and
f�Ki� is the fraction of the state Ki. In our system, '�Ki� is
given by

'�Ki� =('rf�Ki�'SP�Ki�'CCD�Ki� , �4�

where ( is the solid angle for the light collection including
the efficiency of the optics, 'rf�Ki� is the transmission effi-
ciency of the edge pass filter, 'SP�Ki� is the transmission
efficiency of the spectrograph, and 'CCD�Ki� is the sensitivity
of the CCD detector. BKi,Kf

is theoretically given as
follows:18

BKi,Kf=Ki+2 =
3�Ki + 1��Ki + 2�

2�2Ki + 1��2Ki + 2�
, �5�

where EKi
is the rotational energy for state Ki and kB is Bolt-

zmann’s constant. Assuming a sharp linewidth, the yield ra-
tio between ortho �Ki=even� and para �Ki=odd� components
is proportional to the fraction ratio:

�Ki=oddY�Ki�

�Ki=evenY�Ki�
� �

�Ki=oddf�Ki�

�Ki=evenf�Ki�
, �6�

where the proportionality coefficient � was determined from
the data for normal D2 �fraction ratio=0.5�. In the present

analysis, the ortho concentration co was determined by five
Stokes lines Ki=0–4:

co �
1

1 + ��Ki=1,3Y�Ki�� ) ���Ki=0,2,4Y�Ki��
. �7�

Typical fitting results are also shown in Fig. 8. The uncer-
tainty, including systematic uncertainty, in the ortho-para ra-
tio of �2% was estimated in the analysis.

B. Dependence of conversion time in catalysis
method

The ortho-D2 concentration achieved by the catalytic
conversion depends on the conversion time. In order to in-
vestigate the conversion time dependence, D2 gas �30 l at
STP� was held in the para-to-ortho converter at 19 K and
then intermittently sampled after the conversion times of 3,
9, 20, and 30 h. Figure 9 shows the time dependence of the
ortho concentration. The ortho-para ratio of the sampled D2

gas for each conversion time was determined by Raman
spectroscopy. After about 1 day of conversion, the ortho-para
ratio stabilized at the equilibrium ratio. The time dependence
is fitted with a function

cortho = 1 − 0.333e−k1t, �8�

where cortho is the ortho concentration of the sampled gas and
k1 is the time constant of the conversion �fit parameter�. The
obtained time constant was k1=0.13�1� h−1 �Fig. 9�. We per-
formed similar measurements by using the thermal conduc-

FIG. 8. �Color online� Typical fitting results of Raman
spectra for normal and concentrated D2, showing the
Ki=0→Kf =2, Ki=1→Kf =3, Ki=2→Kf =4, Ki=3
→Kf =5, and Ki=4→Kf =6 transitions. The ortho-D2

concentration for each gas was determined as shown in
the figure.

FIG. 9. Dependence of the ortho-para ratio on the conversion time measured
by Raman spectroscopy. A fitting line is also shown. The operating tempera-
ture of the converter was 19 K. Conversion is almost complete after 1 day.
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tivity method �Fig. 10�. The time dependence of the mea-
sured unbalanced current iu is fitted with

iu = k2�cortho − 0.667� , �9�

where k2 is a proportionality coefficient �fit parameter� and
cortho is defined as Eq. �8�. We obtained k1=0.15�2� h−1 and
k2=25.2�8� �A from the thermal conductivity method. The
obtained time constant k1 was consistent with that using
Raman spectroscopy.

C. Para-enriched D2

We studied the dependence of the concentration of para-
enriched D2 on the experimental procedure and condition in
the present system without using liquid hydrogen coolant.
The obtained para-D2 concentration under various conditions
�initial adsorbed amount, ortho-para ratio of the flow gas,
amount of flow gas, equilibrium condition, disposal gas
amount, finally extracted yield, and ortho concentration� are
listed in Table I. Slowly flowing a sufficient amount of
normal-D2 gas �approximately twice the volume of the ad-
sorbed gas� was important to produce para-enriched D2 from

normal-D2 gas. Typically, about 20 l at STP of 50% ortho-D2

gas was produced from normal gas �ortho 66%� flow of
�60 l at STP with para converter No. 1 �first operation�. By
using the para-enriched D2 gas as a flow gas, we obtained
45% ortho D2 with para converter No. 2 �second operation�.
Furthermore, we obtained 38% ortho-D2 by using the 45%
ortho D2 gas obtained in the second operation as flow gas in
the third operation. The total gas consumption to make 5.2 l
of 21% ortho-D2 obtained in the fourth operation was about
500 l at STP. The separation coefficient is defined as

S = �cpara
a /cortho

a �/�cpara
g /cortho

g � , �10�

where cpara
a /cortho

a is the ratio of the adsorbed mole fraction of
para- and ortho-D2 and cpara

g /cortho
g is that in the gas phase.

The separation coefficient S�2.0 for our system was ob-
tained assuming that the conversion of gaseous and adsorbed
molecules is negligible. The value is similar to that in the
earlier measurements by using multistaging conversion cell
�S*3�,31 and is smaller than that for the withdrawing
method with liquid hydrogen Dewar �S�5�.17,32 By using
the double stage method similar to ours, Cunningham et al.
produced �3 l at STP of �25% ortho-D2.31 Our system
yields comparatively large amount of para-enriched D2 under
the safe operating condition without using liquid hydrogen
coolant. We did not observe significant dependence of the
achieved para-D2 concentration on the equilibrium tempera-
ture, 25–32 K, in the present study.

VI. APPLICATION TO �CF

We have performed d-d �CF experiments under a con-
trolled ortho-para ratio of D2 at TRIUMF laboratory in
Canada. By applying the apparatus and techniques developed
in the present study, we made D2 targets with a wide range of
ortho-para ratios �ortho 20%–99%� in solid, liquid and gas-
eous phases. These targets enclosed by copper target cells
were irradiated by muon beams �Fig. 2�. The gas analysis
with Raman spectroscopy method to determine the ortho-
para ratio was carried out before each experimental run to
confirm that the expected ortho-para ratio was achieved. The

FIG. 10. Dependence of the ortho-para ratio on the conversion time mea-
sured by the thermal conductivity method. Scales for measured unbalanced
current �right� and calibrated ortho concentration �left� are shown. The solid
line indicates a fitting result. The time for saturation is consistent with the
Raman spectroscopy results �Fig. 9�.

TABLE I. Summary of typical conditions for para-D2 enrichment. The ortho-para ratio of the extracted D2 gas
strongly depends on the flow gas condition, i.e., the amount and ortho-para ratio of the flow gas, as well as on
the equilibrium temperature and pressure. The temperature was monitored at the end of the cold head. Some of
the initially desorbed gas was separately extracted as a disposal gas.

Initial condition Flow gas condition Extraction

Converter
initial charge

�STP ��
Ortho
�%�

Flow
�STP ��

Temperature
�K�

Pressure
�hPa�

Disposal
�STP ��

Yield
�STP ��

Ortho
�%�

1 35.0 66 62.1 29.0 55 14.8 22.0 55
1 32.0 66 64.0 32.0 50 12.6 20.4 60
1 35.0 66 35.0 30.0 100 14.8 23.2 65
2 8.0 66 26.8 27.0 50 2.2 5.3 52
2 9.2 66 20.6 27.0 50 1.8 6.0 45

60 9.9 27.0 50
2 9.2 66 33.8 25.5 50 1.4 6.5 38

45 11.2 27.0 50
2 9.2 66 31.6 25.5 50 1.3 5.2 21

38 10.8 27.0 50
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analysis was also carried out after each run to check that the
ortho-para ratio had not changed during the experiment. We
did not observe significant changes of the ortho-para ratio in
gaseous, liquid, and solid D2 targets during the experimental
run within our uncertainty of 2%.

The main observable in the experiments was
2.5 MeV d-d fusion neutrons. These neutrons were detected
by using liquid scintillators NE213.14,15 The fusion neutron
spectrum, N�t�, is given by

N�t� = n�̃�NF=3/2�t� + NF=1/2�t�� , �11�

where NF=3/2�t� and NF=1/2�t� are the emission-time distribu-
tion of fusion neutrons from two d� hyperfine states. The
number of “resonant” fusion neutrons after resonant dd� for-
mation per muon, Yres=�NF=3/2dt, strongly reflects the ortho-
para dependence of the resonant molecular formation pro-
cess. The resonant fusion neutrons yield Yres is the most
important parameter from the point of view of energy pro-
duction. We extracted Yres from the observed fusion neutron
time spectra with a kinetics model in d−d�CF.3 On the other
hand, “nonresonant” fusion neutrons NF=1/2�t�, i.e., those
emitted following Auger-stabilized dd� formation from d�
atoms with F=1 /2, show no dependence on the ortho-para
ratio. The disappearance rate of NF=1/2�t� �� muon transfer
rate to impurity nuclei� observed in the experiments indi-
cated that nonhydrogen impurities were less than 1 ppm.

First, the dependence of the fusion neutron time spectra
on the ortho-para ratio in solid and liquid deuterium was
observed in the temperature range from 5.5 to 23.2 K.14 We
found that Yres was significantly decreased in ortho-D2, e.g.,
approximately 8% lower than that for normal-D2. This de-
pendence in solid and liquid phases are opposite to theoreti-
cal predictions for an isolated D2 molecule,5,6 where the fu-
sion neutron yield is enhanced approximately 6% in
ortho-D2.

We also have observed the dependence of d-d fusion
neutron time spectra on the ortho-para ratio in the gas
phase.15 Typical neutron time spectra for ortho-, normal-, and
para-enriched gaseous D2�T=38.4 K� and  =0.34, where  
is the deuterium density in units liquid-hydrogen �density
=4.25	1022 atoms /m�� are shown in Fig. 11�a�. The num-
ber of resonant fusion neutrons Yres for ortho-D2 was
12
3% higher than that for normal in the gas phase, which
was consistent with theoretical predictions for an isolated D2.

We also found that Yres for para-enriched D2 �ortho 38%�
was consistently decreased from those for normal- and
ortho-D2 �Fig. 11�a��.

The data for gaseous D2 were fitted with a linear func-
tion, Yres���= p1�+ p2, where p1 and p2 were fitting param-
eters. The weights for the �2 fit were determined as

weight = ���Yres�2 + �p1���2�−1. �12�

The parameters of p1=1.6�4�	10−2 and p2=Yres�0�
=0.030�3� were obtained. The dependence of Yres on the
ortho-para ratio in the gas phase differed drastically from
that in the solid and liquid phases �Fig. 11�b��. This fact
indicates that the resonance condition on the dd� formation
is changed by a high-density effect in d-d �CF reactions.

The existence of the clear ortho-para effect in d-d �CF
would warrant the importance of this effect in d-t �CF,
where the large effect, e.g., dt� formation rate for para-D2 is
approximately three times higher than that for normal-D2

around T=30 K, was theoretically predicted.5,6 The present
apparatus and techniques have been applied in d-t �CF ex-
periments with a pulsed muon beam at Rutherford Appleton
Laboratory in the UK �Ref. 35� and the first results have been
reported recently.36 The efforts to enhance the d-t fusion rate
toward “energy break-even” are continuing.

VII. CONCLUSION

We have developed and established experimental appa-
ratus and techniques for controlling the ortho-para ratio of
D2. Large volume of para-enriched D2 was collected without
using a liquid-hydrogen coolant for the first time. We suc-
cessfully produced D2 gasses of large volume �5–30 l at
STP� and high-purity �less than ppm� with a wide range of
ortho-para ratio �ortho 20%–99%� for �CF targets in solid,
liquid, and gaseous phases. By actually applying the devel-
oped system, we performed �CF experiments under a con-
trolled ortho-para ratio of D2. The ortho-para dependence of
the fusion neutron time spectra were clearly observed in the
solid, liquid, and gaseous phases. Such studies offered new
insights concerning the resonant muonic dd� molecular for-
mation. Further applications of the controlled ortho-para D2

gasses in d-t �CF experiments has been started.

FIG. 11. Fusion neutron time spectra for gaseous
ortho-, normal-, and para-enriched D2 �a� and the de-
pendence of the emission number of resonant fusion
neutrons on the ortho concentration in solid �5.5 K�,
liquid �23.2 K� �Ref. 14�, and gaseous �38.4 K� deute-
rium �b�. A fitting straight line is also drawn. The target
density of gaseous deuterium is 0.34 liquid-hydrogen
density.
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Abstract

The ortho–para dependence of d–d fusion neutrons time spectra was investigated in wide range of the target densities at similar temperatures
[φ = 0.86 liquid-hydrogen density (LHD), T = 35 K for liquid and φ = 0.03–0.17 LHD, T = 36 K for gas]. The result showed significant
density dependence. For the first time, a delayed transient structure in the spectra that depends on the ortho ratio, presumably due to the slow dμ

thermalization, was found in gaseous D2, whereas no significant structure was observed in liquid. The resonant ddμ formation rates in the gas
phase were extracted considering the structure.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Muon catalyzed fusion; Density effect; Ortho deuterium; Para deuterium

1. Introduction

Among a variety of muon-catalyzed fusion (μCF) reactions
in hydrogen isotopes, the resonant muonic molecular forma-
tion plays an essential role because it primarily determines how
many fusion reactions take place within a muon lifetime of
2.2 μs. The resonant ddμ formation in pure deuterium [1] oc-
curs in a similar way to the dtμ formation in deuterium–tritium
mixture. A ddμ molecule is formed resonantly from a dμ atom
because of a shallow bound state (∼ −2 eV) in the ddμ mole-
cule with the rotational and vibrational state (J, ν) = (1,1):

(1)(dμ)F + (D2)Ki ,νi
→ [

(ddμ)dee
]∗
Kf ,νf

(F denotes hyperfine state, Ki and νi are initial rotational and
vibrational quantum numbers and Kf and νf are the final ones),

* Corresponding author.
E-mail address: imao@riken.jp (H. Imao).

where the collision energy of incident particles and the ddμ

binding energy are transmitted to the final rotational and vibra-
tional energy of the muonic molecular complex of [(ddμ)dee].
As a competing process, the hyperfine transition from F = 3/2
to F = 1/2 and the thermalization of dμ energy takes place. At
our observed temperatures (� 36.2 K), dμ with F = 3/2 res-
onantly forms ddμ at the rate of approximately two orders of
magnitude higher than that of the non-resonant ddμ formation
rate from dμ with F = 1/2, λ̃ 1

2
.

The resonant ddμ formation rate λ̃ 3
2

is sensitive to the dμ

kinetic energy and the thermal motion of D2 because they are
of the same order as the resonance energy, which is required
to match the resonant condition. The resonance energy is de-
fined as the energy difference between the initial atomic and
molecular states, i.e., the dμ hyperfine state and the rotational
state of D2, and the final states, i.e., the spin state of ddμ and
the rotational and vibrational state of [(ddμ)dee]. The reso-
nance energies on various initial and final states were deter-

0370-2693/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2007.10.068
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mined by a theoretical fitting to the temperature dependence
of λ̃ 3

2
extracted from PSI data only with normal-D2 gas, i.e.,

67% ortho-D2 (Ki = even) and 33% para-D2 (Ki = odd), as-
suming the rapid dμ thermalization [2–5]. Whereas the theory
with the resonance energies predicts a rapidly decreasing for-
mation rate as the temperature drops, high formation rates in
the solid phase were reported by several groups [6–9]. The de-
pendence of the rates on the ortho–para ratio observed in the
solid and liquid phases (φ ∼ 1.2 LHD) [10] did not agree with
the theory, which predicted a higher rate in ortho-D2 [11,12].
The recent theories taking into account the dμ slow thermal-
ization mechanism and the shift and broadening of the resonant
condition due to correlations between D2 molecules in the solid
phase [13,14] have not yet succeeded in completely explaining
the ortho–para dependence.

The systematic study of the dependence of the resonant ddμ

formation on the target density at fixed temperature (density ef-
fect) is necessary to resolve the discrepancies. Such study has
not been realized in the previous experiments with normal-D2.
By performing the ortho–para controlled μCF experiment in
wide range of target densities at similar temperatures, we can
directly investigate the density dependence of resonant condi-
tion both for ortho- and para-D2. Such an experiment is not only
a sensitive test of the existing μCF theories but also a novel ap-
proach to investigate the density effect for extending the theory
to high densities.

2. Experiment

We measured the emission-time distribution of d–d fusion
neutrons from ortho–para controlled deuterium both in liq-
uid (φ = 0.86 LHD, T = 35.0 K) and gas (φ = 0.17 LHD,
T = 36.2 K) phases. The measurement was performed at the
TRIUMF M9B muon channel. We changed the μ− beam mo-
mentum in the range of 48–52 MeV/c for different target
densities. A cross-sectional view of the experimental setup is
shown in Fig. 1. The coincidence signal of two muon beam-
line counters (B1, B2) opens a 14-μs gate for data taking.
Four NE-213 liquid scintillators (diameter 5′′ and length 2′′,
N1–N4) for detecting 2.5-MeV d–d fusion neutrons covered a
large solid angle (∼ 40% of 4π ) around the deuterium target.
The high detection efficiency was especially required for low-
density targets. Muon-decay electrons were detected by using
four pairs of plastic scintillation counters (E1–E8). We used two
types of bullet–shaped target cells made of oxygen-free high-
conductivity (OFHC) copper for the gas (50 mm in diameter
and 120 mm in length) and the high-temperature liquid (30 mm
in diameter and 55 mm in length) targets, respectively. These
cells were designed to sustain a maximum operating pressure of
12.2 bars (e.g., vapor pressure of normal-D2 at 35 K is 10.5 bars
[16]).

We used deuterium with wide-ranging ortho–para ratios, i.e.,
50%, 55%, 66% (normal) and 99% ortho-D2. Para-enriched D2
target was required not only to enhance the ortho–para depen-
dence of observable but also to ensure the consistency of the dif-
ference in ortho and normal targets. Gaseous para-D2 was col-
lected by using the preferentially adsorption method [17]. As an

Fig. 1. Schematic view of the experimental setup. The 30-cc cell for high-tem-
perature liquid target is placed in the vacuum chamber.

adsorbent, we used grained γ -alumina powder (10–20 mesh),
which was filled in an OFHC copper cell at a temperature of
30 K. By keeping normal-D2 gas flowing through the adsorbent,
55% ortho-D2 gas (typically 20 STP-liter in one operation) was
collected. For further para concentration (e.g., ortho 50%) the
55% ortho-D2 was used as the original gas. We used the para-
magnetic conversion method [17] to produce ortho-rich D2. In
order to measure the ortho–para ratio, the Raman spectroscopy
method was employed. The gas analysis was performed before
and after each experimental run to check that the ortho–para
ratio was not changed during the run.

In the analysis to obtain d–d fusion neutrons time spectra,
the delayed-electron condition [15] was essential. The back-
ground neutrons due to the muon nuclear capture reactions
were strongly suppressed by requiring the muon-decay electron
to be detected between 0.3 and 5 μs after the neutron signal.
The remaining background under the delayed-electron condi-
tion mainly came from ambient neutrons with no correlation to
muon arrival. The time distribution of background neutrons was
determined by using the observed distribution with the hydro-
gen target.

3. Results and discussion

3.1. Density effect and delayed structure

Fig. 2 shows observed emission time spectra of d–d fusion
neutrons from ortho- and para-enriched D2 target in the liq-
uid (a) and gas (b) phases, respectively. The numbers of fusion
neutrons are normalized by both the number of muons stopped
in the target and the density φ. Because the collision reaction
rates between dμ and D2 are linearly proportional to the tar-
get density, the obvious density dependence is removed. The
ortho–para dependence of the spectra with 35-K liquid D2 and
that with 36.2-K gas D2 are clearly different even they are at
similar temperatures, i.e., density effect.

The ortho–para dependence for 35-K liquid D2 emerges in
the prompt time region of the spectra. The neutrons yield in the
prompt region in ortho-rich D2 is lower than that in normal-D2,
which is opposite to the theory but is similar to that observed in
3.5–18-K solid and 19–23-K liquid [10]. The resonant ddμ for-
mation rate, λ̃ 3

2
, and the hyperfine transition rate, λ̃ 3

2
1
2

in 35-K
liquid D2 were extracted by fittings with a theoretical time dis-
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Fig. 2. Fusion neutrons emission time spectra for ortho- and para-enriched D2
in 35.0-K liquid (a) and 36.2-K gas (b). The emission time after muon injection
normalized by the target density is also shown. The solid and dotted lines are fit-
ting results for ortho- and para-enriched D2 with exponential functions derived
from a static kinetics model in d–d μCF [4], respectively. The upper-right in-
set of (b) shows the spectrum for ortho-D2 on a logarithmic scale. The fast
component cannot be described by an exponential time spectrum.

Table 1
The resonant ddμ formation rate λ̃ 3

2
and the hyperfine transition rate λ̃ 3

2
1
2

for

35-K liquid D2 with different ortho–para concentrations

Temp. [K] φ [LHD] Ortho [%] λ̃ 3
2

[μs−1] λ̃ 3
2

1
2

[μs−1]

35.0 0.86 55(1) 3.53(9) 33.2(5)
66(1) 3.40(9) 32.1(6)
99(1) 2.99(5) 29.2(5)

tribution function derived from a static kinetics model for d–d

μCF [4] (Table 1).
In the gas phase, we found that the neutron time spec-

trum for 36.2-K gas D2 had a delayed structure that depends
on the ortho concentration with overlapping exponential spec-
trum. This delayed structure was prominent in the spectrum
for ortho-D2 gas. Such structure did not clearly appear in the
spectra for 35-K liquid D2. We note that it is difficult to no-
tice this delayed structure only by analyzing the neutron time
spectra with normal-D2. A similar delayed structure was also
clearly observed in the spectra at the lower target densities
(e.g., φ = 0.03 and 0.07 LHD). The fusion neutron yield in the

prompt time region (e.g., 0–500 ns) for 36.2-K gas D2 decreases
with decrease in the ortho concentration. This tendency is con-
sistent with the theory for isolated D2 [11]. From the spectra
for 36.2-K gas at φ = 0.17 LHD, we also extracted the rates
λ̃ 3

2
= 4.1(1) μs−1 and λ̃ 3

2
1
2

= 37.2(5) μs−1 for normal-D2 and

the rates λ̃ 3
2

= 4.2(3) μs−1 and λ̃ 3
2

1
2

= 38.5(5) μs−1 for para-
enriched D2 (50% ortho) by using the static model. The rates in
normal-D2 are consistent with the PSI data, λ̃ 3

2
= 3.96(6) μs−1

and λ̃ 3
2

1
2

= 36.6(7) μs−1 observed at φ = 0.0514 LHD [5].
However, the spectra for ortho-D2 gas strongly deviate from
exponential functions in the time region around ∼150 ns. The
delayed structure cannot be explained by the conventional the-
ory assuming the rapid dμ thermalization, which predicts an
exponential time spectrum for the resonant d–d fusion neu-
trons. Our result indicates the slow dμ thermalization taking
more than at least 150 ns in gas D2.

The transient ddμ formation from dμ atoms in the thermal-
izing stage, which was ignored in the static kinetics model of
d–d μCF, possibly causes the observed delayed structure. In
d–t μCF, a significant contribution to the transient dtμ for-
mation of epithermal tμ in low density targets was reported
[18]. This is caused by strong resonance at tμ kinetic energy
of several hundred meV and tμ acceleration mechanism due to
muon transfer and spin-flip process. In our case, the energy re-
gion of dμ participating the transient process should be much
lower. The delayed structure depends on the two ortho–para
states. The difference between the dμ deceleration process in
ortho- and para-D2 is negligible in the gas phase due to large D2
thermal motion [19]. Therefore, the resonant conditions with
the lowest resonance energies for ortho- and para-D2 at several
meV dominantly contribute to the transient ddμ formation.

The origin of the structure would be understood as follow-
ings. The theoretical deceleration rate of dμ(F = 3/2) atoms at
energy higher than ∼0.1 eV is quite rapid (∼ 109φ s−1) [19]. In
this initial rapid cooling stage of ground-state dμ (> 0.1 eV),
the dμ energy distribution at 36.2 K is very broad because of
the large energy loss. These dμ atoms cause fusion-neutron
emissions independently of the ortho–para ratio in the prompt
time region. In the further dμ deceleration stage (slow ther-
malization stage), the population of dμ(F = 3/2) atoms sat-
isfy the lowest resonance conditions for ortho- and para-D2,
which causes the ortho–para dependence of the delayed tran-
sient structure.

3.2. Time dependent ddμ formation rate

In order to extract meaningful parameters from the spectra
with the transient structure, time dependent analysis methods
are required. We analyzed the time spectra for gas D2 taking
account of the time evolution of the resonant ddμ formation,
λ̃ 3

2
(t), in the early time region. The contribution of λ̃ 3

2
(t) to

λ̃ 3
2

1
2

through the back decay process of the molecular complex
is included as [4]

(2)λ̃ 3
2

1
2
(t) = λ̃scat

3
2

1
2

+
Γ 1

2
1
2

λ̃f

(
λ̃ 3

2
(t) − λnr

)
,
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Fig. 3. Time-dependent resonant ddμ formation rates extracted from fusion
neutrons spectra in 36.2-K gas D2 at φ = 0.17 LHD. The ortho concentrations
are 99% (black), 66% (gray) and 50% (white), respectively.

where λ̃scat
3
2

1
2

is the hyperfine transition rate via scattering, Γ 1
2

1
2

is

the back-decay rate from the ddμ with the spin state S = 1/2
to the dμ with F = 1/2 and λ̃f is the d–d fusion rate in the
ddμ molecule. In this analysis, Γ 1

2
1
2
/λ̃f was fixed to a the-

oretical value 2.6 [20] and λ̃scat
3
2

1
2

was a fitting parameter. The

effective number of muons stopped in the target, ñμ = nμεn

(nμ is number of muons stopped in the target, εn is total de-
tection efficiency for fusion neutrons) were determined by the
analysis in the steady-state region of spectra (e.g., after 1000 ns
for φ = 0.17 LHD) with a fixed non-resonant ddμ formation
rate λ̃ 3

2
= 0.049 μs−1. The observed fusion neutron spectrum

N(t) is given by [4]

(3)N(t) � ñμ

∑

F

βF φλ̃F NdμF (t),

where βF is the branching ratio for fusion neutron from dμ

with F , φ is the target density in LHD and NdμF and λ̃F are
the population and the ddμ formation rate of dμ with F , re-
spectively.

The rate of λ 3
2
(t) was determined by a stepwise approach

starting with t = 0. From the comparison between N (t ) and
NdμF (t ) at the time t = t0, we determined λ 3

2
(t0). The time

derivative of NdμF at t0 was calculated by using λ 3
2
(t0) and

Eq. (2), and then the time evolution after dt , NdμF (t0 + dt),
was determined. After t = 200 ns, a constant value of λ̃ 3

2
was

assumed as a steady-state formation rate at 36.2 K. The ex-
tracted λ 3

2
(t) for each ortho concentration is shown in Fig. 3.

The rate λ̃scat
3
2

1
2

= 25(2) μs−1 was also obtained in the fitting.

The steady-state resonant rate for normal D2 extracted in the
time-dependent analysis method approximately coincides with
that obtained in the conventional analysis with the exponential
function due to the small deviation from the exponential func-
tion.

The steady-state rate for 99% ortho-D2 is 24(5)% larger than
that for normal-D2, which is a similar tendency to the theory
(∼ 6%) [11].

Fig. 4. Temperature dependence of the resonant ddμ formation rate. We note
that the rates at φ = 0.17 LHD were extracted in the time-dependent analysis.
The rates at φ = 0.86 LHD and all other rates in previous experiments were
extracted with the conventional static model.

Obtained rates of λ̃ 3
2

as a function of temperature are plotted
in Fig. 4 with those in other experiments. A large density depen-
dence of the resonant ddμ formation, especially for ortho-D2,
can be clearly seen. The resonant ddμ formation rate in ortho-
D2 at φ = 0.17 LHD is 71(10)% higher than that at φ = 0.85
LHD. The dependence is opposite to that in resonant dtμ for-
mation, where the rate increases with increasing density most
likely due to the three-body effect caused by the sub-threshold
resonance [21,22].

4. Conclusion

In conclusion, we found the density dependence of the fu-
sion neutrons spectra for various D2 with different ortho–para
concentrations. In the emission-time spectra with ortho-rich gas
D2, the delayed structures have been observed for the first time.
Because of the ortho–para dependence, the delayed structure is
interpreted as the effect of the transient ddμ formation of non-
thermalized dμ atoms. The steady-state resonant ddμ molec-
ular formation rates for ortho–para controlled D2 were deter-
mined taking the transient ddμ formation into account. The
ortho–para dependence of the neutron yield and the extracted
rates in the gas phase was opposite to that observed in the liquid
phase, which was the experimental evidence of high-density ef-
fects in resonant ddμ formation, especially in ortho-D2. Further
theoretical investigation of high-density effects in ddμ forma-
tion (e.g., rotational and vibrational levels of [(ddμ)dee]∗ at
a high density, the contribution of the sub-threshold resonance
caused by the three-body effect) and in dμ thermalization (e.g.,
competition with ddμ formation in gas D2) is required.
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An elemental analysis method using muonic X-rays has been developed. Applying the unique features of the negative muon, this method enables 
elemental distribution in an object to be obtained three dimensionally and non-destructively. Especially, by choosing the incident muon beam 
energy, depth-profiling as deep as several cm from the surface can be achieved by detecting the high energy muonic X-rays carrying the 
information of the atom which captured the muon. We obtained some preliminary results and showed the applicability of the technique in future 
analytical facilities. 

Introduction 

The elemental composition of archaeological relics, 
antiquities and artifacts is useful information to 
understand the history of technology and the 
propagation of culture. Especially, the composition of 
materials inside bulk samples gives important 
information. The destruction of precious samples should 
be avoided, and so there is an increasing need for non-
destructive elemental analysis methods. Requirements 
for the analysis of historical and archaeological samples 
are summarized as follows: (1) simultaneous and multi-
element; (2) non-destructive, without residual activity; 
and (3) regioselective analysis bulk samples analysis of 
inside material: elemental analysis as well as two 
dimensional scan, since the surface has usually 
deteriorated and is contaminated. There are a variety of 
elemental analysis methods, but few satisfy these three 
criteria. Optical emission spectroscopic methods like 
ICP require chemical decomposition and cause damage 
to the sample. Activation analysis is suitable for 
simultaneous and multi-element purposes, but achieving 
site specificity without sample destruction is not easy. 
Charged particle or photon excitation X-ray fluorescence 
analysis is limited in depth due to the self-absorption of 
the low energy of electronic X-rays. 

The negative muon ( –) is a lepton and one of the 
elementary particles with a lifetime of 2.0 s, decaying 
into an electron and two neutrinos.1 The negative muon 

– has a mass of 105.7 MeV.c–2, nine times lighter than 
the proton, but two hundred times heavier than the 
electron. So, a – with an atomic nucleus can form a 
muonic atom in which – orbits around the nucleus with 
a binding energy corresponding to an orbital with an 
average radius two hundred times smaller than the 
electronic one. Since the atomic energy levels are 
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approximately proportional to the mass of the orbiting 
negative particle, the – is two hundred times more 
strongly bound to the nucleus compared with the 
electrons. 

Negative muons entering materials lose kinetic 
energy and are eventually captured by atoms to form 
muonic atoms.2 After atomic capture, the negative muon 
experiences a cascade transition from higher orbitals to 
lower ones with emission of muonic X-rays. The energy 
of a muonic X-ray is again two hundred times greater 
than the corresponding electronic X-rays (Table 1).3 The 
probability of muon capture by an atom is known to be 
approximately proportional to the atomic number (Z) of 
the capturing atom, which is known as the FERMI-
TELLER law.4 The yield of muonic X-rays from the 
material is proportional to the atomic density of the 
element in the material as a first approximation. It is 
known that there is some deviation from the Fermi-
Teller law depending on the chemical state of the 
capturing atom,5,6 but a suitable material chemically 
similar to the target will work as a standard for 
qualitative analysis. Every atom in the target has a 
muonic X-ray emission probability which depends on 
their abundance. Detection of all elements is possible 
using proper semiconductor detectors effective over the 
required photon energy range. All elements present in 
sufficient amounts are detected. 

 

Table 1. Typical muonic X-ray energy in keV 

Element K  K  L  L  
C 75.8 89.2 13.9 18.8 
O 134 158 24.8 33.5 
Al 347 422 65.8 88.8 
Fe 1256 1704 264 357 
Cu 1513 2126 307 444 
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Table 1 shows some typical muonic X-ray energies. 
The energy extends up to several MeV depending on Z. 
Muonic X-rays emitted inside the target can be 
measured easily by gamma-ray detection devices. 
Normally, particle accelerators used for muon beam 
production provide muon beams with muon kinetic 
energies in the range of sub MeV to over a hundred 
MeV. Muons in this energy region have a stopping 
range in the orders of mm to cm in bulk materials. By 
varying the incident energy of the muon beam, it is 
possible to control the muon penetration depth and 
obtain elemental depth-profiles by measuring the 
muonic X-rays emitted from the sample. Since muonic 
X-ray can penetrate the bulk sample, elemental analysis 
without destroying the sample is possible. By changing 
the target position to the beam, two-dimensional element 
mapping can be carried out. Additional three-
dimensional elemental mapping eliminates the 
possibility of improper sampling caused by 
inhomogeneity of the sample. An additional advantage 
of this method is that the measurement can be carried 
out under atmospheric conditions because muonic  
X-rays have high energy while PIXE requires samples to 
be placed in vacuum. Since the timescale of the atomic 
capture of a negative muon and its cascade down with 
emission of muonic X-rays is less than ns and much 
shorter than the lifetime of the muon (which depends on 
the nucleus capturing the muon, because a negative 
muon in a 1s state is captured by the nucleus similarly 
with the EC decay), every muon stops in the target 
yields more than one muonic X-ray photon. The 
fluorescence yield is high. 

In summary, muonic X-ray measurement is a unique 
elemental analysis method satisfying the three 
conditions mentioned above. While the principle of 
elemental analysis by muonic X-ray has been known for 
a long time, only a few attempts were made to apply it. 
We now wish to report our development of a muonic  
X-ray measurement system and our preliminary results. 

Experimental 

The muon beam utilized was provided at the Meson 
Science Laboratory (MSL) at the High Energy Physics 
Accelerator Organization (KEK) in Tsukuba, Japan. The 
muon beam was prepared by irradiating a beryllium 
target with a 500 MeV proton beam to produce pions. 
The pion decays into a muon and two neutrinos with a 
lifetime of 26 ns. At the -port of MSL, muon beams 
with particle momenta of 40 to 70 MeV.c–1 were used. 

In this energy range the facility had maximum beam 
intensity of about 103 stopping negative muons per pulse 
in the 20 Hz pulse mode beam operation. Muons were 
obtained as the decay product of the pion. The beam size 
was 3 cm in diameter in FWHM and was collimated 
when a sharp beam was needed. Four CZT (cadmium 
zinc telluride) detectors (AmpTec), covering the energy 
range of up to several hundred keV, and two HPGe 
detectors (Eurisys and Princeton Gamma Tech.), for 
100 keV to 2 MeV photons, were arrayed around the 
target. 

Several pure elemental materials were chosen for the 
first feasibility study. The target materials were placed 
in the beam as a self-supported target or put on a thin 
styrofoam target holder. For a check of applicability to 
archeological artifacts, a bronze mirror made in the first 
century BC in China was analyzed and also a model 
Tang San Cai horse was examined. Preliminary depth-
profiling capability was studied using three aluminum 
plates with different thicknesses and a copper plate. 
Since changing the beam energy by adjusting the current 
in many beam line magnets is consuming, a copper 
target was initially positioned in the beam, and then 
aluminum plates of different thicknesses were placed 
with the copper plate on the upstream beam side, and the 
yield of copper and aluminum muonic X-ray yields were 
measured. Typical measurement runs took 10 to 20 
hours for accumulating a statistically sufficient amount 
of data. 

Results and discussion 

A typical muonic X-ray energy spectrum for Cu 
observed with a CZT detector is shown in Fig. 1. Photon 
energies and corresponding X-ray types are given. The 
energy of muonic CuK  is 1512 keV. Other L and 
M series lines were also clearly detected. An 
annihilation photon and electronic Pb X-rays from the 
shield were observed. No other significant peaks were 
observed. 

The ancient Chinese bronze mirror gave the muonic 
X-ray energy spectrum detected by an HPGe detector 
shown in Fig. 2. Peak area evaluation yielded an atomic 
ratio of Cu : Sn = 85 : 15 with 10% uncertainty. The 
number of counts was rather low due to limitations in 
beam intensity and the peak area estimation error was 
large. Chemical analysis of the sample showed 
Cu : Sn = 74 : 26. An increased number of counts would 
be expected to yield an elemental composition value 
close to the chemical analysis. 
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Fig. 1. Muonic X-ray spectrum of copper 

 
 

 

Fig. 2. Muonic X-ray spectrum of an ancient Chinese bronze mirror 
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A depth-profiling test result with Al and Cu plates is 
shown in Fig. 3. The base sample was a 2 mm thick 
copper plate. Three Al plates of the same shape with 
different thicknesses were placed upstream in the muon 
beam. As the thickness of the Al plate increased, the 
muonic X-ray yield increased for Al but decreased for 
Cu. An approximate depth-profiling of elements was 

achieved. If the muon stopping range had been sharp 
and the momentum byte (energy distribution) of the 
beam had been very narrow, all the muons should have 
stopped at the same depth from the surface. But in the 
real situation, the stopping range was broadened by the 
finite energy distribution of the beam and the 
longitudinal straggling of the beam particles. 

 

 

Fig. 3. Depth-profiling experiment result. Three Al plate with 3 mm, 7 mm, 8.4 mm were placed upstream of a Cu plate. 
Al and Cu muonic X-ray yields were plotted 

 

Fig. 4. Muonic X-ray spectrum recorded using a CZT detector of a model Tang San Cai horse 
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Figure 4 shows a muonic X-ray spectrum recorded 
with a CZT detector for the model Tang San Cai horse. 
The sample dimension was about 20 cm long and 12 cm 
high. Various muonic X-rays from Mg, Al, Si, Ca etc. 
were observed. The sample was simply placed in the 
muon beam and the spectrum manifested the elemental 
composition of the model. 

Conclusions 

We developed a muonic X-ray elemental analysis 
system. A feasibility study of the non-destructivity, 
multi-elementality and depth-selectivity of the method 
was undertaken. Though the beam intensity limited  
the statistics, the key advantages of the negative muon 
approach were demonstrated. Unfortunately the 
 

KEK-MSL facility was shut down in 2006. A new high 
intensity muon beam facility is now under construction 
in Tokai-mura in Japan. On completion, the facility is to 
provide a muon beam with an intensity 103 times higher 
than that used in this study. Muonic X-ray analysis will 
become a useful technique at that site in the near future. 
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Superfluid density (ns) in the mixed state of an iron pnictide superconductor Ba1�xKxFe2As2 is
determined by muon spin rotation for a sample with optimal doping (x ¼ 0:4). The temperature
dependence of ns is perfectly reproduced using the conventional BCS model for s-wave paring, where the
order parameter can be either a single-gap structure with � ¼ 8:35ð6ÞmeV [2�=kBTc ¼ 5:09ð4Þ] or
double-gap structure with �1 ¼ 12meV (fixed) [2�1=kBTc ¼ 7:3] and �2 ¼ 6:8ð3ÞmeV [2�2=kBTc ¼
4:1ð2Þ]. The latter is consistent with the recent result obtained by the angle-resolved photoemission
spectroscopy. The large gap parameters (2�=kBTc) indicate the extremely strong coupling of carriers to
bosons that mediate the Cooper pairing.

KEYWORDS: oxypnictide superconductor, order parameter, muon spin rotation
DOI: 10.1143/JPSJ.78.023710

The recent discovery of high-Tc superconductivity in
LaFeAsO1�xFx (LFAO-F, Tc ’ 26K) and of related com-
pounds1–14) has attracted broad attention regarding the
mechanism of superconductivity on Fe2As2 layers that show
some apparent similarities with CuO2 layers. They have a
common feature, that is, the superconductivity occurs upon
carrier doping to the transition metal oxide/pnictide layers
that exhibit instability towards magnetic order at low
temperatures. In the case of LFAO-F and its family
compounds, electrons are introduced by the substitution of
O2� with F� in the La2O2 layers.1–4) Moreover, very recent
developments demonstrate increasing variety in the methods
of electron doping such as oxygen depletion5,6) or Co
substitution for Fe.7–10) In contrast, hole doping is attained in
AFe2As2 (A ¼ Ba, Sr, Ca) by the substitution of divalent
cations (A2þ) with alkali metals (Bþ).11–14) This situation
provides an excellent opportunity to examine the ‘‘electron-
hole symmetry’’ regarding the superconducting properties of
iron pnictides, which is also one of the major issues in
cuprates.

Microscopic evidence shows that the parent compound
BaFe2As2 exhibits magnetic order (SDW) below 140K,
which is accompanied by a structural phase transition.15,16)

The situation is common to Sr1�xKxFe2As2,
17) and it is

suggested that the electronic ground state of Fe2As2 layers in
the parent compound is quite similar to that in LaFeAsO.
However, the doping phase diagram is markedly different
from LFAO-F, because it exhibits superconductivity over a
wide range of hole content p ¼ x=2 (per FeAs chemical
formula) from 0.05 to 0.5 that far exceeds LFAO-F (i.e.,
0:06 	 x 	 0:2).12) The phase diagram is also characterized
by a bell-shaped variation of Tc against x, where the
maximal Tc ’ 38K is attained near x � 0:4 (p � 0:2).
Considering the manifold nature of electronic band structure
of Fe2As2 layers suggested by theories,18–20) this difference
may be attributed to that of the bands relevant to the doped

carriers. Here, we report the result of our �SR study on
Ba1�xKxFe2As2 (BKFA) for samples with x ¼ 0:1
(Tc < 2K) and 0.4 (Tc ’ 38K). The result indicates that,
while the magnetic ground state for x ¼ 0:1 is mostly
identical with that of other pristine iron pnictides, the
superconducting property in the optimally doped sample is
characterized by gap parameters that are much greater
than those of LFAO-F21–23) and CaFe1�xCoxAsF (CFCAF,
another subclass of electron-doped iron pnictide super-
conductor).24)

Polycrystalline samples of Ba1�xKxFe2As2 with nominal
compositions of x ¼ 0:1 and 0.4 were prepared by a solid-
state reaction using Ba (99%, Furuya Metal), K (99%,
Kojundo-Kagaku), Fe (99.9%, Kojundo-Kagaku), and As
(99.9999%, Furuchi Chemical) as starting materials; the
details of the preparation process are described in an earlier
report.14) Concerning the K-doped samples, the reproduci-
bility of synthesis was improved with the use of barium and
potassium arsenides as precursors. The purity of as-grown
samples (sintered slabs with a dimension of �10� 12 to
15� 1mm3, net weight of �0:3 g) was examined by powder
X-ray diffraction using a diffractometer with a graphite
monochromator (MultiFlex, Rigaku). All the observed
diffraction peaks in the sample with x ¼ 0:4 were perfectly
reproduced with those of the single-phase compound,11)

while a minor unknown impurity phase (�2%) was observed
for x ¼ 0:1. Conventional �SR measurements were per-
formed using the LAMPF spectrometer installed on the M20
beamline of TRIUMF, Canada. During the measurement
under a zero field (ZF), the residual magnetic field at the
sample position was reduced below 10�6 T with the initial
muon spin direction parallel to the muon beam direction
[P�ð0Þ k ẑz]. Time-dependent muon polarization [GzðtÞ ¼
ẑz � P�ðtÞ] was monitored by measuring the decay-positron
asymmetry along the ẑz-axis. Transverse field (TF) condition
was realized by rotating the initial muon polarization so that
P�ð0Þ k x̂x, where the asymmetry was monitored along the x̂x-
axis to obtain GxðtÞ ¼ x̂x � P�ðtÞ. All the measurements under
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a magnetic field were made by cooling the sample to the
target temperature after the field equilibrated.

Figure 1 shows the �SR spectra obtained upon muon
implantation to the sample with x ¼ 0:1 under zero external
field, where one can readily identify an oscillatory signal
with multiple-frequency components in the spectrum at 2K.
The Fourier transform of the spectrum indicates that there
are actually two components, one approaching to �1 ¼
27:0ð1ÞMHz and another to �2 ¼ 6:53ð2ÞMHz [at 2K,
corresponding to internal fields of 0.20(1) and 0.0482(1) T,
respectively]. This is consistent with an earlier result of a
�SR study in Ba1�xKxFe2As2, where signals were observed
at 28.8 and 7MHz in a parent compound (x ¼ 0).16) While
the quality of their K-doped sample (x ¼ 0:45) seems to
have some problem regarding homogeneity (see below), its
magnetic phase exhibits a tendency that �1 is slightly
reduced (�26 to 27MHz). This is quite in line with the
slight reduction of �1 observed for our sample with x ¼ 0:1,
and naturally understood as a result of enhanced itinerant
character for d electrons in K-doped compounds. The
magnitude of the internal field probed by �SR is close to
that observed in LFAO (�23 and 3MHz),21,25) and thus, it is
suggested that the high-frequency component corresponds to
the signal from muons situated on the Fe2As2 layers (while
the low-frequency component coming from those located
near the cation sites). The onset temperature for the high
frequency component is close to 140K, which is also
consistent with earlier reports.15,16)

On the other hand, it is inferred from ZF-�SR spectra in
Fig. 2 that no trace of magnetism is found in the sample with
x ¼ 0:4. This is in marked contrast with the earlier report
on �SR measurements in a sample with x ¼ 0:45 where a
magnetic phase seems to dominate over a large volume
fraction (�80%).16) Concerning the bulk superconducting
property, the quality of our specimen can be assessed by
looking into magnetization data, which is shown in Fig. 3(a).
The sharp onset as well as a large Meissener fraction (
4�
for ZFC) confirms the excellent quality of the present
specimen.

The �SR time spectra under a transverse field (�0H ¼
0:1T) is shown in Fig. 2, where the envelop of the damping
oscillation is extracted (by displaying on a rotating reference
frame). It exhibits depolarization towards zero, indicating
that the entire sample falls into the flux line lattice state
to exert strongly inhomogeneous internal field [BðrÞ] to
implanted muons. The lineshape is well represented by a
Gaussian damping, and the analysis is made by curve fit
using the following model function,
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Fig. 1. (Color online) ZF-�SR time spectra observed at 190 and 2K in
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GxðtÞ ¼ exp � 1

2
ð�2N þ 	2

s Þt2
� �

cosð2� fst þ �Þ; ð1Þ

where 	s ¼ ��hðBðrÞ � B0Þ2i1=2 with B0 ’ �0H being the
mean value of the local field BðrÞ,26) 2� fs ’ ��B0 (with
�� ¼ 2�� 135:53MHz/T), and �N is the depolarization due
to random local fields from nuclear magnetic moments. For
the extraction of 	s, �N is determined by curve fits above Tc
and then subtracted from the total linewidth obtained for the
spectra below Tc.

The deduced linewidth, 	s, is plotted against temperature
in Fig. 3(b), where 	s is the quantity proportional to the
superfluid density ns,

	s /
1

�2
¼ nse

2

m�c2
; ð2Þ

where � is the effective London penetration depth and m� is
the effective mass of the superconducting carriers. Com-
pared with the results of �SR studies in LFAO-F21–23) and
that recently obtained for CFCAF,24) it is clear that 	s rises
relatively sharply just below Tc, and becomes mostly
independent of temperature below 15K (’ 0:4Tc). A curve
fit using the power law, 	s ¼ 	0½1� ðT=TcÞ
�, yields 
 ¼
4:08ð5Þ, which is perfectly in line with the prediction using
the conventional BCS model for s-wave pairing. The gap
parameter is obtained with a fit using the weak-coupling
BCS model to yield � ¼ 8:35ð6ÞmeV and corresponding
ratio 2�=kBTc ¼ 5:09ð4Þ. While these values are consistent
with the superconducting order parameter of the isotropic s-
wave pairing, the gap parameter far exceeds the prediction
using the weak-coupling BCS theory (2�=kBTc ¼ 3:53), and
thereby suggesting a very strong coupling of superconduct-
ing carriers to some bosonic excitations.

It is inferred from a recent angle-resolved photoemission
spectroscopy (ARPES) study on BKFA with the same
potassium content that the magnitude of the superconducting
gap depends on the Fermi surfaces.27) It is reported that
�1 � 12meV on small Fermi surfaces and �2 � 6meV on
the large one. We examined the consistency of our data with
the ARPES result by employing a phenomenological double-
gap model with s-wave symmetry,28,29)

	sðTÞ ¼ 	ð0Þ � w � �	ð�1;TÞ � ð1� wÞ � �	ð�2; TÞ;

�	ð�;TÞ ¼ 2	ð0Þ
kBT

Z 1

0

f ð"; TÞ � ½1� f ð"; TÞ� d";

f ð"; TÞ ¼ 1þ e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2þ�ðTÞ2

p
=kBT

� ��1

;

where �i (i ¼ 1 and 2) is the energy gap at T ¼ 0, w is the
relative weight for i ¼ 1, kB is the Boltzmann constant,
f ð"; TÞ is the Fermi distribution function, and �ðTÞ is the
standard BCS gap energy. The curve fit assuming a common
Tc ¼ 38K and a large gap fixed to 12meV (2�1=kBTc ¼
7:3) perfectly reproduces the data in Fig. 3(b) with �2 ¼
6:8ð3ÞmeV [2�2=kBTc ¼ 4:1ð2Þ] and the relative weight
w ¼ 0:30ð3Þ, where the obtained curve is virtually identical
with that for the single gap on Fig. 3(b). This, while
endorsing the credibility of our data in terms of temperature
dependence of 	s, indicates that the quasiparticle excitation
spectrum associated with multiple-gap superconductivity
tends to be merged into that of the single gap when the small
gap has a large value for 2�=kBTc.

It has been shown in our previous �SR studies on LFAO-
F23) and CFCAF24) that the temperature dependence of 	s in
these compounds (with a doping range near the boundary
between magnetic and superconducting phases) can be
reproduced using the above-mentioned double-gap model,
where the gap parameters are considerably smaller than
those in BKFA [e.g., 2�1=kBTc ¼ 4:2ð3Þ, 2�2=kBTc ¼
1:1ð3Þ in LFAO-F with x ¼ 0:06, and 2�1=kBTc ¼ 3:8ð8Þ,
2�2=kBTc ¼ 1:1ð7Þ in CFCAF with x ¼ 0:075]. The double-
gap feature revealed by ARPES supports a view that
superconductivity occurs on complex Fermi surfaces con-
sisting of many bands (at least five Fe d bands) that would
give rise to certain intricacy.18–20) Apart from the validity
of applying the double-gap model to electron-doped iron
pnictides, these figures suggest that the hole doping may
occur in the bands different from those for electron doping,
where the characteristic energy of the Cooper pairing may
differ among those bands.

Finally, we point out that the superfluid density in the
optimally doped Ba1�xKxFe2As2 does not satisfy the
empirical linear relation with Tc observed for underdoped
cuprates.30) As shown in Fig. 4, the corresponding muon
spin relaxation rate [	sð0Þ ¼ 2:02ð1Þ ms�1, which yields the
magnetic penetration depth � ¼ 230ð1Þ nm] is more than
twice as large as what is expected for compounds with Tc ¼
38K from the empirical line indicated by a dashed line. The
data for other iron pnictides are also plotted for comparison,
in which we omitted those for the compounds containing
rare-earth elements (Ce, Nd, Sm,. . .) because of the general
ambiguity anticipated for extracting 	s under strong addi-
tional depolarization due to the magnetism of rare-earth
ions. They show a tendency that 	s (and accordingly ns)
is independent of Tc. This is qualitatively different from
underdoped cuprates, and rather close to the behavior
predicted on the basis of the conventional BCS theory
where the condensation energy does not depend on ns.

In summary, we have shown in a hole-doped iron pnictide,
Ba1�xKxFe2As2, that the superconducting order parameter is

Fig. 4. (Color online) A plot of superconducting transition temperature vs

muon spin relaxation rate 	sðT ! 0Þ, where a solid circle indicates the

present data. Other points are quoted selectively for relevant iron

pnictides (LFAO-F,21–23) CFCAF24)). The empirical relation is indicated

by a dashed line,30) and the dotted line connecting points for iron

pnictides is only meant as a guide for the eye.
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characterized by a strong coupling to paring bosons, as
inferred from large gap parameters (2�i=kBTc � 3:53). The
temperature dependence of the superfluid density, nsðTÞ,
determined by �SR is perfectly in line with that predicted
using the conventional BCS model with fully gapped s-wave
pairing. A detailed analysis with phenomenological double-
gap model indicates that nsðTÞ is also consistent with the
presence of a double gap, although the large gap parameters
make it difficult to determine the multitude of the energy gap
solely from nsðTÞ.
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The presence of a macroscopic phase separation between the superconducting and magnetic phases in

CaFe1�xCoxAsF is demonstrated by muon spin rotation measurements conducted across their phase

boundaries (x ¼ 0:05–0:15). The magnetic phase tends to retain the high transition temperature (Tm >

Tc), while Co doping induces strong randomness. The volumetric fraction of the superconducting phase is

nearly proportional to the Co content x with a constant superfluid density. These observations suggest the

formation of superconducting ‘‘islands’’ (or domains) associated with Co ions in the Fe2As2 layers,

indicating a very short coherence length.

DOI: 10.1103/PhysRevLett.103.027002 PACS numbers: 74.70.Ad, 74.25.Jb, 76.75.+i

The oxypnictide superconductor LaFeAsO1�xFx
(LFAO-F) with a critical temperature (Tc) of 26 K [1]
was recently discovered. The successful revelation about
the considerable increase in Tc on substitution of La with
other rare-earth elements (Ce, Pr, Nd, Sm, etc., leading to a
maximum Tc of 55 K [2–5]) and application of pressure for
LFAO-F (�43 K [6]) has triggered wide interest in mecha-
nisms that yield a relatively high Tc for this new class of
compounds. These compounds have a layered structure
like that exhibited by high-Tc cuprates, where the conduct-
ing Fe2As2 layers are isolated from the charge reservoir
layers so that the doped carriers (electrons in this case)
introduced by the substitution ofO2� with F� in the La2O2
layers can move within the layers of strongly bonded Fe
and As atoms. LFAO-F exhibit another qualitative similar-
ity to cuprates: they exhibit superconductivity upon carrier
doping of pristine compounds that exhibit magnetism [7–
14]. The results of the recent muon spin rotation or relaxa-
tion (�SR) experiment conducted on a variety of iron-
pnictide superconductors showed that the superfluid den-
sity ns falls on the empirical line on the ns vs Tc diagram of
the underdoped cuprates [10,15]; on the basis of this result,
the possibility of the oxypnictides and cuprates having the
same mechanism of superconductivity is discussed.

The iron pnictides exhibit another interesting similarity
with cuprates: the variation of their Tc with doping con-
centration (x) is ‘‘bell-shaped’’ in hole-doped compounds
(A1�xKxFe2As2, A ¼ Ba, Sr) [16,17], while Tc does not
vary significantly with x in electron-doped compunds
[1,18]. Recent investigations on electron-doped (n-type)
cuprates strongly suggest that such electron-hole ‘‘asym-
metry’’ is a consequence of the difference in the funda-
mental properties of underlying electronic states between
the hole-doped and electron-doped compounds; the n-type
cuprates are more like normal Fermi liquids rather than
doped Mott insulators [19]. This result is strongly sup-
ported by the fact that given that all the doped carriers

participate in the Cooper pairs (as suggested experimen-
tally), the insensitivity of Tc to the variation of ns (/x)
cannot be reconciled with the above mentioned empirical
linear relation (ns vs Tc); the result is also reasonably
understood on the basis of the conventional BCS theory,
in which condensation energy is predicted to be indepen-
dent of carrier concentration. More interestingly, the very
recent revelation about superconductivity induced by sub-
stitution of Fe with Co in LFAO and other iron pnictides
(the Co atoms serve as electron donors) brings out the sheer
contrast between the oxypnictides and cuprates in terms of
tolerance to distortions in the conducting layers [20–23].
Considering the close relationship between magnetism

and superconductivity, it is suggested that a detailed inves-
tigation of how these two phases coexist (and compete)
near the phase boundary will provide important clues for
the elucidation of the pairing mechanism. Among the
various techniques available for this, (�SR) has an impor-
tant advantage in that it can be applied to systems con-
sisting of spatially inhomogeneous multiple phases to
provide information on each phase, depending on their
fractional yield. We conducted �SR measurements on
CaFe1�xCoxAsF (CFCAF, a variation of LFAO with triva-
lent cation and oxygen replaced with divalent alkali metal
and fluorine, respectively, with the carrier doping achieved
by substituting Co for Fe) and found a unique character of
the Fe2As2 layers; it was found that the superconducting
state exists over the vicinity of Co atoms, as inferred from
the observation that the superconducting volume fraction is
nearly proportional to the Co concentration, while ns re-
mains unchanged. The rest of the CFCAF specimen ex-
hibits magnetism (strongly modulated spin density wave),
indicating that superconductivity coexists with magnetism
in the form of a phase separation.
Unlike other oxypnictides with rare-earth metals,

CFCAF has a major advantage because it is possible to
identify the origin of magnetism, if at all detected by�SR,
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in the Fe2As2 layers without ambiguity. With the target
concentration set around the phase boundary, polycrystal-
line samples with x ¼ 0, 0.05, 0.075, 0.10, and 0.15 have
been synthesized by solid state reaction. The detailed
procedure of sample preparation is the same as that de-
scribed in an earlier report [23], except that the sintering
was carried out at 900 �C for 20 h. The samples were
confirmed to be mostly of single phase by the x-ray dif-
fraction method; CaF2 (2.6, 3.3, and 6.2 wt% for x ¼ 0,
0.075, and 0.15, respectively) and FeAs (3.3 wt% for only
x ¼ 0:15) were identified as the major impurities. It is
known that the muons in fluorite exhibit a spin precession
under zero field, which is characteristic of the F-�-F
complex (’0:5 MHz) [24]; the absence of such a signal
indicates that the contribution of muons in fluorite is
negligible. As shown in Fig. 1, the pristine compound
exhibits an anomaly in resistivity around 120 K, while
the others (except for x ¼ 0:05) exist in the superconduct-
ing state below Tc ’ 18–21 K (defined as the midpoint of
the fall in the resistivity). The homogeneity of the samples
is supported by two findings: (i) the gradient of normalized
resistivity above �150 K increases monotonically with
increasing Co content x (Fig. 1), and (ii) the lattice pa-
rameter decreases linearly with increasing x (Fig. 1, inset).

The conventional �SR measurement was performed
using the LAMPF spectrometer installed on the sample
with x ¼ 0, 0.075, and 0.15 at the M20 beam line at
TRIUMF, Canada. Additional data were obtained for the
samples with x ¼ 0:05 and 0.10 using a new apparatus
installed at the D1 beam line at the J-PARC MUSE
Facility, Japan. In the measurements under zero field
(ZF), the residual magnetic field at the sample position
was reduced to below 10�6 T with the initial muon spin

direction parallel to the muon beam direction [ ~P�ð0Þ k ẑ].
For the longitudinal field (LF) measurements, a magnetic

field was applied parallel to ~P�ð0Þ. The time-dependent

muon polarization [GzðtÞ ¼ ẑ � ~P�ðtÞ] was monitored by

measuring the decay-positron asymmetry along the ẑ axis.
The transverse field (TF) condition was achieved by rotat-

ing the initial muon polarization such that ~P�ð0Þ k x̂,
where the asymmetry was monitored along the x̂ axis to

obtain GxðtÞ ¼ x̂ � ~P�ðtÞ. All measurements under mag-

netic field were performed by cooling the sample to the
target temperature, after the field was equilibrated.
From the ZF-�SR measurement of the pristine com-

pound (x ¼ 0), it was inferred that the anomaly around
120 K corresponds to the occurrence of magnetic phase
transition. As shown in Fig. 2, the�SR spectra below Tm ’
120 K exhibit a spontaneous oscillation with a well-
defined frequency, which approaches � ’ 25 MHz with
decreasing temperature. This indicates that the implanted
muons sense a unique internal magnetic field of Bm ¼
2��=�� ’ 0:18 T. The magnitude of Bm is in good agree-

ment with those reported in earlier �SR measurements of
RFeAsO [9,10,14], where it was suggested that a commen-
surate spin density wave (SDW) with a reduced moment of
�0:25�B exists at the iron sites [9]. In addition, from the
LF-�SR spectra, it was inferred that the internal field is
static within the time scale of �SR (<10�5 s).
It has been reported that Co doping effectively sup-

presses the anomaly in the resistivity at Tm; the anomaly
virtually disappears at x ’ 0:1, where the superconductiv-
ity seems to be close to its optimum, as suggested from the
maximal Tc ’ 22 K [23]. However, the ZF-�SR measure-
ments of the samples with x > 0:05 indicate that the super-
conductivity does not uniformly develop over the
specimen. As shown in Fig. 3, the time spectra exhibit a
character similar to that observed in the case of LFAO-F
(x ¼ 0:06) [25]; that is, they consist of two components,
one showing rapid depolarization and the other showing
slow Gaussian damping, with the relative yield of the latter1.2
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increasing progressively with x. A closer look at the initial
time range of the spectra of the sample with x ¼ 0:075
shows that the rapid depolarization corresponds to a
strongly damped oscillation with a frequency roughly
equal to �. This oscillation, together with the consistent
onset temperature for magnetism (Tm ’ 120 K), confirms
that the signal arises from the SDW phase with a strong
modulation caused by Co doping. The very recent neutron
diffraction experiment showed a similar result for x ¼
0:06; however, only a volume-averaged signal was ob-
served [26]. As observed in the TF-�SR measurements
(see below), the rest of the samples exhibit superconduc-
tivity below Tc. Considering these results, the ZF-�SR
spectra are analyzed by the �-square minimization fit using
a model function

GzðtÞ ¼ ½w1 þ w2GmðtÞ�GKTð�N:tÞ (1)

GmðtÞ ¼ 1
3þ 2

3e
��mt cosð2��tþ�Þ; (2)

where GKTð�N:tÞ is the Kubo-Toyabe relaxation function
that describes the Gaussian damping due to random local
fields generated by nuclear moments (with �N being the
depolaization rate) [27], w1 is the fractional yield for the
nonmagnetic phase,w2 is that for the SDW phase (

P
wi ¼

1), �m is the depolarization rate for the spontaneous oscil-

lation, and � is the initial phase of rotation (’0). The first
term in Eq. (2) represents the spatial average of cos	,

where 	 is the angle between ~P�ð0Þ and ~Bm at the muon

site, which is equal to 1=3 in a polycrystalline specimen
under zero external field. (This term would also be subject
to depolarization under a fluctuating local field). The frac-
tional yields of the respective components are shown in
Fig. 4. Depending on the magnitude of the internal field in
the magnetically ordered phase of FeAs impurity, w2 in the
sample with x ¼ 0:15 might have a small uncertainty
(’3:3%) below TN ’ 77 K.
To analyze the temperature-dependent TF spectra, we

used a model function

GxðtÞ ¼ ½w1e
��2s t

2
cosð2�fstþ�Þ þ w2GmðtÞ�e�ð1=2Þ�2Nt2 ;

(3)

where wi and �N are fixed as the values obtained by
analyzing ZF- and LF-�SR spectra. The first component
in the above equation denotes the contribution of the flux
line lattice formation in the superconducting phase, where
2�fs ’ ��H under an external field H, �s corresponds to

the linewidth 
s ¼
ffiffiffi
2
p

�s ¼ ��hðBðrÞ � B0Þ2i1=2, and

B0 ’ H is the mean value of the local field BðrÞ [28].
The second term represents the relaxation in the magnetic
phase. The fit analysis using the above model indicates that
all the spectra are perfectly reproduced when the fractional
yield is fixed as the value determined from the ZF-�SR
spectra. This supports the assumption that the paramag-
netic phase becomes superconducting below Tc. The ob-
tained values of 
s are shown in Fig. 5(a).
The magnetic phase develops at temperatures much

higher than the superconducting transition temperature
(Tm > Tc), and in the case of x � 0:075, Tm almost re-
mains unchanged [see Fig. 5(b)]. Meanwhile, the oscilla-
tion observed in Fig. 2 disappears in the spectra of all the
Co-doped samples (Fig. 3, ZF, 2 K), indicating that the
SDW state is strongly modulated. This observation, to-
gether with the absence of the �SR signal expected for
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ferromagnetic cobalt (4–5 MHz [29]) in the spectra serves
as evidence that the phase separation is not merely due to
the aggregation of cobalt atoms during sample preparation.

As observed from its temperature dependence curves,
shown in Fig. 5(a), 
s (/ns) is almost independent of x.
Considering that the volume fraction of the superconduct-
ing phase (w1) is nearly proportional to x, the insensitivity
of ns to x indicates that the superfluid (and corresponding
carrier density in the normal state) is confined to certain
domains (‘‘islands’’) centered around Co ions. A crude
estimation showed that the domain size may be given as

ds � ½ðabc=2Þð0:8=0:15Þ�1=3 ’ 0:9 nm in diameter (where
a, b, and c are the unit cell sizes). In other words, the
superfluid behaves as an incompressible fluid in CFCAF.

The temperature dependence of 
s shown in Fig. 5(a) is
compared to the weak-coupling BCS model (s-wave,
single gap). The model fails to reproduce the present data
for the cases of both x ¼ 0:075 and 0.15, as they exhibit a
tendency of 
s to vary with temperature over the region of
T=Tc < 0:4. A very similar result is reported in the case of
LFAO-F near the phase boundary (x ¼ 0:06) [25]. This
suggests that provided the influence of flux pinning is
negligible, the superconducting order parameter in
CFCAFmay not be explained by the simple weak-coupling
BCS model with s-wave pairing and single-gap parameter.

The volumetric expansion of superconducting domains
on electron doping to the Fe2As2 layers by substituting Fe
with Co is a remarkable feature with no counterpart in
high-Tc cuprates. Nonetheless, this feature, to some extent,
is reminiscent of the parallelism observed in cuprates on
the substitution of Cu with Zn; it appears that supercon-
ductivity is suppressed over a certain domain around the Zn
atoms like a ‘‘Swiss cheese’’ [30]. Although the effect
discussed in the case of cuprates is completely opposite
to that in the case of iron pnictides, the observed ‘‘local’’
character of doping in CFCAF, which appears to originate
from a short coherence length �0 (that probably determines
the domain size, so that �0 � ds=2 ’ 0:45 nm), may pro-
vide a hint for the microscopic understanding of super-

conductivity on the Fe2As2 layers, particularly in n-type
doping.
Moreover, the superconducting character of p-type iron

pnictides seems to be considerably different from that of
the n-type ones, as suggested by the behavior of superfluid
density of Ba1�xKxFe2As2 observed by �SR [31]. The
double-gap feature revealed by the angle-resolved photo-
emission spectroscopy supports the view that superconduc-
tivity occurs on complex Fermi surfaces consisting of
many bands (at least five of them) which can give rise to
certain intricacies [32,33]. The peculiar feature of Co
doping in CFCAF might also be understood in this context.
We would like to thank the staff of TRIUMF and
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KEK-MSL Inter-University Program for Overseas Muon
Facilities and by a Grant-in-Aid for Creative Scientific
Research on Priority Areas from the Ministry of
Education, Culture, Sports, Science and Technology,
Japan.

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130, 3296 (2008).
[2] X. H. Chen et al., Nature (London) 453, 761 (2008).
[3] Z. A. Ren et al., Chin. Phys. Lett. 25, 2215 (2008).
[4] Z. A. Ren et al., Europhys. Lett. 83, 17 002 (2008).
[5] G. F. Chen et al., Phys. Rev. Lett. 100, 247002 (2008).
[6] H. Takahashi et al., Nature (London) 453, 376 (2008).
[7] C. de la Cruz et al., Nature (London) 453, 899 (2008).
[8] Y. Nakai et al., J. Phys. Soc. Jpn. 77, 073701 (2008).
[9] H.-H. Klauss et al., Phys. Rev. Lett. 101, 077005 (2008).
[10] J. P. Carlo et al., Phys. Rev. Lett. 102, 087001 (2009).
[11] M.A. McGuire et al., Phys. Rev. B 78, 094517 (2008).
[12] S. Kitao et al., J. Phys. Soc. Jpn. 77, 103706 (2008).
[13] J. Zhao et al., Phys. Rev. Lett. 101, 167203 (2008).
[14] A. A. Aczel et al., Phys. Rev. B 78, 214503 (2008).
[15] H. Luetkens et al., Phys. Rev. Lett. 101, 097009 (2008).
[16] M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,

107006 (2008).
[17] K. Sasmal et al., Phys. Rev. Lett. 101, 107007 (2008).
[18] H. Luetkens et al., arXiv:0806.3533.
[19] See, for example, K. H. Satoh et al., Phys. Rev. B 77,

224503 (2008).
[20] A. S. Sefat et al., Phys. Rev. B 78, 104505 (2008).
[21] A. S. Sefat et al., Phys. Rev. Lett. 101, 117004 (2008).
[22] Y. Qi et al., Supercond. Sci. Technol. 21, 115016 (2008).
[23] S. Matsuishi et al., J. Am. Chem. Soc. 130, 14 428 (2008).
[24] J. H. Brewer et al., Phys. Rev. B 33, 7813 (1986).
[25] S. Takeshita et al., J. Phys. Soc. Jpn. 77, 103703 (2008).
[26] Y. Xiao et al., Phys. Rev. B 79, 060504 (2009).
[27] R. S. Hayano et al., Phys. Rev. B 20, 850 (1979).
[28] E. H. Brandt, Phys. Rev. B 37, 2349 (1988).
[29] N. Nishida et al., J. Phys. Soc. Jpn. 44, 1131 (1978).
[30] Y. J. Uemura, Solid State Commun. 126, 23 (2003).
[31] M. Hiraishi et al., J. Phys. Soc. Jpn. 78, 023710 (2009).
[32] I. I. Mazin et al., Phys. Rev. Lett. 101, 057003 (2008).
[33] K. Kuroki et al., Phys. Rev. Lett. 101, 087004 (2008).

0.5

0.4

0.3

0.2

0.1

0.0

σ S
 / 

μs
-1

302520151050
T / K

Ca(Fe1-xCox)AsF

x = 0.075 
x = 0.150
    BCS

(a)
1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
w

2

16012080400
T / K

Ca(Fe1-xCox)AsF
x

 0.000 
 0.050
 0.075
 0.100
 0.150

(b)

FIG. 5 (color online). Temperature dependence of
(a) superfluid density (
s ¼

ffiffiffi
2
p

�s) and (b) fractional yield of
magnetic phases for each sample. The solid curve in (a) (labeled
as BCS) represents the profile predicted using a weak-coupling
BCS model with s-wave pairing and single gap.

PRL 103, 027002 (2009) P HY S I CA L R EV I EW LE T T ER S
week ending
10 JULY 2009

027002-4



– 115 –

Study of hydrogen diffusion in superprotonic ionic conductors,
MHXO4, by m+SR and QENS

Yutaka Ikedo a, Hiroshi Nozaki a, Masashi Harada a, Jun Sugiyama a,�, Taku J. Sato b, Yasumitsu Matsuo c,
Kusuo Nishiyama d, James S. Lord e, Yiming Qiu f,g, John R.D. Copley f

a Toyota Central Research & Development Labs. Inc., Nagakute-machi, Aichi-gun, Aichi 480.1192, Japan
b Institute of Solid State Physics, University of Tokyo, Kashiwa-shi, Chiba 277.8581, Japan
c Faculty of Engineering, Setsunan University, Neyagawa-shi, Osaka 572.8508, Japan
d Institute of Materials and Structure Science, Tsukuba-shi, Ibaraki 305.0801, Japan
e ISIS Facility, Rutherford–Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK
f NIST Center for Neutron Research, Gaithersburg, MD 20899-6102, USA
g Department of Materials Science and Engineering, University of Maryland, College Park, MD 20742, USA

a r t i c l e i n f o

Available online 27 November 2008

Keywords:

Proton diffusion

Superprotonic conductors

Muon spin rotation/relaxation

Quasi-elastic neutron scattering

a b s t r a c t

In order to clarify the mechanism of high proton conductivity (sH+) for superprotonic ionic conductors,

MHXO4, where M=Cs and Rb, X=S and Se, muon-spin rotation and relaxation (m+SR) and quasi-elastic

neutron scattering (QENS) measurements have been performed at temperatures mainly in the vicinity

of Tc, at which MHXO4 undergoes a structural phase transition from a low-T orthorhombic phase (Phase

II) to a high-T tetragonal phase (Phase I). The m+SR experiment shows the presence of muonium (Mu)

state even in Phase I only for CsHSO4 (CHS), while no Mu state was found in Phase I of CsHSeO4 (CHSe).

Considering the fact that the sH+ in Phase I of CHS is more than 10 times larger that of CHSe, this implies

a relationship between the presence of the atomic hydrogen (Mu) state and high sH+ in Phase I of CHS.

According to the QENS measurements using a single crystal of CHSe, line shapes of the energy spectra

along three crystallographic directions are found to be slightly anisotropic in Phase I, in contrast to the

isotropic conductivity reported by AC conductivity measurements.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cesium hydrogen sulfate, CsHSO4 (CHS), and related materials,
MHXO4, where M=Rb, K and X=S, Se, are considered to be
promising candidates for the solid electrolyte of fuel cells
operated in intermediate region of temperature from 300
to 600K [1]. This is because MHXO4 exhibits extraordinarily high
proton conductivity (sH+) at temperatures above its first order
structural phase transition from a low-T monoclinic phase (Phase
II) to a high-T tetragonal phase (Phase I) (Tc=414K for CHS). It is
known that sH+ leaps by four orders of magnitude at Tc with
increasing T [2]. Phase I is therefore called the ‘‘superprotonic’’
conducting (SPC) phase.

Several experiments, such as 1H-NMR measurement [3],
powder neutron diffraction for CsDSO4 [4] and quasi-elastic
neutron scattering (QENS) for CHS using powder samples [5]
have been carried out, and also computations of proton diffusion
(PD) processes using density functional theory [6] were made
in order to investigate the mechanism of the high sH+ in Phase I

of CHS. It has been reported that there are two PD paths in CHS;
one is the PD via hydrogen bond between the first nearest
neighbor (FNN) sulfate tetrahedra, SO2�

4 , and the other is a direct
diffusion between the second nearest neighbor (SNN) SO2�

4 s [5,6].
In order to realize the practical use of CHS as the electrolyte for
the fuel cell, it is essential to improve performance of CHS as
a solid electrolyte. In particular, it is necessary to increase sH+

and to decrease Tc. For this purpose we need detailed information
on the PD in CHS, such as which path is the dominant process for
the proton motion, and what is the key process for sH+ in Phase I
of CHS.

In order to clarify the detailed mechanism responsible for the
high sH+ of MHXO4, positive muon-spin rotation and relaxation
(m+SR) and QENS experiments have been performed at tempera-
tures mainly in the vicinity of Tc. Both techniques provide us
complimentary information on proton diffusive properties, be-
cause their time scales for detectable diffusive motion are 10�5

to 10�9 s for m+SR and 10�9 to 10�13 s for QENS, respectively.
Particularly, in order to elucidate the existence/absence of
anisotropic sH+, we have prepared single crystal samples of
MHXO4. In this paper, we focus on the results of m+SR measure-
ments for CHS and CsHSeO4 (CHSe), and QENS experiments
on CHSe.
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2. Experimental

Single crystal samples of MHXO4 were grown by a slow
evaporation method at ambient T from an aqueous solution [7].
The m+SR experiments were performed on the pA spectrometer at
KEK and on EMU at the ISIS Pulsed Muon Facility at the Rutherford
Appleton Laboratory using pulsed surface muon beam. Experi-
mental setup and techniques were described elsewhere [8]. The
QENS experiment on single crystal CHSe was carried out using the
Disk Chopper time-of-flight Spectrometer (DCS) at the NIST
Center for Neutron Research (NCNR) [9] with a wavelength of
9 Å and energy resolution of �10meV half width at half maximum
(HWHM). The single crystal sample of CHSe was wrapped in
aluminum foil, and then inserted into a Pb-sealed aluminum-
cell under ambient He gas environment. The sample was
measured in the temperature range between 410K and 470K. To
detect anisotropic PD, time-of-flight spectra along [10 0], [0 01],
and [110] directions were measured. The measured data were
converted to energy spectra as a function of Q using the DAVE
software of NCNR [10].

3. Results and discussion

Zero-field (ZF) and longitudinal-field (LF) m+SR measurements
for CHS were performed as a function of temperature in the
temperature range from 250 to 450K to explore the dynamics
of muons in CHS as a radioactive tracer of H+. ZF time spectra
exhibit slow Gaussian type relaxation. The relaxation behavior is
almost decoupled by applying LF less than 10�2 T. This indicates
that the muons feel nuclear dipole field caused by randomly
distributed Cs and H+. Both ZF and LF m+SR spectra were well fitted
by a dynamic Kubo–Toyabe (KT) function using common
parameters, the muon hopping rate (nm) and field distribution
width (DKT) at each T [8]. Fig. 1 shows the dependences of KT
parameters, nm and DKT on inverse T. The T dependence of nm is
found to be two orders of magnitude larger than that of DKT in the
whole T range measured. As T increases from ambient T, the nm(T)
curve exhibits an abrupt increase at Tc, corresponding to the
T dependence of sH+. Assuming the Arrhenius relation, the
activation energies of nm in Phase I, Ea,I and Phase II, Ea,II,
are estimated as Ea,I=0.01 eV and Ea,II=0.1 eV, respectively. This is

qualitatively in good agreement with values from the calculation
and sH+ measurements, although these values are rather small
for those evaluated from conductivity measurements of H+.
The difference could be explained by the mass effect between
the H+ and the m+.

Fig. 2 shows normalized initial asymmetries (ATF) of the weak
transverse-field (wTF) m+SR spectra for CHS and CHSe as a
function of T. For both samples, as T increases from ambient T,
the ATF gradually increases up to Tc, and then ATF exhibits a sudden
increase at Tc, and finally levels off to a constant value with further
increasing T. It should be noted that the ATF of CHS does not reach
its full value (=1) even in Phase I, while ATF for CHSe is 1.0 above Tc.
In most cases for non-magnetic insulators, the missing fraction of
ATF means that some of the embedded m+ couple with electrons,
forming muonium (Mu) [8]. The ATF(T) behavior therefore shows
that Mu fraction in Phase I is found only in CHS, while Mu is not
formed in Phase I of CHSe. In addition, high LF measurements
up to 0.45T for CHS show a clear decoupling curve due to the
presence of the triplet Mu state and a fast relaxation remains even
in 0.45T. This means that Mu is found to be diffusing very rapidly
and also that Mu is thought to be converted to m+ quickly [11].
Considering these results, this implies that Mu’s, i.e., atomic
hydrogens, are likely to exist even in the SPC phase of CHS. One
would deduce a relationship between the presence of atomic
hydrogen state and high sH+ of CHS.

By QENS measurements for CHSe, it is found that each
spectrum consists of two Lorentzian components, one ‘‘narrow’’
and the other one ‘‘wide’’. The HWHM of the narrow component is
of the order of meV and that of the wide component is �100meV.
A typical reduced energy spectrum for CHSe at 425K, and the
two Lorentzian components, are shown in Fig. 3. The spectrum
was well fitted using a combination of the two Lorentzian
function convoluted with the instrument resolution function.
The Q dependences of the HWHMs of both components at 410K
are shown in Fig. 4. The HWHM curves for both components show
clear anisotropic behavior in the three directions, [110], [10 0],
and [0 01]. The HWHMs of the narrow components for the all
directions exhibit monotonic increases with increasing Q up to
0.7 Å�1. The slope of the HWHM along the [110] direction seems
to be larger than those along the other two directions, indicating
anisotropic PD in Phase I of CHSe. Since, in the small Q region, the
slope of HWHM as a function of Q2 in a given directions is directly
proportional to the diffusion constant along that direction [12],
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Fig. 1. The fitting results of ZF and LF m+SR spectra for CHS using dynamic KT

function. In this and subsequent figures, error bars represent 7 one standard

deviation.

Fig. 2. Temperature dependence of normalized asymmetry of wTF m+SR spectra for

CHS and CHSe.
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the diffusion constant along the [110] direction appears to be
larger than the diffusion constant for the other two directions.
Unfortunately, the energy resolution of the instrument of the

present study would not be enough to quantitatively discuss the
HWHM of the narrow component. We need to perform additional
QENS experiments for CHS using higher energy resolution
instrument, such as back-scattering spectrometer.

Finally, we should mention the relationship between m+SR
and QENS results. The HWHMs, which are obtained from QENS
measurements, should correspond to the jump rates of the proton
hopping, of the order of 100MHz for the narrow component and
10GHz for the wide component, respectively. Since the muon
hopping rate observed in Phase I of CHS is �100MHz, the muon
hopping would be assigned to the proton hopping represented by
the narrow component in the QENS spectrum. But the fast proton
motion observed by QENS measurement is too fast to detect
by m+SR. Although the narrow component of the QENS spectra was
assigned to the hopping between SNN sulfate by the powder QENS
measurements [4], our preliminary calculations for the QENS
spectrum of single crystal CHSe sample using extended Chudle-
y–Elliott model [12] suggest that the narrow component repre-
sents the hopping between FNN sulfate [11]. However, in order
to discuss the detailed proton motion, we need to calculate using a
refined model of the proton motion. The Mu site and its dynamics,
and the relationship to QENS results are also issues that remain to
be solved by further study of Phase I of CHS.
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a b s t r a c t

A weakening of superconductivity upon substitution of Cu by Zn (0.5–1%) is observed in a high-Tc

cuprate, Ca2�xNaxCuO2Cl2, near the hole concentration of 1
8 per Cu. The superconducting transition

temperature and its volume fraction, estimated by magnetic susceptibility, exhibit a sizable anomaly for

x ¼ 0:1220:14, where the slowing down of Cu spin fluctuations below 5K is demonstrated by muon

spin relaxation experiments. These observations are in close resemblance to other typical cuprates

including YBa2Cu3O7�d , and Bi2Sr2Ca1�xYxCu2O8þd, providing further evidence that Zn-induced ‘‘stripe’’

correlation is a universal feature of high-Tc cuprate superconductors common to that of La2�xAxCuO4

(A ¼ Ba, Sr).

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

It is established that the superconducting transition tempera-
ture (Tc) is suppressed near the hole concentration p�1

8 in
La2�xBaxCuO4 (LBCO) and La2�x�yNdySrxCuO4 (LNSCO), where a
charge- and spin-stripe order develops in place of superconduc-
tivity [1,2]. A similar tendency has been reported for La2�xSrxCuO4

(LSCO) with a slight shift of x for the strongest strip correlation
[3]. This so-called ‘‘18 anomaly’’ has drawn considerable attention
in view of a potential link to the mechanism of high-Tc

superconductivity in cuprates [4]. It has been shown that
substitution of Cu by small amounts of Zn stabilize this stripe
correlations, as it leads to the ‘‘18 anomaly’’ in a variety of cuprates
including LSCO [5], YBa2Cu3O7�d (YBCO) [6], and Bi2Sr2Ca1�x

YxCu2O8þd (BSCCO) [7]. However, it is still controversial whether
this anomaly is a common feature in cuprates or that unique to
the La214 system.

Here, we report on the 1
8 anomaly in Ca2�xNax-CuO2Cl2 (Na-

CCOC) studied by magnetic susceptibility and muon spin relaxa-
tion (mSR). While Na-CCOC has a similar structure to
La2�xSrxCuO4, it is characterized by flat CuO2 planes even at low
temperatures owing to substitution of apical oxygenwith chlorine
in the CuO6 octahedra. This is in marked contrast to the case of
LSCO or LBCO that have a periodic distortion of the CuO2 planes at
low temperatures. The excellent cleavability of Na-CCOC crystals

makes it feasible to investigate the electronic properties using
surface-sensitive measurements such as angle resolved photo-
emission spectroscopy (ARPES) and scanning tunneling micro-
scopy and spectroscopy (STM/STS). The latter reports the
occurrence of a checkerborad-like electronic modulation and the
coexistence of charge order and superconductivity [8], which
exhibits a good correspondence with the inhomogeneous (spin
glass-like) magnetic ground state revealed by mSR [9]. Meanwhile,
the previous search for the 1

8 anomaly in Na-CCOC came to a
negative result [10].

Considering that Zn substitution enhances stripe correlations
in other cuprates, we prepared Zn-free and Zn substituted Na-
CCOC samples near the hole concentration of 1

8 per Cu, and
searched for the 1

8 anomaly in this compound by means of
magnetization and muon spin relaxation (mSR) measurements.

2. Experimental details

Polycrystalline samples of Na-CCOC were prepared by high-
pressure synthesis techniques. Ca2CuO2Cl2 and Ca2Cu0:9925Zn0:0075

O2Cl2, prepared by solid state reaction of Ca2CuO3, CuO, ZnO,
CaCl2 in N2 flow with several grindings under ambient pressure,
were mixed with NaClO4 and CuO, and then sealed in a cylindrical
capsule made out of gold. High-pressure synthesis was performed
using a cubic anvil-type high pressure apparatus operated under
6GPa at a maximum temperature of 1000 
C. Due to the extreme
high hygroscopicity of Na-CCOC, all manipulations of the samples
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were carried out in glove-boxes filled with Ar. All samples (with
varying x) were confirmed to be of single phase by means of X-ray
diffraction measurements. Their structure is I4/mmm space group
at room temperature, where the lattice parameters change
continuously as x varies. More specifically, the a-axis shrinks as
the Na concentration increases, indicating that hole carriers are
introduced into the CuO2 plane while the c-axis expands. The
magnetic susceptibility was measured using a superconducting
quantum interference device (MPMS, Quantum Design Co.), where
the measurements were made while the temperature was
scanned upwards after field cooling of 20Oe. Conventional mSR
measurements were performed on the M15 beamline of TRIUMF
(Vancouver, Canada).

3. Result and discussion

Fig. 1(a) shows the Na doping dependence of Tc, where Tc is
defined as the temperature at which the temperature gradient of the
magnetic susceptibility, dw=dT, is at its maxima. The error bars in
Fig. 1(a) are evaluated from the spread of w around Tc and that of Tc

itself among several samples with the same x. For Zn-free samples,
Tc exhibits a monotonous increase with Na doping between x ¼ 0:11
and 0.15. In contrast, an overall reduction of Tc is observed for Zn
substituted samples (y ¼ 0:005) as compared with Zn-free ones.
Moreover, Tc shows a clear trend of leveling off around 13K for
0:12pxp0:135, which is followed by a jump to �18K at x ¼ 0:14.
This step-like behavior is similar to the one observed in Zn
substituted YBa2Cu3O7�d [6]. Fig. 1(b) shows the Na doping
dependence of the superconducting volume fraction estimated from
the diamagnetic susceptibility at 5K. The fraction in Zn-substituted
samples is also reduced as compared with that in Zn-free samples.
Furthermore, a step-like change is also observed near 1

8 hole
concentration in line with the case of Tc. Thus, the 1

8 anomaly is
clearly observed as anomalies of both Tc and the superconducting
volume fraction in Na-CCOC upon Zn-substitution for Cu.

We have performed mSR experiments to investigate the
microscopic details of this anomaly. As has been demonstrated in
earlier reports [5–7], mSR serves as a sensitive local magnetic probe
that covers a unique time window of observation (10�9210�5 s)
complementary to other magnetic probes like neutron diffraction
and nuclear magnetic resonance. It does not rely on the long-range
coherence of any magnetic order, and therefore is useful to examine
the random local magnetism, e.g., a spin-glass state.

Fig. 2 shows mSR spectra measured under zero external field
conditions (ZF) in Ca2�xNaxCu1�yZnyO2Cl2 for (a) Zn-free samples
(x ¼ 0:14, y ¼ 0:00) and (b) 0.5% of Zn substitution for Cu
(x ¼ 0:125, y ¼ 0:005). We observe a Gaussian depolarization
due to random local fields from nuclear moments in the Zn-free
samples over the entire temperature range down to 2K. Mean-
while, in the latter case, an exponential damping is observed in
the compound with Zn-substitution at 2K. The spectra suggest a
slowing down of Cu spin fluctuations with decreasing tempera-
ture below �5K. A similar phenomenon associated with Zn
substitution was also reported for the case of the La214 systems,
YBCO, and BSCCO, and it suggests that the Zn impurity effect is a
common feature of High-Tc cuprate superconductors [5–7].
However, it must be noted that the Cu spins are not completely
static nor in any long-range ordered state at 2K, as inferred from
the absence of a spontaneous oscillatory signal in the mSR time
spectrum. This might be because the temperature is still too high
to freeze out the Cu spins.

The mSR time spectra ( ¼ asymmetry) are analyzed by fits
using the following form:

APðtÞ ¼ ½A1 þ A2 expð�ltÞ	GDKTðD; n; tÞ, (1)

where the first term represents a signal from muons stopping in a
non-magnetic region. The second term represents that of
magnetic regions in which the muon senses Cu spin fluctuations,
Ai are the partial asymmetries which are proportional to the
respective volume fractions, l is the depolarization rate, and
GDKTðD; n; tÞ is the Kubo–Toyabe function that represents the
Gaussian damping due to nuclear random local fields (with D
being the linewidth and n the fluctuation rate of the nuclear
random local fields).

As shown in Fig. 3, l is almost zero in Zn-free samples
[x ¼ 0:14, y ¼ 0:00 ðTc�22KÞ, x ¼ 0:0125, y ¼ 0:00 (Tc�17K)] and
in the sample with xa1

8 [x ¼ 0:15, y ¼ 0:01 (Tc�10K)], where the
non-magnetic region dominates over the entire sample volume.
On the other hand, it increases below 5K in Zn-substituted
samples near x�1

8 [x ¼ 0:0125, y ¼ 0:005 (Tc�13K) and
x ¼ 0:0125, y ¼ 0:01 (not superconducting)] Thus, it is inferred
from ZF-mSR experiments that the 1

8 anomaly observed in bulk
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Fig. 1. (Color online) (a) Superconducting transition temperature (Tc) versus

nominal Na concentration ðxÞ in Ca2�xNaxCu1�yZnyO2Cl2. Triangles and circles are

Tc in Zn-free samples and in Zn 0:5% ðy ¼ 0:005Þ substituted samples, respectively.

(b) Superconducting volume fraction estimated by the magnetic susceptibility at

5K. Dashed lines are giudes to eyes.
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properties is associated with the slowing down of Cu spin
fluctuations in Na-CCOC.

In LBCO and LNSCO near x ’ 1
8, the appearance of an

incommensurate spin density wave (SDW) phase and an asso-
ciated suppression of superconductivity has been reported within
the present range of temperature [1,11]. The absence of (or the
reduction of the characteristic temperature for) such a static SDW
phase in Na-CCOC may be attributed to that of the structural
phase transition which is known to occur in La214 system [12]. In
LBCO at x ¼ 1

8, the lattice structure exhibits a successive change
with decreasing temperature from a high-temperature tetragonal
(HTT) phase at room temperature to a low-temperature orthor-
hombic (LTO) phase, and then to a low-temperature tetragonal
(LTT) phase. Each phase is different in symmetry with respect to
the distortion along the CuO2 planes, and the SDW phase occurs in
accordance with the LTT phase in LBCO. Meanwhile, in the case of
LSCO that does not exhibit the LTT phase, the suppression of

superconductivity is relatively weak. Since Na-CCOC remains in
the HTT phase over the entire temperature range of observation
(42K), the absence of the static SDW phase near x ¼ 1

8 may
suggest a common trend that the LTT phase stabilizes the SDW
phase (by ‘‘pinning the dynamical stripe’’). However, it is repoted
that Zn substitution for Cu enhances the SDW state in LSCO [5],
and that the SDW phase survives in spite of the suppression of the
LTT phase by applying hydrostatic pressure [13]. These observa-
tions might in turn point to the reversed role of cause and effect
between the instability towards the SDW phase and the
occurrence of LTT phase. The present result would make a strong
case for the SDW instability as an intrinsic feature of the CuO2

planes irrespective of the LTT phase.
It might be speculated that the electronic state of the Cu ions

are sensitive to the local lattice distortion (but not to the long-
range lattice morphology) so that the local impurities like Zn have
relatively strong influence on the SDW instability. In this regard,
another factor would be the degree of A-site disorder that is
known to be different between LBCO and LSCO. Eisaki et al.
reported that the A-site disorder has a certain influence on Tc [14],
suggesting that the CuO2 planes are strongly affected by the A-site
ions.

In conclusion, we demonstrated the presence of the 1
8 anomaly

in Ca2�xNaxCuO2Cl2 with a small fraction of Cu substituted by Zn.
Such an anomaly is also observed in many families of cuprates
near the hole doping concentration of 1

8, and it suggests that the
SDW instability against local distortion of the CuO2 planes is a
common feature of high-Tc cuprate superconductors.
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Fig. 2. (Color online) ZF-mSR spectra in Ca2�xNaxCu1�yZnyO2Cl2 with (a) x ¼ 0:14,

y ¼ 0:00 and (b) x ¼ 0:125, y ¼ 0:005. Solid curves represent fits to the data using

Eq. (1).

Fig. 3. (Color online) Temperature dependence of the muon spin depolarization

rate (l) in Ca2�xNaxCu1�yZnyO2Cl2 with a variety of Na (x) and Zn (y)

concentrations.

K.H. Satoh et al. / Physica B 404 (2009) 713–716 715



– 122 –

References

[1] J.M. Tranquada, et al., Nature 375 (1995) 561.
[2] B. Nachumi, et al., Phys. Rev. B 58 (1998) 8760.
[3] I. Watanabe, et al., Hyperfine Interact. 86 (1994) 603.
[4] S.A. Kivelson, et al., Rev. Modern Phys. 75 (2003) 1201.
[5] I. Watanabe, et al., J. Phys. Chem. Solids 63 (2002) 1093.
[6] M. Akoshima, et al., Phys. Rev. B 62 (2000) 6761.

[7] I. Watanabe, et al., Phys. Rev. B 62 (2000) 14524.
[8] T. Hanaguri, et al., Nature 430 (2004) 1001.
[9] K. Ohishi, et al., J. Phys. Soc. Japan 74 (2005) 2408.
[10] D. Hirai, et al., Physica C 463–465 (2007) 56.
[11] J.M. Tranquada, et al., Phys. Rev. B 54 (1996) 7489.
[12] S. Katano, et al., Phys. Rev. B 48 (1993) 6569.
[13] K.H. Satoh, et al., Physica B 374–375 (2006) 40.
[14] H. Eisaki, et al., Phys. Rev. B 69 (2004) 064512.

ARTICLE IN PRESS

K.H. Satoh et al. / Physica B 404 (2009) 713–716716



– 123 –

Magnetic response of noncentrosymmetric superconductor La2C3:
Effect of double-gap and spin–orbit interaction

R. Kadono a,b,�, M. Hiraishi b, M. Miyazaki b, K.H. Satoh b, S. Takeshita a,
S. Kuroiwa c, S. Saura c, J. Akimitsu c

a Muon Science Laboratory, Institute for Materials Structure Science, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
b Department of Materials Structure Science, The Graduate University for Advanced Studies, Tsukuba, Ibaraki 305-0801, Japan
c Department of Physics, Aoyama Gakuin University, Sagamihara, Kanagawa 229-8558, Japan

a r t i c l e i n f o

Keywords:

Superconductivity

Spin–orbit interaction

Quasiparticle excitation

a b s t r a c t

The presence of spin–orbit (SO) interaction in a noncentrosymmetric superconductor, La2C3 (Tc ’ 11K)

is demonstrated by muon spin rotation (mSR) in its normal state, where mSR spectra exhibit field-

induced weak depolarization due to van Vleck-like local susceptibility. In the mixed state, muon spin

relaxation due to inhomogeneity of internal field (sv) exhibits a field dependence that is characterized

by a kink, where sv (and hence the superfluid density) is more strongly reduced at lower fields. This is

perfectly in line with the presence of a secondary energy gap previously inferred from the temperature

dependence of sv, and also consistent with the possible influence of asymmetric deformation of the

Fermi surface due to the SO interaction.

& 2008 Elsevier B.V. All rights reserved.

Multigap superconductivity is interesting in its own right as a
manifestation of anisotropic superconductivity. Even within the
framework of the BCS mechanism, anisotropy in crystal structure
may lead to multi-band structure and associated complex super-
conducting order parameter because of the possible coupling of
electrons to different phonon modes upon formation of the
Cooper pairs in the respective energy bands. The discovery of
high-Tc superconductivity in magnesium diboride (MgB2) [1] and
subsequent struggle for proper understanding of its double-gap
nature associated with s- and p-bands brought the multigap
superconductivity to the forefront of considerable attention in this
field.

Recently, we have shown in a pair of sesquicarbide super-
conductors Ln2C3 (Ln ¼ La, Y) that the multigap structure would
take great variety in its appearance, where despite a common
double-gap structure in the order parameter, the temperature
dependence of superfluid density exhibits a remarkable difference
between La2C3 and Y2C3 that is understood as resulting from the
alteration of interband coupling upon substitution of La for Y [2].

Meanwhile, sesquicarbides are drawing further attention as a
possible stage for exotic superconductivity caused by their
noncentrosymmetric crystal structure [3]. The absence of inver-
sion symmetry leads to mixing of parity in the Cooper pairs,

making it irrelevant to classify the states in terms of spin-
multiplet. It also gives rise to the spin–orbit (SO) interaction that
may affect superconductivity as well as the electronic property of
normal (paramagnetic) state. In particular, Ln2C3 may be in a
unique situation that the SO interaction is of comparable
magnitude to that of superconducting gap, so that pair correlation
between subbands (split by the SO interaction) induced by
external field might lead to a drastic change in the low energy
properties of superconductivity. More specifically, considering the
Dresselhaus-type interaction appropriate for the crystal symme-

try of I43d, the energy gap along the Fermi momentum kFkð001Þ,
ð111Þ, and ð100Þ, for example, is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmBHzÞ2 þD2

q
� mBHz, so that it

may be reduced to zero when mBHzbD (where D is the gap energy

at zero field, Hz is the external field applied along ð001Þ axis) [4].
This means the occurrence of field-induced point nodes that
would lead to enhanced quasiparticle excitation. It must be noted,
however, that the presence of double-gap in Ln2C3 may require a
more careful examination for this effect, since the suppression of
smaller gap (having a smaller upper critical field Hc2) by external
field would show up in a similar way. Here, we report on the result
of field-induced effect in La2C3 studied by muon spin rotation
(mSR) experiment.

A conventional mSR experiment was carried out for a La2C3

sample (Tc ¼ 10:9K) on the M15 beamline of TRIUMF, Canada,
where details on the experiment are described in the pre-
vious report [2]. The sample was common to the previous
experiment, which turned out to be a typical double-gap super-
conductor (D1ð0Þ ¼ 2:7ð1ÞmeV, D2ð0Þ ¼ 0:6ð1ÞmeV). For the
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field-scan measurements at 2K (where both gaps are present), the
sample was cooled down to the target temperature after the
external magnetic field was stabilized at a temperature above Tc

in order to minimize the effect of flux pinning. Fig. 1 shows
some examples of mSR time spectra obtained under a field
of 0.25 and 4.0 T, where open symbols show the data in the
normal state. While the enhancement of spin relaxation upon
cooling down to 2K is observed for both cases (filled symbols), it
is also noticeable that the relaxation in the normal state is
enhanced by increasing external field. Considering that La2C3 has
a cubic structure (bcc, I43dÞ and that it is free from any local d or f
electrons, we can attribute this field-induced magnetization
uniquely to the van Vleck-like paramagnetism due to the SO
interaction.

The spin relaxation rate in the normal state is deduced from
fits using a Gaussian damping

AðtÞ ¼ A0 expð�s2
nt

2Þ cosðgmBt þfÞ, (1)

where A0 is the initial asymmetry, gm is the muon gyromagnetic
ratio ð¼ 135:53MHz=TÞ, B is the local field felt by muons (’ m0H,
with H being the external field), and f is the initial phase of
rotation. Although the fit with Eq. (1) does not reproduce data at
higher fields (particularly above 3 T) where the spectra exhibit a
tendency toward an exponential damping, we resort to this simple
form for the convenience of evaluating qualitative trend for sn

versus field. As shown in Fig. 2, sn exhibits a quasi-linear
dependence on the external field. This is understood by consider-
ing the field-induced van Vleck-like susceptibility (wvv) whose
magnitude depends on the direction of the primary axis for the SO

interaction, so that it may lead to an inhomogeneity of effective
field in polycrystalline sample,

s2
n ’ g2mH

2hðwvvÞ2i þ s2
0, (2)

where s0 is the contribution of random local fields from 139La
nuclear magnetic moments. (More specifically, wvv also includes
the Pauli paramagnetic term from the SO subbands.) The slight
change of sn observed around 3–4T might be an artifact due to
the deteriorated quality of fit with Gaussian damping. We also
note that sn is mostly independent of temperature between 11
and �150K under a field of 0.25T.

Considering the contribution of field inhomogeneity due
to the van Vleck-like paramagnetism, we deduce the spin
relaxation rate in the mixed state by fits of mSR time spectra
using a form,

AðtÞ ¼ A0G
nðt;BÞ exp½�1

2s
2
vt

2	 cosðgmBt þfÞ, (3)

where, instead of Eq. (1), Gnðt;BÞ is chosen to best reproduce
the spectra at 15K (4Tc) at each field. (Gnðt;BÞ consists of a sum of
two exponential damping signals, where the parameters describ-
ing Gnðt;BÞ is determined by the spectra at 15 K at each field and
then fixed to these values for the fit of spectra at 2K to extract sv

reliably.) In this definition, sv corresponds to the second moment
for the field distribution (BðrÞ) in the mixed state [5]

s2
v ¼ g2mhðBðrÞ � m0HÞ2i. (4)

Fig. 3 shows the deduced value of sv at respective fields, where
one can clearly observe a trend of steeper reduction with
increasing field at lower fields (below �3T).

In the limit of extreme type II superconductors (i.e., l=xb1,
where l is the effective London penetration depth and x ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F0=ð2pHc2Þ

p
is the Ginzburg–Landau coherence length, F0 is the

flux quantum, and Hc2 is the upper critical field), sv is determined
by l using a relation [5]

svðhÞ ¼ 0:0274
gmF0

l2
ð1� hÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3:9ð1� hÞ2

q
, (5)

where h is the field normalized by the upper critical field
(h ¼ H=Hc2). Although Eq. (5) exhibits a tendency of concave
curve, it does not reproduce the field dependence of sv observed
in Fig. 3. This is particularly true when the known value of Hc2

(’ 13T at 2K) is considered; the situation is illustrated by a
dashed curve in Fig. 3.
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Fig. 1. Examples of TF-mSR time spectra displayed in the rotating reference frame

of (a) 33MHz and (b) 541MHz, respectively. In the paramagnetic state (15K,

shown by open symbols), the spectrum of 4.0 T exhibits faster relaxation than that

of 0.25 T, indicating occurrence of field-induced magnetism. Additional relaxation

due to the formation of flux line lattice at 2K (spectra shown in filled symbols) is

seen in both cases. Solid curves are fits by a Gaussian relaxation.

Fig. 2. Muon spin relaxation rate versus transverse field observed in the normal

state of La2C3 (at 15K).
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Since La2C3 is known to have a double-gap structure in the
order parameter, it is natural to expand Eq. (5) into the following
form:

svðhÞ ¼ wsvðh1Þ þ ð1�wÞsvðh2Þ, (6)

where hi ¼ H=HðiÞ
c2, and HðiÞ

c2 is the upper critical field corresponding
to the respective energy gap (svðhiÞ must be set to zero for hi41).
The linear combination of two components is appropriate, as sv is
proportional to the superfluid density (i.e., sv / ns). The solid
curve in Fig. 3 is the best fit with Eq. (6), which yields
l ¼ 390ð3Þnm, Hð1Þ

c2 ¼ 16ð4ÞT, Hð2Þ
c2 ¼ 3:6ð4ÞT, and w ¼ 0:41ð9Þ.

It is interesting to note that the ratio of the upper critical field
(Hð1Þ

c2 =H
ð2Þ
c2 ¼ 4:4� 1:4) is comparable with that of the two energy

gaps (D1ð0Þ=D2ð0Þ ¼ 4:5ð1Þ), and that the relative weight w also
agrees with that deduced from the temperature dependence of sv

(where w ¼ 0:38ð2Þ) [2]. Provided that the physical parameters
obtained at 2K is not far from those at T ¼ 0, it might be allowed
to discuss the relation between the BCS coherence length and
energy gap based on the equation,

x0 ¼ _vF

pDð0Þ ’ x ðT ! 0Þ, (7)

where vF is the Fermi velocity. Since the upper critical field is
proportional to the inverse squared of x (Hc2 ¼ F0=ð2px2Þ), one
may expect Hc2 / D2ð0Þ=v2

F . Thus, the observed coincidence
between the ratios of Hc2 and of Dð0Þ may imply that the Fermi
velocity also varies between bands nearly by a factor of two.

Another possible reason for the steeper reduction of superfluid
density is the field-induced nodes in the energy gap and
associated quasiparticle excitation (QP) specific to noncentrosym-

metric superconductors [3]. The characteristic field, Hso, may be
provided in relation to the gap,

HðiÞ
so ’ Dið0Þ

mB

, (8)

which yields Hð1Þ
so ¼ 47ð2ÞT and Hð2Þ

so ¼ 10ð2ÞT. It is predicted in the
calculation of electronic specific heat that the QP excitation is
strongly enhanced to reduce the superfluid density towards a field
0.55–0.7Hso (depending on the magnitude of the coherence
length). Both of two corresponding fields, however, seem to
be too high to explain the characteristic field of kink observed in
Fig. 3 (’ 3T). On the other hand, it is also predicted for the case of
small SO interaction (compared with Dð0Þ) that the QP excitation
might be enhanced below �0:1Hso, primarily due to the asym-
metric deformation of the Fermi surface. In this case, both of the
characteristic fields (’ 4:7 and 1.0 T) are not far from that
observed in Fig. 3, and the weighted average (’ 2:5T) turns out
to be in good accord with the kink of sv.

It is presumable as an actual situation that the field
dependence of sv reflects the effect of double-gap as well as that
of the SO interaction, and they are not discernible within the
present resolution of data along the magnetic field.

In conclusion, we demonstrated the presence of SO interaction
by showing the occurrence of field-induced enhancement of
muon spin relaxation in the normal state of a noncentrosym-
metric superconductor, La2C3. In the mixed state of La2C3, we also
showed that the field dependence has a clear kink around 3T, and
that this feature may be well explained by considering the effect
of (i) double-gap structure in the order parameter previously
established by the temperature dependence of sv and (ii) that of
the SO interaction leading to the field-induced deformation of the
Fermi surface.
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Fig. 3. Muon spin relaxation rate versus transverse field observed in the mixed

state of La2C3 (at 2K). Dashed curve shows sv expected for the case of single-gap

(s-wave), whereas solid curve is a fit using the double-gap model (see text).
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a b s t r a c t

The magnetic property of a thulium-based superconductor, Tm5Rh6Sn18 (superconducting transition

temperature Tc ¼ 2:2K), is investigated by muon spin relaxation ðmSRÞ. Below around 6K, the

development of a quasi-static local magnetic field is clearly inferred from the observation of

spontaneous oscillation signal in the mSR spectra under zero external field, where the magnetism

persists even below Tc. The internal magnetic field at the muon site, Hm, is estimated to be

approximately 175Oe. The fractional volume of the magnetic component is estimated to be 100%,

strongly suggesting that the magnetism coexists with superconductivity.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

ðSn1�xRxÞR4T6Sn18 T ¼ transition metal) compounds belong to
a large stannide series [1]. These stannides crystalize in a
tetragonal structure with a space group I41=acd, and exhibit
magnetic and/or superconducting transitions [2]. The reentrant
superconductor ðSn1�xErxÞEr4Rh6Sn18 has attracted much interest
for the magnetic and superconducting state, because the physical
properties dramatically change due to the difference of the
composition of x; x�0 is superconducting below T ’ 1:3K down
to 50mK; x�0:3 is a reentrant superconducting with Tc ’ 1:05K
and TM ’ 0:5K; x�0:75 has a magnetic order at 0.65K and is not
superconductor [2,3].

On the other hand, ðSn1�xTmxÞTm4Rh6Sn18 becomes super-
conductor at 2.2K and exhibits a reentrant superconducting
behavior demonstrated by the temperature dependence of the
resistivity at fields higher than 1.4 kOe (above 0.4K). In addition,
because the composition of x is a constant value of about 0.8,
ðSn1�xTmxÞTm4Rh6Sn18 can be nearly described as a chemical
formula of Tm5Rh6Sn18 ðx ’ 0:8Þ [4].

However, compared to the other reentrant superconductors,
Tm5Rh6Sn18 still has far less information on the magnetic ordering
or superconducting properties from the previous literature. This
motivated us to investigate the superconducting state and the

relationship between magnetism and superconductivity more
preciously from the view point of microscopic measurements.

We investigated at the microscopic level the coexistence
between magnetism and superconducting state by means of the
muon spin relaxation (mSR) method. The mSR measurement shows
the development of a quasi-static local magnetic field is clearly
inferred from the observation of a spontaneous oscillation signal
in the mSR spectra under zero external field, where the magnetism
persists even below Tc. Our result establishes the coexistence of
superconductivity and magnetic ordering in the Tm-based super-
conductor.

2. Experimental detail

Single crystals of Tm5Rh6Sn18 were grown by the Sn flux
method. The starting materials were 99.9%-Tm powder, 99.9%-Rh
powder and 99.999%-Sn shot. These materials were sealed in an
evacuated quartz tube, with off-stoichiometric composition of
Tm:Rh:Sn ¼ 1:1:2:10. The quartz tube was heated up to 1050,
maintained at this temperature for about 3h, and cooled down to
200 at the rate of 5/h, taking 7 days in total. The excess flux was
removed from the crystals by spinning the ampoule in the
centrifuge.

The single-crystalline nature has been verified by using
backscattering X-ray technique. The powder X-ray diffraction
patterns could be indexed as the Tm5Rh6Sn18 with the space
group I41=acd. The electrical resistivity was measured by the
conventional DC four-probe method in the temperature range
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from 0.4 to 300K under various (including zero) applied magnetic
fields with a PPMS system (Quantum Design Co., Ltd.).

The mSR measurements were carried out at the RIKEN-RAL
Muon Facility in the Rutherford Appleton Laboratory, which
provided a pulsed beam of nearly 100% spin-polarized muons.
The polycrystalline samples obtained from single crystals crushed
into a fine powder were pressed into pellets, and sintered at 900
for 24h under a high vacuum condition of 4:0� 10�3 Pa. The
sample was glued onto a high purity silver (99.998%) holder to
avoid a depolarizing background mSR signal, and mounted into a
3He cryostat. During the measurement under zero field (ZF),
residual magnetic field at the sample position was reduced below
10�5 kOe.

3. Experimental results and discussion

3.1. Electrical resistivity

Superconductivity can be inferred from electrical resistivity
measurements, as shown in Fig. 1. The onset temperature of the
superconducting transition and the temperature of zero resistivity
are observed to be 2.30 and 2.20K. The transition width DT is
considered as the temperature interval between 10% and 90% of
the transition and is observed to be approximately 0.07K. The
electrical resistivity in the normal state increases with a decrease
in the temperature, indicating abnormal metallic behavior. This
anomaly can be described as � ln T behavior, which strongly
indicates that Kondo effect is significant in this material.

Fig. 2(a) shows the temperature dependence of the electrical
resistivity under several magnetic fields. Tm5Rh6Sn18 become
superconducting at 2.2K and does not return to the normal state
down to 0.4K under zero magnetic field. At fields higher than
1.3 kOe, the superconducting state is broken due to the occurrence
of the magnetic ordering. In fields exceeding 1.70 kOe the
superconducting state is no longer fully established. Fig. 2(b)
shows the superconducting phase diagram of Tm5Rh6Sn18. The TM

and Tc are determined by the mid-point temperature of Tzero and
Tonset , and T� is the moderate drop of the resistivity. What is the
origin of T� is not understood, but the fact that T� depends on
magnetic fields indicates low probability of the impurity effect of
Sn (Sn; Hc(0) ¼ 305 Oe) or magnetic ordering.

3.2. mSR measurement

ZF-mSR is the most sensitive technique to examine magnetism
in any form, where the development of local magnetic moment
leads to either spontaneous oscillation or exponential damping of
AðtÞ. Fig. 3 shows the time-dependent muon–positron decay
asymmetry under zero external field at several temperatures in
Tm5Rh6Sn18. Below around 6K, development of a quasi-static local
magnetic field is clearly inferred from the observation of a
spontaneous oscillation signal in the mSR spectra. Surprisingly, the
spontaneous oscillation signal was observed even below the
superconducting transition temperature Tc ¼ 2:2K.

The ZF-mSR time spectra below Tm ¼ 6K are analyzed by using
the following formula for powder specimen, PðtÞ ¼ A1 expð�l1tÞ
cosð2pft þ fÞ þ A2 expð�l2tÞ þ AB, where Ai refers to the asym-
metry of muons stopped in the sample, AB is a background, li is
the relaxation rate, and f (¼ gmHm=2p, where gm is the muon
gyromagnetic ratio of 2p� 13:553MHz=kOe) is the precession
frequency with Hm being the spontaneous local field. The solid
curves are the best fits of the data in the time domain, as shown
Fig. 3. The model yields good fits to data as indicated by
reasonably small values of reduced chi square: w2/Nf is mostly
less than 1.3, with Nf being the number of degrees of freedom.

As expected for a polycrystalline sample, the 1
3 term of each

component represents the fraction of the muons possessing an
initial polarization along the same direction of the internal field.
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Fig. 1. Temperature dependence of the electrical resistivity of Tm5Rh6Sn18. The

inset shows the expansion at low temperature region.

Fig. 2. (a) Temperature dependence of the electrical resistivity of Tm5Rh6Sn18

under several magnetic fields. (b) Phase diagram of Tm5Rh6Sn18. The closed

symbol shows superconducting transition, the square symbol shows breaking

superconducting transition, and the open symbol shows a moderate drop of the

resistivity.
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The fractional volume of the magnetic component ½¼ A1=ðA1 þ A2Þ	
is estimated to be 0.67, strongly suggesting that the magnetism
occurs in the whole volume of the sample and therefore coexisting
with superconductivity.

The muon spin precession frequency f is displayed as a
function of temperature in Fig. 4. The dashed curve for f in the
down panel of Fig. 4 is the fitting result with a form
f ðtÞ ¼ f ð0Þð1� T=TmÞb, which yields Tm ¼ 7:1K, f ð0Þ ¼ 2:38MHz.
The obtained Tm is almost consistent with the temperature at
which the oscillation signals appear. The internal magnetic field at
the muon site, Hm, is estimated to be approximately 175Oe from
the relationship between f ð0Þ and Hm, f ð0Þ ¼ gmHm=2p. It is
noticeable that these spectra also exhibit an exponential damping
without oscillation, which is described as a tail in equation PðtÞ
(see Fig. 3). This longitudinal spin relaxation might be due to
dynamical fluctuation of internal fields. This strong spin fluctua-
tion indicates that the magnetic order is not represented by a
simple static antiferromagnetism.

4. Conclusions

In summary, we studied the magnetic properties of the Tm-
based superconductor, Tm5Rh6Sn18, by means of the ZF-mSR
technique. The observation of clear muon spin precession signals

below 6K reveals a magnetic order invisible in bulk measure-
ments. From the temperature dependence of f and corrected
asymmetry, we confirmed the growth of a magnetic ordered state
below 6K. In the ordered state, the magnetic volume fraction is
calculated to be nearly 100%. We conclude that reentrant super-
conductor Tm5Rh6Sn18 exhibits the coexistence of superconduc-
tivity and magnetism at the microscopic level.
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mSR study on the anomalous magnetic behavior of an intermetallic superconductor Mo3Sb7 is reported.

Muon depolarization rate due to dynamically fluctuating electronic spins is reduced with decreasing

temperature, which is in line with the development of a spin-liquid state. Meanwhile, the detailed

analysis of structural deformation below 50K suggests that the presumed spin-gap is not fully opened,

and that the magnetic state just above Tc might be understood as an itinerant paramagnetic state with

localized spin-singlets.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

A binary intermetallic superconductor Mo3Sb7 (Tc ¼ 2:3K [1]),
which crystallizes in a cubic Ir3Ge7 type structure, may belong
to a novel class of metals in which the conventional s-wave
superconductivity coexists with paramagnetic spin fluctuation
[2]. The temperature dependence of magnetic susceptibility
above Tc exhibits a broad peak similar to that observed in
low-dimensional spin systems. It is argued that the origin
of such anomalous magnetic behavior is attributed to the opening
of a gap in spin excitation spectrum, as suggested by an
anomaly observed at 50K in specific heat associated with a
slight drop of susceptibility [3]. According to the analysis based
on the isolated-dimer model, the coupling within Mo–Mo pairs
leads to a tendency of forming a spin-singlet state. On the
other hand, it is pointed out that Mo3Sb7 is a geometrically
frustrated system in three-dimension which might lead to a
long-range order of spin-singlet dimers, as suggested by NQR,
zero-field (ZF-) mSR and structural studies [4]. This also points to
the possibility of another spin-gap state in Mo3Sb7 of different
origin.

However, since the muon spin depolarization in Mo3Sb7 is
dominated by random local fields from nuclear magnetic
moments, it is important to know the density distribution of
fluctuation over certain range of frequency to assess the electronic
spin contribution to the local fields. We therefore performed mSR
measurements under a longitudinal field in Mo3Sb7 to investigate
the Mo 4d electronic spin state and clarify microscopic magnetic
properties around the phase transitions.

2. Experimental

The polycrystalline sample was synthesized by a solid-state
reaction of high purity Mo (99.99%) and Sb (99.999%) powders
(obtained from Kojundo-Kagaku Co. Ltd.). The stoichiometric
mixtures were pressed into pellets and sintered at 1023K for 2
weeks in an evacuated quartz tube with several intermediate
grindings. The obtained samples were confirmed to be in a single
phase by the powder X-ray diffraction. The magnetic suscept-
ibility was measured using a SQUID magnetometer (MPMSR2,
Quantum Design Co.), and the specific heat was measured by a
standard thermal relaxation method (PPMS, Quantum Design Co.).
mSR experiment was performed at TRIUMF, Vancouver, Canada.
Nearly 100% spin-polarized positive muons with a momentum of
28MeV/c were implanted into the polycrystalline sample and the
time-dependent muon spin polarization was measured using
positron detectors.

3. Result and discussion

As shown in Fig. 1, magnetic susceptibility in Mo3Sb7 exhibits a
broad maximum approximately at 170K, resembling a feature
characteristic to low-dimensional spin systems, and it drops at
50K accompanying a specific heat anomaly, reproducing the
earlier result [3]. The anomaly at 50K is closely associated
with the structural transition that leads to a reduced crystal
symmetry [4]. Previously, we reported detailed structural analysis
of Mo3Sb7 below 50K, where we showed that the nearest
neighboring Mo–Mo couples along z-axis tends to form dimers
[5]. If this structural deformation is associated with the occur-
rence of spin-singlet state, muon depolarization due to the
fluctuating electronic dipolar fields is predicted to disappear.
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Fig. 2 shows mSR spectra ZF or LF measured at several different
temperatures around 50K. There is no sign of spontaneous
precession under ZF, indicating that Mo3Sb7 has a non-magnetic
ground state.

It is inferred from the Gaussian-like time dependence of ZF-
mSR spectra that they are described by the Kubo–Toyabe (KT)
relaxation for the random local fields from nuclear magnetic
moments [6]. LF-mSR spectra show that muon depolarization is
mostly quenched by an applied longitudinal field of 30G,
indicating that the local field is quasi-static. However, it
turns out that the quenching is not complete, especially above
45K, implying the presence of dynamically fluctuating electronic
spins. We therefore analyzed these spectra using the following
form:

A0GZðtÞ ¼ A0G
nuc
KT ðs; tÞ expð�ltÞ, (1)

lðomÞ ¼
2d2n

o2
m þ n2

, (2)

where A0 is the initial asymmetry, Gnuc
KT is the dynamical

Kubo–Toyabe relaxation function [7] arising from quasi-static
nuclear moments with s being the linewidth, and l is the
damping rate due to the fluctuating electronic spins. The field
dependence ð¼ densitydistributionÞ of l is described by the
Redfield’s model shown in Eq. (2), where d is the hyperfine
coupling between muon and electron spins, n is their fluctuation
rate, and om ¼ gmHLF (with HLF being the longitudinal field, gm ¼
2p� 135:54MHz=T being the muon gyromagnetic ratio) [Eq. (2) is
valid for lod]. In the case of Mo3Sb7, small values of l (� 1

10 of s)
make it difficult to deduce d and n separately from curve fitting,
and thereby we deduced l as a single parameter.

Displayed in Fig. 3(a) is the temperature dependence of the
relaxation rate s. It exhibits a gradual increase near 50K and
levels off at lower temperatures. This increase is hardly explained
by the variation of distances between muons and nuclei
associated with the structural deformation (of the order of
0.01 Å), strongly suggesting that muons occupy a site different
from that above 50K [8]. Interestingly, l shown in Fig. 3(b)
exhibits a tendency of increase with increasing temperature with
a slight peak anomaly at 50K. This feature might be attributed to
localized Mo 4d electrons, where the small value of l suggests a
small moment size and associated very weak hyperfine coupling
constant. Furthermore, the decrease of l below 50K recalls a spin-

liquid ground state in which the hyperfine coupling is reduced
upon the formation of short-ranged spin-singlet correlations
(local spin-singlet pairs) as observed in geometrically frustrated
spin system [9].
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As mentioned above, since Mo–Mo pairs form dimers only
along z direction, the two thirds of Mo ions may remain relatively
independent of the spin-singlet correlation and might be
delocalized over the entire crystal [5]. Thus, the magnetic ground

state of Mo3Sb7 just above Tc might be understood as a coexistent
state of local spin-singlets and itinerant paramagnetism.

In summary, we investigated the nature of anomalous
magnetic behavior in Mo3Sb7 using ZF/LF-mSR technique. Our
mSR result suggests that the electronic spin fluctuation decreases
sharply below 50K, which might be interpreted as a sign for
the occurrence of spin-singlet state. Taking into account the
structural deformation at 50K, we argue that the ground state just
above Tc is a mixture of localized spin-singlets and itinerant
electrons.
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The electromagnetic properties of the A-site-ordered perovskite manganite YBaMn2O6 have been

investigated by 55Mn-NMR and mSR measurements. 55Mn-NMR spectrum of YBaMn2O6 at the ground

state is consistent with a charge-ordered antiferromagnetic state, where eg-electrons of Mn3þ ions are

well localized. In the antiferromagnetic state, three components of muon spin oscillation are observed

in the mSR time spectra. The observed muon spin oscillating frequencies are consistently explained by

the checker-board-type charge order and the antiferromagnetic spin order proposed by the previous

neutron diffraction study. The most probable candidate for the muon site is near O(7) in the BaO plane

of YBaMn2O6.

& 2008 Elsevier B.V. All rights reserved.

For the last several decades, the perovskite manganites
R1�xAxMnO3 (R ¼ rare earth element, A ¼ Ca, Ba, Sr) have been
intensively investigated, because they show a rich variety of
fascinating electromagnetic properties, such as a colossal magne-
toresistance (CMR), charge and orbital ordering (COO) and
metal–insulator transition. Recently, A-site-ordered perovskite
manganites RBaMn2O6 have been synthesized for x ¼ 0:5 and
attracting great interest [1–5]. As schematically shown in the
inset of Fig. 2 (R ¼ Y in the drawing), RBaMn2O6 has a layer-type
ordering of R and Ba ions at the A site of perovskite structure
along the c-axis, resulting in the two-dimensional structure with
the stacking sequence of –RO–MnO2–BaO–MnO2– planes. One
of the peculiar features to the A-site-ordered RBaMn2O6 is
their much higher COO and magnetic ordering temperatures
compared with A-site disordered R0:5Ba0:5MnO3. These high
ordering temperatures in RBaMn2O6 are considered to originate
mainly from the ordering of R and Ba in the structure, which
results in the absence of electrostatic potential disorder. This
point of RBaMn2O6 is considered to be a key feature for the
development of new materials that exhibit CMR at room
temperature [6].

Among the series of RBaMn2O6, YBaMn2O6 has the highest
ordering temperatures; orbital at 520K, charge at Tco ¼ 480K, and
antiferromagnetic orders at TN ¼ 195K [7]. In the AFI(CE) phase
below TN, transmission electron spectroscopy experiments sug-
gest a checker-board type COO in the MnO2 plane. The neutron
diffraction experiments suggest that the spin-ordering pattern in
the MnO2 plane below TN is the same as that observed in
R0:5A0:5MnO3 [8], but it has a fourfold periodicity along the c-axis.
It is considered that the Y/Ba order along the c-axis in YBaMn2O6

makes the interlayer magnetic interactions alternated between
ferro- and antiferromagnetic arrangements, resulting in this spin
structure. Since these ordering patterns may be closely related
to the peculiar structure to the A-site-ordered perovskites,
YBaMn2O6 is suitable for investigation into the characteristic of
the A-site-ordered manganites. We have performed nuclear-
magnetic-resonance (NMR) and muon-spin-relaxation ðmSRÞ
measurements to get further information on the magnetic
properties of YBaMn2O6.

A polycrystalline sample of YBaMn2O6 was prepared by a solid-
state reaction and subsequent sintering process in pure Ar gas,
followed by annealing in flowing O2 gas. The details of the
preparation method are described in the literature [2]. The crystal
structure and magnetic properties of this sample are confirmed to
be consistent with the conclusions based on the previous data
[2,7,9]. 55Mn-NMR spectra have been measured in both zero and
elevated magnetic fields with a phase-coherent spectrometer by
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using a spin-echo technique. The mSR data have been taken by
using surface muon at TRIUMF (Vancouver, Canada), KEK
(Tsukuba, Japan) and PSI (Villigen, Switzerland). All the mSR data
have been measured in zero field (ZF).

In Fig. 1, we show the 55Mn-NMR spectra of YBaMn2O6 at 4.2K
under 0 T (filled circles) and 1.35 T (open circles). ZF antiferro-
magnetic resonances are observed at around 297 and 322MHz,
where the signal around 297MHz consists of slightly separated
two lines. The NMR signals around 297 and 322MHz are
considered to originate from nuclei of Mn4þ and Mn3þ ions,
respectively. The observation of both signals fromMn4þ and Mn3þ

indicates localization of holes, in agreement with the charge
ordering. The antiferromagnetic state is assured by the fact that
these peaks are unshifted with small broadenings by an external
magnetic field of 1.35 T. The small splitting of signal for Mn4þ in ZF
suggests two inequivalent Mn4þ ions, where either hyperfine
coupling strength or size of Mn magnetic moment is slightly
different.

One can estimate the sizes of Mn magnetic moments from the
resonance frequency using a hyperfine coupling constant. The
55Mn-NMR signals are observed at 264MHz for Mn4þ in CaMnO3

[10] and 350MHz for Mn3þ in LaMnO3 [11]. Because the size of
magnetic moment is reported to be 2:65mB for CaMnO3 and

3:89mB for LaMnO3 from neutron diffraction experiments [12],

hyperfine coupling constants Ahf ’s for Mn4þ and Mn3þ are
estimated to be 99:6 and 90:4MHz=mB, respectively. Using

these Ahf ’s, we estimate the size of magnetic moment in

YBaMn2O6 to be m4þ
ord ¼ 2:98mB for Mn4þ and m3þ

ord ¼ 3:56mB for

Mn3þ from the NMR frequencies. The value of m4þ
ord is very close to

the ordered moment expected for S ¼ 3
2. m

3þ
ord ¼ 3:56mB is about 11%

reduced from the expected ordered moment of 4mB for the case of

S ¼ 2. These results suggest weak hybridization between Mn-3d

of Mn3þ and O-2p orbital in YBaMn2O6, in agreement with the
picture that YBaMn2O6 has the smallest eg-electron transfer

interaction due to the large distortion of MnO6 octahedra among
RBaMn2O6 [2].

Next, we turn to the mSR results in ZF. Two examples of the
ZF-mSR time spectra above and below TN ¼ 195K are shown in
Fig. 2. A spontaneous Larmor precession is observed in the data
below TN, which is characteristic for a static magnetic-ordered
phase. The time spectra data above TN have been fitted using
GzðtÞ ¼ A expð�ltÞ, where A and l are the initial total asymmetry
and the relaxation rate, respectively. Below TN, the functional
form of the ZF-mSR time spectra includes an oscillating term

GzðtÞ ¼ A1 expð�l1tÞ þ
X4
i¼1

A2;i expð�l2;itÞ cosð2pnit þ fÞ

describing the effect of the static internal fields. A2;i ð
P

iA2;i ¼
A� A1Þ and ni are the i-th oscillating components of amplitude
and frequency, respectively. f is an initial phase. The relaxation
rate for each component is l1 and l2;i. The solid lines in Fig. 2
represent the best fits to the data by using the above equations for
GzðtÞ. The initial phase of f ’ �0:17
 is almost independent of
temperature.

The parameters (a) A and A1, (b) l and l1 as well as (c) ni
obtained for various temperatures are summarized in Fig. 3,
where A and l (A1 and l1) are those for T4TN ðToTNÞ. A slight but
clear hysteretic behavior in these parameters, shown by the
difference between the data measured on cooling (filled symbols)
and on heating (open symbols) in the figure, indicates the first-
order nature of the antiferromagnetic phase transition. The first-
order nature may be related to a possible structural transition.
Actually, the antiferromagnetic order is accompanied by the
reformation of the COO superstructure that may induce a
structural change [7].

The initial total asymmetry A ’ 0:22 has a very weak
temperature dependence above TN. Below TN, A1 represents the
signal from muons polarized along the direction of the internal
field. The ratio A1=A ’ 1

3 is expected if all implanted muons are
exposed to a static local field in a polycrystalline sample. A1=A is,
however, slightly larger than 1

3 below TN and reaches 1
3 below 50K.

This result suggests that a minor part of sample, most probably an
impurity phase, orders magnetically below 50K. Therefore, the
muon spin oscillation with n4 ¼ 101:1MHz (see Fig. 3(c)), that
appears only below 50K, is considered to be extrinsic. We recall
that there is an anomaly in wðTÞ at the same temperature [9]. The
broad peak in the relaxation rate around 175K may be due to a
critical slowing down of Mn magnetic moments accompanied
by the antiferromagnetic order. The temperature-independent
component of l;l1�0:04ms�1 may originate from a nuclear
contribution.
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Below TN, one detects the muon oscillation frequency,
given by ðgm=2pÞB, where gm ¼ 2p� 135:5MHz=T is the muon
gyromagnetic ratio and B is a local static magnetic field at muon
site. The frequencies n1 ¼ 20:2, n2 ¼ 24:8 and n3 ¼ 88:9MHz
indicate the local fields of 1.5 kOe, 1.8 kOe and 6.6 kG at 2.5K.
The temperature dependence of ni is well described by the power
function, niðTÞ ¼ n0ð1� T=TNÞb, as indicated by dotted lines in
Fig. 3(c). Here, n0 is the muon frequency at zero temperature and
the exponent b�0:31 for YBaMn2O6. The obtained value of b is
consistent with the value observed also in LaMnO3 near TN [13].
To summarize, the static magnetic properties of YBaMn2O6

indicated by the NMR and mSR results agree with the expectations
for a normal charge-ordered antiferromagnet.

Finally, we argue possible muon sites in YBaMn2O6 on the basis
of the previous works in the perovskite manganite LaMnO3

[13,14]. De Renzi et al. concluded that the muons lie at 1:05 Å
from an apical O ion on the line connecting the O ion and the
midpoint between two adjacent La ions in the LaO plane. In
addition, Heffner et al. have considered a second muon site, about
1 Å apart from a planer O ion in the MnO2 plane. We recall that
YBaMn2O6 has two Mn sites, Mn(1) and Mn(2), and eight oxygen
sites, Oð1Þ2Oð8Þ, below Tco, where crystallographically inequiva-
lent two MnO6 octahedra show distinct volume difference due to
the charge ordering [9]. The positions near apical oxygens, O(1),
O(2) in the YO plane and O(7), O(8) in the BaO plane of YBaMn2O6,
may be closely related to the first muon site in LaMnO3. The
positions near planer oxygens, Oð3Þ2Oð6Þ in the MnO2 plane, may
be closely related to the second muon site.

Considering that dipolar field dominates a local field at muon
site in many perovskite manganites [13,14], we have calculated
the strength of the dipolar fields at eight muon site candidates.

These are classified into three groups: (a) Bi (i ¼ 1;2) at the
position 1 Å apart from O(i) on the line connecting O(i) and the
midpoint between two adjacent Y ions in the YO plane, (b) Bi

(i ¼ 3;4;5;6) at the positions 1 Å apart from O(i) in almost the
same direction proposed by the previous works as the second
muon site in the MnO2 plane, (c) Bi (i ¼ 7;8) at the position 1 Å
apart from O(i) on the line connecting O(i) and the midpoint
between two adjacent Ba ions in the BaO plane. Here, we use the
structural parameters at 350K listed in Table 1 of Ref. [9], the
magnetic structure proposed by the neutron diffraction measure-
ments [7], and the size of magnetic moment 3:56mB for Mn3þ and
2:98mB for Mn4þ estimated from NMR. The calculations are
summarized in Table 1, where each muon site candidate has
more than two magnetically inequivalent sites due to the zig-zag
type magnetic structure in the MnO2 plane.

Clearly, Bi ði ¼ 3;4;5;6Þ cannot explain the estimated values
from the experiments, which rules out these muon site candidates
in the MnO2 plane. One of B2, two of B7 and one of B8 are
comparable to the experimental values. From these results, we
propose that muon stops at position 1 Å apart from O(7) in the
BaO plane. The proposed muon site is indicated by cross in the
inset of Fig. 2. A similar conclusion on the muon site has been
reported for layered cobaltites RBaCo2O5:5 [15]. It seems reason-
able that positive muons stop in the BaO plane by two reasons: (i)
Ba2þ has smaller positive charge than Y3þ, (ii) the average
distance between BaO and MnO2 planes is larger by 25% than
that between YO and MnO2 planes due to the distortion of MnO6

octahedra. Furthermore, positive muons may favor rather position
near O(7) than position near O(8) in the BaO plane, because the
nearest Mn ion to O(7) is Mn3þ while that to O(8) is Mn4þ. The
observation of three local fields may be related to the existence of
two inequivalent Mn4þ ions as indicated by the 55Mn-NMR
spectrum.

In conclusion, the magnetic properties extracted from the
55Mn-NMR and mSR results agree with the expectations for a
simple charge-ordered antiferromagnet. The observed muon spin
oscillating frequencies below TN are consistent with the checker-
board-type charge order and the antiferromagnetic spin order
proposed by the neutron diffraction study. The most probable
candidate for the muon site is the position near O(7) in the BaO
plane.
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Table 1
Calculated values of the local dipolar field at several muon site candidates,

positions 1 Å away from eight inequivalent oxygen sites.
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a b s t r a c t

The zero-field muon spin relaxation in hydrogen tungsten bronze HxWO3 was observed at temperatures

between 5K and 440K in order to study the diffusion property of muons. The result shows that the

relaxation curves are nearly identical at temperatures lower than 100K and at above 100K the

relaxation rate becomes slower with increasing temperature. The local field and its fluctuation at a

muon site in HxWO3 were estimated from the present data.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

The insertion of hydrogen into WO3 forms a nonstoichiometric
compound HxWO3, called hydrogen tungsten bronze, which
causes the dark blue coloration. In a WO3 thin film the colored
and bleached states are reversibly controlled by applying a voltage
to take Hþ ions into and out of the WO3 layer (electrochromic
effect). The electrochromic device based on WO3 has been
developed to apply in passive display, smart windows and so on
[1]. One of the key issues for practical use is quick response to
which the proton mobility in WO3 under an electric field is closely
related. In this situation, it is important to understand the basic
diffusion property of hydrogen in the lattice of HxWO3 for the
development of the WO3 electrochromic device.

The positive muon spin relaxation (mþSR) is a potentially
useful technique to investigate dynamical properties of hydrogen,
since positive muons with 1

9 the proton mass are considered as a
light isotope of proton. In the present study, we have performed
the zero-field (ZF) and longitudinal field (LF) mSR measurements
and demonstrated that the mSR method is useful to obtain
information on the basic proton diffusion process in HxWO3 from
the study of dynamical properties of muons.

2. Experimental

We used two powder samples of pure WO3 and HxWO3 for the
mSR measurements. The method for the preparation of hydrogen
tungsten bronze HxWO3 was similar to that described in Ref. [2].

A commercial powder sample of WO3 was reduced with zinc
turnings and boiling 1N HCl solution over a period of about 3h.
Excess zinc was dissolved by prolonged boiling with additional
HCl solution. The sample was washed by replacing supernatant
solution with water a few times and subsequently was dried in a
vacuum desiccator. HxWO3 is unstable towards oxidation [2] so
that the hydrogen content gradually decreases in the presence of
oxygen. Therefore, the samples were sealed within 30-mm-thick
silver foils by glue in He atmosphere. Although hydrogen
concentration x was not determined, 0:15oxo0:50 is expected
from an X-ray diffraction pattern measured for the present
sample, which was in good agreement with that for the tetragonal
phase shown in this composition range [3].

Polarized positive muon beams with a momentum of 28MeV/c
were implanted into the samples. For pure WO3, the ZF-mSR
measurements were performed at temperatures between 10K and
300K using the ARGUS spectrometer at the RIKEN–RAL muon
facility. For HxWO3 the ZF- and LF-mSR were done at temperatures
between 5K and 440K with the general purpose surface-muon
(GPS) instrument at Paul Scherrer Institut (PSI) with a muon-
on-request (MORE) mode to observe slow relaxation phenomena.

3. Results and discussions

Figs. 1(a) and (b) show typical ZF-mSR spectra in WO3 and
HxWO3, respectively. The baseline for these spectra was deter-
mined by doing measurements on the transverse field muon
spin rotation for each sample. The exponential like relaxing
component with the fraction of �20% was observed in addition to
the non-relaxing component for the pure WO3 sample at low
temperatures, and the relaxation rate decreases with increasing
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temperature. Because the contribution of the nuclear dipolar field
from W and O nuclei is negligibly small, this relaxation might be
attributed to paramagnetic defects or impurities, or the local
electronic structure at a muon site in WO3 originated from the
characteristics of an isolated hydrogen impurity in semiconduc-
tors such as the formation of shallow donor states as was
suggested in Ref. [4]. The muon motion might also contribute
these temperature dependent relaxation curves. However, it is
hard to extract this effect from the data for the pure WO3 sample.

On the other hand, the spectra for hydrogen tungsten bronze
HxWO3 is characterized by a Gaussian damping. The relaxation
curves at temperatures lower than 100K remain unchanged and
gradually the relaxation rate becomes slower with increasing
temperature. Because the tungsten bronze shows metallic proper-
ties [5], contributions of paramagnetic states to the muon spin
relaxation observed for pure WO3 have disappeared. Therefore,
nuclear dipolar fields from host nuclei, mainly protons in the
present case, are expected to be the main contribution to cause
the muon spin relaxation for HxWO3. The reduction of a relaxation
rate at temperatures higher than 100K is considered to be due to
the dynamical behavior such as muon diffusion. Because the
spectra at temperatures between 5 and 100K were almost
identical, the sum of the data were used to the analysis in this
temperature range. The data were well accounted for by a two-
component Kubo–Toyabe (KT) function with a reduced w2 ¼ 1:4
which is also shown in Fig. 1(b). The fraction of the main
component is about 93% giving a Gaussian distribution width of
the local field at the muon site, D ¼ ð0:0503� 0:006Þms�1, and the
other component gives D ¼ ð0:27� 0:01Þms�1.

The decoupling properties of muon spins from the local field
were examined by measuring the LF-mSR spectra at 50K which are
shown in Fig. 2. The data were roughly explained but not
reproduced very well by calculated two-component KT functions

in case that a LF is applied, using the above values of D and
amplitudes deduced from the ZF-mSR data at T ¼ 52100K.

The present value of D ¼ 0:0503ms�1 for the main component
is not in agreement with the previous result on the line width of
0.13mT for the proton NMR in H0:39WO3 [6], which gives
D ¼ 0:17ms�1. The disagreement cannot be explained even if the
ambiguity of the hydrogen content x is considered since D / x1=2.
Therefore, the lattice location of muons or the local atomic
configuration at muon sites should be considered, which will
directly affect the value of D. Even though this is still an open
problem, the present ZF- and LF-mSR spectra for HxWO3 at low
temperatures are basically understood by the existence of static
local fields at the muon site due to the dipole-dipole interaction
between protons and muons.

In order to extract the dynamical properties of muons in
HxWO3, the ZF-mSR data at higher temperatures were analyzed
based on the data at low temperatures (T ¼ 52100K). In the
analysis, a two-component KT function was also assumed. As
deduced from the ZF data at low temperatures, it consists of a KT
function under a fluctuating field with D fixed at 0:0503ms�1 as
the main component and another without fluctuation. The
fluctuation rate n for the main component, D for another one
and a fractional ratio of these two components were deduced by
the w2-fitting procedure under the fixed total asymmetry. The data
were well reproduced by this trial function over the temperature
range between 250K and 440K. The fraction of the minor
component decreased from 7% at below 100K to 3% at 250K
and almost vanishes at about 400K. The values of D for
this component were nearly identical at T ¼ 2502350K and
similar to D ¼ 0:27ms�1 deduced at T ¼ 52100K. Therefore, this
component is considered that the local field might be static at
below 350K.

As the result, the fluctuation rate n was deduced, which is
shown as a function of inverse temperature in Fig. 3. The values of
n seem to follow an Arrhenius equation together with constant
contribution n ¼ n0 expð�Ea=kTÞ þ const. Using this equation, the
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activation energy Ea ¼ ð0:26� 0:06Þ eV was estimated. This is near
to the value deduced from the proton NMR line widths in
H0:39WO3 showing a motional narrowing, which gave Arrhenius

parameters as 1=n0 ¼ ð47� 14Þns and Ea ¼ ð0:200� 0:011Þ eV [6]
(see Fig. 3). The fluctuation rates for muons, considered as the hop
rates, are more than twice those for protons, which is qualitatively
reasonable for light mass of muons. Hereafter, it is interesting and
important to examine whether the muons in HxWO3 feel the same
diffusion barrier as protons and the origin of a large difference in
the value of D between muons and protons, in order to simulate
the proton diffusion properties in HxWO3 by muons as a light
hydrogen isotope. For this purpose, further mSR studies are being
planned to deduce the local field distribution width D and
fluctuation rate n to obtain more precise value of Ea as a function
of a hydrogen content x.
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Abstract The intensity of proton accelerator has attained to the order to mega-watt,
and several MW-class proton accelerators start to operate in the world. J-PARC is
a complex of three accelerators, and generates a variety of secondary beams, i.e.
muon beam, neutron beam, meson beam and neutrino beam. The muon facility
is established in order to provide a pulsed muon beam for various experimental
programs. The first muon beam is transported to the experimental area in September
2008. Although the accelerator is still under commissioning, and the beam power
doesn’t reach the design value of 1 MW yet, the world strongest pulsed muon beam
will be provided shortly. In this paper, we review the muon beam line in J-PARC,
and discuss evolved scientific programs.
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Fig. 1 A schematic drawing from 3-GeV rapid cycling synchrotron (RCS) to MLF

1 Introduction

A high intensity proton accelerator (Japan Proton Accelerator Research Complex,
J-PARC) project was proposed jointly by Japan Atomic Energy Agency (JAEA)
and High Energy Accelerator Research Organization (KEK) [1]. The new facility
consists of a 400-MeV linac, 3-GeV and 50-GeV synchrotron rings, which provide an
intense proton beam to pursue particle physics, nuclear physics, material science, life
science and nuclear technology. A 1-MW proton beam is transported from the 3-GeV
synchrotron ring to Material and Life Science Facility (MLF) which consists of the
muon and the spallation neutron facilities. As shown in Fig. 1, the proton-beam-line
tunnel runs through the center of MLF building from the north to the south. The east
and the west wings are experimental halls where the neutron and muon beam lines
are constructed. In order to avoid the diffusion of radioactive contamination, and to
make the structure of radiation shield simple, the proton-beam transport tunnel is
isolated from the experimental hall. Namely, the beam transport tunnel divides the
MLF building into east and west wing.

The muon-production target is inserted 30-m upstream of the neutron target in
the proton beam line. The concept of the cascade-type muon-target is similar to
ISIS muon facility, UK, which is 0.24-MW (800-MeV, 300 μA) proton accelerator.
From the muon target, we decided to extract four muon beam lines. Each of them
provides the world-strongest pulsed muon beam with an individual design concept to
be utilized for the variety of muon science, such as muon catalyzed fusion study, μSR
spectroscopy and so on. Two of the secondary beam lines are extracted at the angle
of 60 degrees to the proton beam line (forward), and the others are at 135 degrees
(backward). At the exterior of proton-beam transport tunnel, four opening exist, and



– 145 –

Muon science in J-PARC 215

Fig. 2 A schematic drawing of muon facility in east-side experimental hall of MLF

correspond to each muon beam line. At the primary phase, we don’t construct all the
muon beam lines to leave the future open (Fig. 2).

2 Decay-muon beam line

The decay-muon beam line uses a super conducting solenoid magnet to capture
muons from in-flight-decay pions. The design principle of decay-muon beam line was
established in Muon Science Laboratory, a utilization facility of 500-MeV booster
synchrotron, KEK. Based on this design concept, M9 beam line, TRIUMF and
the RIKEN-RAL Muon Facility [2] were constructed. In J-PARC, the decay-muon
beam line extracts both negative and positive decay muons up to their momenta of
120 MeV/c, as well as 30-MeV/c surface and cloud muons. This high momentum-
tune-ability meets the demands of most user programs, and thus we gave priority to
the decay-muon beam line in the construction scheme. At the primary phase, double-
pulse beam, which is due to the proton-beam bunch structure, is transported to either
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experimental area, exclusively. After the upgrade by installing the kicker device,
single-pulse beam is able to be utilized at both experimental areas, simultaneously.

3 Large acceptance beam line

A large acceptance beam line (Super Omega) extends at 135 degree into backward
angles to transport surface muons (30-MeV/c μ+) and cloud muons (30-MeV/c μ−)
to the east-side experimental hall [3]. The beam line consists of normal-conducting
capture solenoids, superconducting transport solenoids, and a Dai Omega-type axial
focusing magnet [4]. At present, the construction of the capture solenoid magnet,
with an acceptance of about 400 mstr, is near completion. The design of the transport
solenoid magnet is underway, and 80% transmission efficiency is achieved in the sim-
ulation. Test solenoid coils are fabricated and examined. The axial focusing magnet,
used to focus the muon beam on the experimental sample, is under consideration
with particular emphasis on its compatibility with the transport solenoid magnet.
This new-concept beam line aims at an order of magnitude higher beam intensity
in comparison with the conventional decay-muon beam line.

The most attractive utilization of this high-intensity beam is the source for the
world’s most intense pulsed ultra-slow muon beam. The ultra-slow muons, which are
created by laser-resonant ionization method [5] will have low penetration depths,
high energy-and-temporal resolutions, and tunable energies, which can be used to
probe surface phenomenon using muon. The negative cloud muons will be used for
experiments such as muon catalyzed fusion, muonic nuclei study [6], etc.

4 Muon science in muon facility, J-PARC

At present, Muon Facility is shifting from the construction and system-
commissioning phase to the experimental utilization phase. The first user program
starts in 2008FY. Although the beam power does not reach 1 MW yet, the step-by-
step upgrade schedule is kept, and 0.25-MW proton beam will be obtained in 2009.

The world’s most intense pulsed muon is a powerful tool not only for materials
and life science but also high precision studies requiring high statistics, such as muon
life time measurement, muon g − 2 measurement, rare decay search and so forth.

Acknowledgements We acknowledge fruitful discussion by Drs. Y. Ikeda, T. Kato, M. Futakawa
and other Neutron Source Section, MLF. We express our sincere gratitude to Drs. M. Iwasaki,
T. Matsuzaki, K. Ishida and other staff of the RIKEN-RAL Muon Facility.

References

1. The Joint Project for High-Intensity Proton Accelerators. KEK Report 99-4; JAERI-Tech 99-056;
JHF-99-3 (1999)

2. Nagamine, K., et al.: Construction of RIKEN-RAL Muon Facility at ISIS and advanced μSR.
Hyperfine Interact. 87, 1091 (1994)

3. Shimomura, K., et al.: Super Omega—new concepts of super intense surface muon beam. In: AIP
Conference Proceedings, p. 721; Neutrino Factories and Superbeams, p. 346 (2004)



– 147 –

Muon science in J-PARC 217

4. Miyadera, H., et al.: Design, construction and performance of Dai Omega, a large solid-angle
axial-focusing superconducting surface-muon channel. Nucl. Instrum. Methods A 569, 713 (2006)

5. Bakule, P., et al.: Slow muon experiment by laser resonant ionization method at RIKEN-RAL
muon facility. Spectrochim. Acta Part B 58, 1019 (2003)

6. Strasser, P., et al.: In: These proceedings



– 148 –



– 149 –

J-PARC muon source, MUSE

Y. Miyake a,b,�, K. Nishiyama a,b, N. Kawamura a,b, P. Strasser a,b, S. Makimura a,b, A. Koda a,b,
K. Shimomura a,b, H. Fujimori a,b, K. Nakahara a,b, R. Kadono a,b, M. Kato a,b, S. Takeshita a,b,
W. Higemoto c, K. Ishida d, T. Matsuzaki d, Y. Matsuda d, K. Nagamine a,d

a Muon Science Laboratory, High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan
b Muon section, Materials and Life Science Division, J-PARC Center, 2-4 Shirane Shirakata, Tokai-mura, Naka-gun, Ibaraki 319-1195, Japan
c Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
d Advanced Meson Science Laboratory, RIKEN Nishina Center, Wako, Saitama 351-0198, Japan

a r t i c l e i n f o

Available online 25 November 2008

Keywords:

Muon

J-PARC

MLF

Slow muons

Spin polarized muons

Pulsed muon sources

Muon spin rotation

Muonium

Laser ionization

Lyman-a
Thin films

Multilayers

Magnetic probe

a b s t r a c t

The muon science facility (MUSE), together with the neutron, hadron, and neutrino facilities, is one of

the experimental areas of the J-PARC project, which was approved for construction in a period from

2001 to 2008. The MUSE facility is located in the Materials and Life Science Facility (MLF) built for both

neutron and muon sciences. Construction of the MLF building began in the beginning of 2004, and was

completed in the end of the 2006 fiscal year. We have been working on the installation of the decay/

surface muon beam line, expecting first muon beam in the Autumn of 2008.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

The accelerator complex of the Japan Proton Accelerator
Research Complex (J-PARC) has been constructed in the south
part of the Tokai-JAEA site, and consists of a 181MeV LINAC
(400MeV in future), and 3 and 50GeV proton synchrotron rings.
About 90% of the 3GeV, 333mA (1.0MW) beam is sent to the
Materials and Life Science Facility (MLF) for the production of the
intense pulsed neutron and muon beams, while the remaining
10% would be sent to the 50GeV ring for further acceleration to
produce a 15mA, 50GeV proton beam for the kaon or neutrino
physics programs. The 3GeV proton beam is transported through
the beam transport line (so called 3NBT line) over a distance of
about 300m and focused onto the 24mm diameter muon target
with a spot size that is as small as possible.

The parameters of the 3GeV proton beam are:

(1) The number of protons will be 8.3�1013/ pulse.
(2) The average beam power will be 0.6MW since the LINAC

energy will start with 181MeV in phase 1, although it will go
up to 1MW in the future when the LINAC energy will be
increased to 400MeV.

(3) The repetition rate is 25Hz, so each pulse is separated by
40ms. One proton pulse consists of two bunches which are
separated by 600ns with a full width of 100–130ns for a
LINAC energy of 400MeV.

(4) The transverse emittance (e) will be 81pmmmrad (beam
core) and 324pmmmrad (maximum halo).

2. The muon science facility with tandem-type production
graphite target

The MLF consists of the neutron and the muon science facilities
which utilizes the 3GeV, 1MW, 25Hz proton beam. In order to
reduce the total cost of the project through common use of the
utilities, getting rid of the severe beam dump construction
associated with high-level tritium water handling, and by sharing
the beam with the neutron facility, we decided to have a tandem-
target muon facility, rather than construct a separate building
with our own proton (1MW) beam dump, as was the case in
KEK–MSL. Through discussion with the neutron science group, we
reached an agreement that the total beam loss induced by placing

ARTICLE IN PRESS

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Nuclear Instruments and Methods in
Physics Research A

0168-9002/$ - see front matter & 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.nima.2008.11.016

�Corresponding author at: Muon Science Laboratory, High Energy Accelerator

Research Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan.

Tel.: +8129284 4624; fax: +81284 4878.

E-mail address: yasuhiro.miyake@kek.jp (Y. Miyake).

Nuclear Instruments and Methods in Physics Research A 600 (2009) 22–24



– 150 –

the muon production targets should be no more than 10%, which
allows us to install 10 and 20mm thick graphite targets on the
beamline upstream of the neutron target, corresponding to a
beam loss of 3.5% and 6.5%, respectively [1]. Detailed calculations
on heat, radiation and duct-streaming in the vicinity of the muon
target were performed by NMTC/JAM and MCNP Monte-Carlo
codes [2]. In the case of the 20mm thick graphite target, heat loss
as much as 3.5 kW is deposited into a 25mm diameter region
through irradiation of the 3GeV, 1MW proton beam.

One possible candidate for the muon production target is a
rotating carbon target, which has been developed at PSI and has
been working well for more than 10 years [3]. In the end, we
adopted an edge- cooled non-rotating graphite target, because of
its ease of the handling and maintenance. In this target, graphite is
indirectly cooled by the copper frame, which surrounds the
graphite. For the graphite material, we are adopting an isotropic
graphite IG-43 which has a thermal conductivity of 139W/mK,
1.82 g/cm2 density at 300K, thermal expansion of 4.8 ppm/K,
Young’s modulus of 10.8GPa, and Poisson’s ratio of 0.28. In the
copper frame, three turns cooling pipe, a SUS tube with O.D.
12.7mm and I.D. 10.7mm, are embedded through HIP (hot
isostatic press). In order to reduce stress, a titanium buffer layer
of 2mm is placed as interface between the graphite disk and the
copper frame. The copper frame, the 20mm thick graphite, and
the titanium buffer layer are bonded by silver brazing in vacuum.
Calculations of the heat and stress induced by the heat deposit
of the 3.5 kW beam through ANSYS demonstrate that the edge-
cooled graphite target can be used safely as the 1MW muon
production target. Detailed calculations of the neutron irradiation
effect on the thermal conductivity and the thermal stress induced
by the proton beam will be reported elsewhere [4].

3. Building structure and maintenance

The MLF consists of the proton beam line tunnel (M1 and M2
tunnel), and two wings for experimental halls Nos. 1 and 2.
The tunnel structure is intended for the purpose of keeping
radioactive materials inside of the tunnel, in order to provide for
safe areas operation during the maintenance works of either the
neutron or the muon target. The height of the building is 28m for
the tunnel and 22m for the wings of the experimental halls,
respectively. The tunnel is 14.5m wide, 24.5m wide in the east
wing, and 32m wide in the west wing. The proton beam height is
1.6m from the floor level. Since a certain fraction of the primary
3GeV proton beam is scattered preferentially downstream
towards the neutron target, two sets of scrapers are installed to
prevent damage on the beam line components such as quadrupole
magnets, beam ducts, etc. Learning from the experience PSI has
had in dealing with 1MW class proton beams [3], all maintenance
work, including power and water connections, is done from the
maintenance region located 4m above floor level.

Construction of the MLF building began in the beginning of
2004, and was completed in the end of the 2006 fiscal year.
Furthermore, fabrication and installation of various beam line
components such as magnets, muon target, scrapers, shields,
monitors, and vacuum components were completed in 2007, as
scheduled. Fig. 1 shows a schematic drawing of the J-PARC Muon
Facility, MUSE.

4. Secondary line

Muons (m+/m�), together with neutrinos, is a decay product of
pions (p+/p�). Through the pp or pn nuclear reactions between the
3GeV proton beam and the 20mm thick graphite target, p+ and

p� are generated. Experimentally, two kinds of muon beams are
produced and delivered to experiments; one is the decay muon
beam, and the other is the surface muon beam. Decay muons are
obtained from p+/p� decaying in-flight in a long superconducting
solenoid magnet. Its energy is rather higher to be up to �165MeV
(250MeV/c). On the other hand, surface muons are obtained
when p+ decay after stopping at the surface of the production
target. Therefore it has a lower kinetic energy of around 4MeV
(30MeV/c), and only positive muons are available.

For Phase 1, one graphite target is installed, from which four
sets of the secondary lines are extracted and extended into two
experimental halls (toward the west wing, one decay-surface
muon channel and the super omega channel, and towards the
east wing one surface muon channel and possibly one high
momentum muon channel). In this fiscal year, we are planning to
install one superconducting decay/surface channel with a mod-
est-acceptance (about 40mSr) pion injector. It will provide an
estimated surface muon rate of 3�107 /s with a beam size of
25mm in diameter, and 106/s decay muons (m+/m�) at 60MeV/c
(and up to 107/s at 120MeV/c) with a beam size of 50mm in
diameter. These intensities are about 30 times higher than those
available at the RIKEN/RAL Muon facility [5].

In addition to Phase 1, we are planning to install one surface
muon channel with a modest-acceptance (about 50mSr), and one
super omega muon channel for the study of thin film magnetism
or negative muon physics. In the case of the surface muon
channel, we can expect a total of 1.6�107 /s surface muons with a
1MW proton beam. By installing a kicker and beam slicer, we are
planning to place four experimental ports. In the case of the super
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Fig. 1. Schematic drawing of the J-PARC Muon Facility, MUSE.
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omega beam channel, we are going to install a large acceptance
solenoid made of mineral insulation cables (MIC) and a super-
conducting curved transport solenoid. We can collect either
surface or cloud muons with a large acceptance of 400mSr.
Finally, we are expecting 4�108 /s surface muons and 107 /s
negative cloud muons in the experimental hall [6]. Although
many of these studies can be performed using either surface
or decay muons, at the super omega channel we are aiming to
create a new type of muon source; the intense ultra-slow muon
source. Slow muons are generated through resonant ionization
of muonium (Mu). Mu is formed by stopping intense surface
muon on the rear surface of a hot W foil.

At the RIKEN/RAL muon facility, 20 slow m+/s are obtained
out of 1.2�106 /s surface muons [7]. Taking into account the
repetition rate of the pulsed laser system and the proton beam, as
well as the surface muon yield between RIKEN-RAL and J-PARC

MUSE, we can expect 1.3�104 /s of slow m+/s without any
additional laser development. A rate of 1.3�106 /s slow m+/s can
be achieved with sufficient laser development such as the tripling
of 366nm photons with pico second pulse width to match the
Doppler broadening of the Mu at 2000K. Table 1 shows
parameters of the individual muon channels at the J-PARC muon
facility (MUSE).

When the production of intense ultra-slow muon beams is
realized, the use of its short-range penetration depth [8] will
allow muon science to be expanded towards a variety of new
scientific fields such as,

(1) Surface/boundary magnetism utilizing its spin polarization
and unique time-window.

(2) Surface chemistry, utilizing a feature of a light isotope of
hydrogen; such as catalysis reactions.

(3) Precise atomic physics such as QED.
(4) Ion sources and towards m+ m� collider experiments in high-

energy physics.

5. Conclusion

Construction of the MLF building began in the beginning of
2004, and was completed in the end of the 2006 fiscal year. Also
fabrication and installation of various beam line components such
as magnets, muon target, scrapers, shields, monitors, and vacuum
components were completed in 2007, as scheduled. We are
expecting first muon beam in the decay/surface muon channel in
the Autumn of 2008.
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Table 1
Muon beams available at J-PARC Muon Facility, MUSE.

Surface muon (m+) Decay muon(m7)

Decay surface muon channel (Phase 1)

Muon energy 4.1MeV 2–54MeV

Range �0.2mm 1mm�� cm

Energy width �10% �15%

Temporal width �100–130ns �100–130ns

Beam size 30nm�40nm 70nm�70nm

Intensity 3�107 /s 106�107 /s

Port number 2 2

Surface muon (m+)

Surface muon channel (Phase 2)

Muon energy 4.1MeV

Range �0.2mm

Energy width �10%

Temporal width �100–130ns

Beam size 30nm�40nm

Intensity 106�107 /s
Port number 4

Slow muon (m+) Cloud muon (m�)

Super omega muon channel (Phase 2)

Muon energy 0–30KeV 2–15MeV

Range 1–200nm �mm

Energy width 51% �5–10%

Temporal width 8.3 ns(now)-subns �100–130ns

Beam size 3�4mm(now)-1f f50

Intensity 104�106 /s 106�107 /s

Port number 2 2
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Spin-polarized ultra-low-energy muons (LE-m+) with energies in eV–keV range provide a sensitive

magnetic microprobe for studying near-surface regions, thin-film samples, multi-layered materials, etc.

with depth resolution on a nanometer scale. Yet, worldwide there is currently only one (continuous)

source of low-energy muons that is routinely used for such measurements. A pulsed source with many

unique parameters (such as low-energy resolution of �14 eV, time resolution of 7 ns, low background

and spot size of just 4mm) has been demonstrated at RIKEN-RAL muon facility at ISIS, but its use is

limited by a rate of only 15m+/s. The method of low-energy muon generation is based on a resonant

laser ionization of thermal energy muonium and is ideally suited for a pulsed muon source such as J-

PARC MUSE, since the pulse structure of the generated LE-m+ is then determined by the laser pulse

duration. The double pulse structure of the surface muon beam can, therefore, be converted to a single

LE-m+ pulse with a pulse duration that can be as short as 1 ns and can also be externally triggered. J-

PARC is designed to deliver surface muon beam with rates up to 4�108m+/s and direct transfer of the

same laser technology from RIKEN-RAL to J-PARC would provide a LE-m+ beamwith rates comparable to

the existing continuous LE-m+ beam at PSI (�104 LE-m+/s). An improvement in the laser pulse energy

could lead to a higher efficiency and higher rates up to 106 LE-m+/s may be possible. Construction of an

intense LE-m+ beamline at J-PARC MUSE would open up the possibility to do routine depth-dependent

mSR measurements with thin film samples, with the muon implantation depth as low as 1nm. In

addition, the unique capability to synchronize the muon implantation with the sample excitation (e.g.

by another laser or rf pulse) would allow to carry out pump-probe-type experiments.

& 2008 Published by Elsevier B.V.

1. Introduction

The technique of mSR (muon spin rotation, relaxation and
resonance) spectroscopy is established as the major application
for spin-polarized positive muon beams. By using muons as
microscopic magnetic microprobes that act in the material like a
light proton, a wealth of information can be gained about
magnetism, superconductivity, hydrogen behaviour, charge trans-
port and even molecular dynamics or conduction electron
polarization in a wide range of samples. Bulk properties are
routinely studied with �4MeV surface muon beams having a
typical stopping range (in solids) of 0.1–1mm with the struggling
of about 20% of the mean value. With new and rapidly advancing
fields of nanotechnology and spintronics, there is an increasing
need for control over the muon implantation depth on the
nanometer scale that allows to carry out depth-dependent mSR
measurements of near-surface regions, thin film samples, multi-

layered materials etc. Such applications require a beam of low-
energy muons (LE-m+) with energies of eV–keV range. Apart from
the nanometer-scale depth resolution, the LE muons can also be
focused to a small spot of just a few mm in diameter, thus
allowing to measure small samples with a very good signal-to-
noise resolution.

Currently, there are only two sources of low-energy muons
available (see Table 1), both based on rapid cooling of the surface
muon beam in matter:

(1) Continuous LE muon beam at PSI (Switzerland) [1] based on
cryogenic moderator using a �100-mm-thick silver foil coated
with solid Ar, Ne or N2.

(2) Pulsed (25Hz) LE muon beam at RIKEN-RAL muon facility at
ISIS (UK) based on laser ionization of thermal energy
muonium generated by thermionic re-emission of muons
stopped in heated W foil [2].

Any method of muon cooling to eV level is inherently very
inefficient and both these methods reach approximately the same
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conversion efficiency of only �3�10�5 from the incident-surface
muon beam to the LE muon beam on the sample. However, only
the PSI continuous LE muon beam is available to mSR users since
the rate between 3000 and 5000 LE-m+/s (92% spin polarized) at
the sample allows one to perform a whole range of mSR
experiments. The pulsed LE muon beam is currently delivered at
a rate of only 15 LE-m+/s (50% spin polarized) at the sample and
can therefore, only be used for a limited number of experiments.
This situation would significantly change if such a beamline for
pulsed ultra-low energy muons was to be built at the J-PARC
Muon Science facility (MUSE). This is projected to deliver almost
700 times larger number of surface muons per pulse compared to
RIKEN-RAL. The rate of pulsed LE muon beam would then be at
least 104 LE-m+/s. This would open up a routine use of pulsed LE
muon beam with many of its unique parameters in terms of
timing and energy resolution.

2. Pulsed LE muon beam parameters

The method of LE-m+ generation, based on the pulsed laser
ionization of thermal energy muonium, is ideally suited to be used
at the pulsed muon source, since it overcomes the limitation of
the long pulse duration that significantly restricts the time
resolution of the mSR spectra. Compared to the ISIS RIKEN-RAL
facility, this limitation is even more severe at J-PARC MUSE where
each double pulse at a repetition rate of 25Hz is expected with the
two pulses with 100ns pulse duration (FWHM) separated by
600ns (determined by the synchrotron geometry). The thermal
energy muonium generated from the W foil heated to 2000K has
a mean velocity of only 20mm/ms. Therefore, once the surface
muon beam is converted to the thermal muonium, the cloud of
these muonium atoms spreads relatively slowly. The muonium
from the surface muon double pulse can then be effectively
accumulated in front of the W foil and then ionized with a short
laser pulse at an optimum time when the density of the generated
muonium reaches the maximum. The resulting LE muon beam
pulse duration is then dependent only on the duration of the laser
pulse and on the ion transport optics time-of-flight limitations.
For example, the laser pulse at the RIKEN-RAL with effective pulse
duration of 7 ns generates a pulse of LE-m+ with just 7.5 ns
(FWHM) pulse duration. By using a shorter ionization laser pulse,
the LE-m+ pulse duration can be, in principle, further reduced to
1ns level, thus obtaining a beam with a better time resolution
than achievable from a continuous source.

The pulsed LE-m+ beam thus offers a much larger dynamic
range than a continuous source. The measurements can be
potentially performed in a time window from �1ns to �20ms.
The long measurements over several muon lifetimes are possible
due to the inherently low background of the pulsed LE-m+ beam
generated by the laser ionization of muonium.

Another direct consequence of determining timing by only the
laser pulse is that the muon pulse can be externally triggered with
�1ns resolution. This opens up a possibility for pump-probe type
of mSR experiments, where the muon implantation can be
synchronized with sample excitation (e.g. by a laser pulse, electric
or rf pulse etc.).

Because the muon implantation is controlled by an external
trigger, there is no need to detect each LE muon implanted into
the sample as is the case with the continuous muon source. The
ultra-thin trigger detector used at PSI [3] unfortunately causes a
broadening of the energy spectrum with sEE400 eV and also
limits the time resolution to 5ns due to the energy loss and
scattering at the trigger. The broadening of the energy spectrum is
not a problem if the required implantation depth is more than
10nm, since the straggling in the sample will anyway lead to a
broadening of the stopping profile. For near-surface studies,
however, muon implantation energies below 1keV are necessary.
These low energies need to be generated by a pulsed muon source
offering a high-energy resolution.

3. Implantation on a nanometer scale

The implantation profiles of LE muons in matter can be
calculated using the TRIM.SP Monte Carlo code [4]. The calcula-
tions show that the resolution of the order of 1nm can be only
achieved near the sample surface and only with an ultra-low
energy muon beam (below 100 eV). Previous experimental tests
verifying the stopping profile and back-reflected fraction of muons
calculated by TRIM.SP using continuous LE-m+ beam [5] have
shown a very good agreement down to energies of 2 keV in
various metals. At lower energies, the measured diamagnetic
asymmetry (corresponding to the fraction of m+ stopped in the
metal) was lower than expected based on the TRIM.SP calcula-
tions, especially for gold samples. Since the energy resolution of
the pulsed LE-m+ beam is higher than in the case of the continuous
beam, we have repeated the measurement of muon implantation
in a 500-nm-thick Au layer in the range of energies between 0.3
and 9keV. With the decreasing muon implantation energy, an
increasingly larger fraction of muons is backscattered and
reflected back from the sample. The reflected fraction forms
neutral muonium with a probability exceeding 90%, which results
in an apparent reduction of the measured asymmetry correspond-
ing to the diamagnetic muon. The part of m+ that may reflect
without forming neutral muonium also will not contribute to the
measured asymmetry, since it will either fly out of the acceptance
angle of the detectors or thermalize off-axis in the wall of the
chamber with the resulting signal being averaged out. The change
in the ratio between the measured asymmetry and the maximum
instrumental asymmetry (corresponding to all muons implanted
in the bulk metal) can, therefore, be interpreted as the measure-
ment of the fraction of the muon beam implanted in the sample.
The measurement is shown in Fig. 1 together with the calculated
implanted fraction using the TRIM.SP code. Compared to the
continuous beam with the broadened energy spectrum, there is a
larger fraction of muons stopped in the sample at very low
energies (o2keV) in agreement with the fraction predicted by the
TRIM.SP calculation. This demonstrates the fine depth resolution
that can be achieved with the pulsed LE-m+ beamwhen probing in
the near-surface region. In this measurement, the implantation
energy was controlled by applying a potential of up to +8.7 kV
directly on the sample to decelerate muons transported at 9 keV
through the low-energy muon beamline. The minimum
implantation energy of 0.3 keV in this measurement was limited
by the muon beam defocusing when the sample is held at high
potential. With more optimized deceleration electrodes, it should
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Table 1
Parameters of available LE muon beams.

PSI (continuous) RIKEN-RAL (50Hz pulsed)

Surface muon beam intensity 2.0�108m+/s 1.2�106m+/s

Repetition rate Continuous 25Hz

Time resolution �5ns �7ns

Energy resolution sE=400 eV sE=14eV

Spin polarization 92% E50%

Spot size at sample [FWHM] 10mm 4mm

S/N ratio �50 �4000

LE muon beam intensity at sample 8000m+/s 15m+/s

Cooling efficiency 4�10�5 3�10�5

P. Bakule et al. / Nuclear Instruments and Methods in Physics Research A 600 (2009) 35–3736
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be possible to reduce the implantation energy to 0.1 keV level
corresponding to the mean implantation depth in gold of just
1.5 nm.

4. Conclusion

Current construction of the intense surface muon beamline,
the so-called Super Omega Muon Channel, at J-PARC MUSE [6]
projected to deliver up to 4�108m+/s offers an exciting prospect of
subsequent construction of ultra-low-energy muon beamline
delivering an intense LE-m+ beam with high energy and time

resolution, low background and a unique possibility to externally
trigger the muon implantation. The unique parameters of the
pulsed LE-m+ beam have been demonstrated at RIKEN-RAL but
only the intensity increase offered by J-PARC MUSE will allow
routine mSR measurements with up to 1nm depth resolution.
Direct transfer of the same laser technology from RIKEN-RAL to J-
PARC would provide the LE-m+ beam with rates comparable to the
existing continuous beam at PSI (�104 LE-m+/s). However, there is
still a large scope for improvement of the laser ionization
efficiency. Cooling efficiency from the surface muon beam to the
LE muon beam can be potentially improved to a �10�3 level
through a significant increase in the laser pulse energy at the
Lyman-a wavelength for muonium (122nm). Lyman-a pulse
energy of the order of 0.1mJ would be required for such an
improvement. It is conceivable that this may be achieved through
a third harmonic generation of a high-energy picosecond laser
with output at 366nm. This would be a worthwhile development,
which could lead to rates approaching 106 LE-m+/s, i.e., compar-
able even with the pulsed surface muon beam at ISIS.
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a b s t r a c t

A lot of even and uneven settlement is expected to occur due to the heavy weight of the buildings and

shields located at the Materials and Life Science Experimental Facility (MLF) and in the proton beam line

(3NBT) that runs from the 3GeV Rapid-Cycling Synchrotron (RCS) to the neutron target at the Japan

Proton Accelerator Research Complex (J-PARC). Because of this, and in order to achieve the necessary

alignment of less than 1mm in precision, the settlement that has occurred with the MLF building and

the 3NBT tunnel has been periodically surveyed (level measurement) since June 2004 until now

when the MLF building has been completed. The survey results were used in determining the levels at

which the beam line components were installed. The survey results indicated that the values of the

settlement that had taken place were almost proportional to the located weight and could be used in

estimating the settlement that would take place in the future. These results were reflected in the

alignment of the proton and beam line components.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

A lot of even and uneven settlement of the MLF building at
the Materials and Life Science Experimental Facility (MLF) of the
Japan Proton Accelerator Complex (J-PARC) is expected as the
building and shields weigh as much as 130,000 and 80,000 ton,
respectively. Even and uneven settlement is also expected along
the proton beam line from the 3GeV Rapid-Cycling Synchrotron
(RCS) to the neutron target (3NBT) due to the several construc-
tions around the 3NBT tunnel and its long length of about 300m.
Installation of the neutron beam lines, which is being constructed
in the MLF buildings, and the proton beam line in the 3NBT tunnel
require the very precise alignment of less than 1mm to minimize
any beam loss.

The ground beneath the J-PARC facilities, which is located near
the sea, is sandy. And therefore to help suppress the expected
large amounts of settlement, many piles were put in place
beneath the buildings and tunnels. For example, the MLF building
has tens of piles of about 100m in length beneath it and a
concrete foundation of about 10m in thickness.

Construction of the MLF building began in July of 2004 and was
completed at the end of 2005. Heavy neutron source components
such as shielding blocks were then installed from October 2004
through to April 2007. The 3NBT tunnel was constructed from

August 2004 through to October 2006. Installation of the beam
line components in the 3NBT tunnel began at the end of 2005 and
was precisely aligned in July 2007. Various neutron beam line
components such as guide tubes began to be installed in April
2007, which is still in progress.

To achieve precision alignment in the situation where a lot of
settlement is expected to take place, periodic measurements of
the settlement at the MLF building and the 3NBT tunnel were
taken, and the results taken into consideration in determining the
level at which the beam line components were installed [1].

In this paper we describe the settlement survey and estima-
tions for how the MLF and the 3NBT have settled.

2. Measurement

The settlement began to be surveyed in July 2004 and has
continued till the present time (March 2008). The method used
was to periodically measure the differences between a datum
level and a measuring level. For the survey several tens of
measuring points were prepared in the MLF building and the
3NBT tunnel. The levelling survey devices included the DNA03
(Leica) and the PL1 (Sokkia) and were used with Invar staffs. The
datum point was located outside the MLF building where it is not
affected by any settlement. In order to obtain very precise data
each of the measurements was round levelled. The error with each
measurement was within 70.5mm for a 1 km round levelling,
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which satisfies the class 1 defined for levelling measurement
precision (within 72.5mm with 1km round levelling).

3. Results and discussion

3.1. Settlement at MLF building

Fig. 1 gives the positions of the major level points that were used
in measurements in the MLF building. Two of the points were
located near the neutron target while another two were located near
the muon target. These points were directly fixed to piles beneath
the MLF building to avoid any effect of the concrete flooring that was
put in place during the early stages of construction.

Fig. 2 gives the variations in level differences for the major level
points as a function of time. Settlement of the building rapidly took
place as construction went on and reached the value of 40mm after
the completion. The settled value increased to an average of 48mm
with the installation of the heavy neutron source components. It
should be noted that the maximum difference of 4mm between the

neutron target and the muon target was caused by uneven
settlement due to the weight difference of the components
between those sources. In October 2007 the average settled value
was 50mm and the difference 4mm.

3.2. Extrapolated settlement at the MLF building

Using the results of the measurements mentioned in the
previous subsection the relationship between the settled value
and total weight was plotted and is given in Fig. 3.

Generally speaking, settlement is more related to the weight
per unit of area than total weight. However, in this case the settled
value can be presumed to have been more sensitive to the total
weight than the weight per unit of area as the total weight is
uniformly spread over the basement of the MLF building, which is
as thick as 10m and supported by piles. Which is why, then, it was
selected for the horizontal axis in Fig. 3. Judging by the relation-
ship revealed in Fig. 3 settlement seems to have been elastic. By
assuming that the settled value is proportional to the added
weight, the relationship can be expressed with

LD ¼ E �W þ C (1)

where LD is the difference in level (mm), E the proportional factor
(mm/ton),W the weight (ton) and C a constant (mm). The values E
and C can be obtained by best fitting in the relationship between
the primary settlement result and the weight up till then. Future
settled values can be extrapolated for plans to add more weight.

The fitted result obtained using Eq. (1) is also given in Fig. 3.
The fitted line is in good agreement with the measured values. It
also indicates that the relationship between the settled value and
the weight has almost proportionality with the factor E of about
0.3mm/1000 ton.

According to the fitted results, the settled value will be about
54mm when the first proton beam is injected at the neutron
target (seven neutron beam lines are installed) in May 2008. It
will be about 72mmwhen all the neutron beam line components
are completed.
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Fig. 1. Major level points measured at the MLF.
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3.3. Settlement at the MN tunnel

The MN tunnel is for a proton beam line between the muon
target and the neutron target and is given in Fig. 1. Maintenance of
the beam line components in the MN tunnel must be carried out
remotely as a lot of beam loss occurs due to large proton-beam
scattering at the muon target. To align the beam line components

in the MN tunnel it was decided that the base plates should be
precisely located and aligned before installing them, and that the
other beam line components such as magnets be located on
the plates without precise adjustments. However, parts of the
concrete side walls in the MN tunnel were positioned after
installation of aforementioned base plates. And therefore the
settled value at completion of the side wall had to be estimated
using the value measured before the wall was constructed.

Based on the relationship of the difference in levels between
the muon target and the neutron target to these weights from
January 2005 to September 2005, the level differences at
completion of construction were extrapolated to be about 1mm,
as given in Fig. 4. Use of this extrapolated data was used in
deciding the beam height of the proton beam line in the MN
tunnel. The measured level difference was �0.2mm at
completion, which was in good agreement with the extrapolated
value.

3.4. Settlement at 3NBT tunnel

Fig. 5 gives a schematic diagram of the 3NBT tunnel.
Settlement at the 3NBT tunnel was measured along the proton
beam line from an extracted point from the 3GeV RCS to the MLF
building. The results of the survey are given in Fig. 6. From
November 2006 to May 2007 the 3NBT tunnel rose a maximum of
about 2mm, particularly downstream. Conversely from May 2007
to September 2007 the 3NBT tunnel settled a maximum of about
3mm, once again particularly downstream. The floating and
settling that has occurred at the 3NBT tunnel are due to the
construction of the neutrino beam facility, one of the J-PARC
facilities, near the downstream of the 3NBT tunnel. And although
the 3NBT beam line components were precisely aligned in July
2007, alignment will need to take place again as construction of
the neutrino facility is still ongoing.

4. Summary

Surveying the settlement began in July 2004 and continued
after completion of building. Settlement of the MLF building
increased as construction proceeded but after completion then
slowly increased. From the results obtained it was discovered that
the settled value of the MLF was proportional to the weight that
had been installed. After assuming that the relationship between
the settled value and the added weight was fairly elastic and good,
the estimated value proved to be in good agreement with the
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survey results. Settlement had also occurred with the 3NBT, in the
downstream area in particular, due to construction of a J-PARC
facility near the tunnel.

Surveying the settlement at the MLF and the 3NBT will
continue until the settlement has ceased.
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a b s t r a c t

The intensity of proton accelerator has attained the order of mega-watt, and several MW-class proton

accelerators have started operating in the world. In comparison with the other MW-class accelerators,

Japan Proton Accelerator Research Complex (J-PARC) is unique due to the muon facility. Materials and

Life Science Facility, J-PARC, has not only the mercury target but also the graphite target to provide

spallation neutrons and muons, respectively. The muon target is inserted upstream of the neutron target

in the proton beam line. Full use of several mutually linking Monte-Carlo codes enables the design work

of devices in the muon facility, which has to be operated under high radiation field from the muon

target.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

A high-intensity proton accelerator (Japan Proton Accelerator
Research Complex, J-PARC) project was proposed jointly by Japan
Atomic Energy Agency (JAEA) and High Energy Accelerator
Research Organization (KEK). The new facility consists of 400-
MeV linac, 3- and 50-GeV synchrotron rings, which provide an
intense proton beam to pursue particle physics, nuclear physics,
materials science, life science and nuclear technology. A 1-MW
proton beam is transported from the 3-GeV synchrotron ring to
Material and Life Science Facility (MLF), which consists of the
muon and the spallation neutron facilities. As shown in Fig. 1, the
proton-beam-line tunnel runs through the center of the MLF
building from the north to the south. The east and west wings are
the experimental hall where the neutron and muon beam lines
are constructed. In order to avoid the diffusion of radioactive
contamination, proton-beam transport tunnel is isolated from the
experimental hall. Namely, the beam transport tunnel divides the
MLF building into the east and the west wings.

The muon-production target is inserted 30-m upstream of the
neutron target in the proton beam line. The concept of the
cascade-type muon-target is similar to the ISIS muon facility, UK,
which is a 0.24 MW (800MeV, 300mA) proton accelerator. From
the muon target, we decided to extract four muon beam lines.
Each of them provides world’s strongest pulsed muon beam with
an individual design concept to be utilized for the variety of muon
science, such as mSR spectroscopy, muon catalyzed fusion
experiment, and so on. Two of the secondary beam lines are

extracted at the angle of 601 to the proton beam line (forward) and
the others are at 1351 (backward). At the exterior of the proton-
beam transport tunnel (M2 tunnel), four openings exist, and
correspond to each muon beam line. At the first stage, we do not
construct every muon beam lines to leave the future option.

Although the design layout with four beam-lines from a target
has the advantage to perform various experiments simulta-
neously, not only the radiation shield but also the devices around
the muon target become complicated. Thus, we developed the
design strategy for the devices around the muon target using
several Monte-Carlo codes.

2. Devices under high radiation field

The design work of the devices around the proton beam-line
from the muon target to the neutron target (M2 tunnel) has to
take into account the effect of high radiation field. In addition to
the fundamental design work, material selection requires taking
into account the effect of radiation damage, that is the
accumulated dose. Especially, some non-metallic material has to
be swapped with the field-resistant one or metal. For instance,
PTFE used in a coolant-water gasket and so forth was swapped
with the grafoil one. In addition to the radiation damage,
heat deposit by scattered protons, secondary neutrons and
gamma-rays is important information for the devices close to
the muon target, such as the muon target itself, beam collimator
and so forth, in order to design the coolant system and to check
the effect of thermal expansion. The simulated result was fed back
to the device design and the revised one was simulated again.
The feedback procedure was repeated until a design satisfying all
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requirements was obtained. Both the accumulated dose and heat
generation are evaluated by a Monte-Carlo code, PHITS [1].

In the simulation, protons are created just upstream of the
muon target with a practical emittance, and then protons and
secondary particles originating from nuclear reactions are
transported. In order to select the material, a detailed structure
of an intended device has to be realized, as shown in Fig. 2.
In addition to the simulated result of accumulated dose, change in
the material properties against the accumulated dose [2] was
taken into account for material selection. For some candidates
with no radiation data, an irradiation test was performed at 60Co
irradiation facility, Takasaki, JAEA. In this way, devices in the M2
tunnel, such as the muon target and its chamber [3], beam-
transport magnets [4] and inflatable-metal vacuum seal, that is
pillow seal, were designed.

DPA in the material is also evaluated by PHITS. DPA is used as
an index of radiation damage in graphite. Because it is difficult to
monitor the radiation damage in the graphite muon target in the
beam line, we defined the lifetime of the target to be 1 DPA
irradiation. Thus, the number of protons to be injected is
evaluated, and the lifetime of the target is determined as a half
year under 1-MW beam.

Using the evaluated residual activity by PHITS and DCHAIN-SP
[5], which evaluates the high-energy-particle-induced radio-
activity and its decay chain, gamma-ray dose from the irradiated

material is evaluated by MCNP [6] with additional cross-section
data [7]. MLF is designed to be operated for forty years under
1-MW beam. Thus, taking into account the effect of gamma-ray
dose during the maintenance, any device is designed and its
maintenance scenario is constructed. For instance, a consumed
target is replaced with a new one in a remote-handling room of
MLF. In order to transport the irradiated target from the muon-
target chamber to the remote-handling room, a cask device is
designed [3]. Time limit to stay beside the cask is evaluated, and
this gives some restriction to the target exchange work.

For accelerator operation, evaluation of radio-activity produc-
tion in coolant water and air is important. The amount and
concentration of radio-activity are also evaluated in the same
manner mentioned above and checked against the disposal limit.
The initial design of cooling water for the muon target and the
collimator system was expected to be heavily activated and thus
the pipe route was changed. In addition, we have to pay attention
to tritium, which is generated in the target and evaporates to the
beam-line vacuum due to the high temperature of the target.

3. Radiation shield

As already mentioned in the introduction, the muon facility is
a complicated structure due to four secondary beam-lines, and
thus we developed a technique to use Monte-Carlo simulation.

The first step of muon facility design was the determination of
maximum beam loss due to the muon target. At the standpoint of
neutron and muon utilization, this was optimized to be 10%. The
2-cm graphite target was adopted. This causes about 5% beam loss
and remains as future options.

The parameter of the magnet from the muon target to the
neutron target is determined by a calculation of the TRANSPORT
code [8], and rough evaluation of beam loss is obtained by DECAY-
TURTLE [9]. In the detailed design work, we made full use of the
Monte-Carlo simulation. For safety, we multiplied the simulated
result by the margin factor of two, and the radiation dose was
required to be below the design limit at the boundary between
the controlled area and the public area, which is introduced in the
J-PARC site.

We optimized the amount, the arrangement and the material of
radiation shield, not only to a movable one but also to a fixed wall.
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Fig. 2. A typical model for PHITS simulation: a cut-away view from east side to the muon target (left) and around the target (right).

Fig. 1. Schematic drawing from the 3-GeV synchrotron to the MLF.
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For this purpose, using Monte-Carlo simulation is suitable be-
cause of the flexibility of modeling. We adopted the PHITS code,
and Fig. 3 shows a typical simulated model. In comparison
with the above-mentioned evaluation for the device design, the
created model is simple, and a non-effective structure is omitted
to reduce the computing time. Fig. 4 shows a contour plot
of a radiation-dose map in the simulated result. The radiation
dose from downstream of the M2 tunnel is separately evalu-
ated with a safety margin in the beam loss, and then added
to the evaluated result originating from the muon target. This
safety margin supposes the miss-alignment of beam-line
magnets and the subsidence of the MLF building, that is the

quadrupole magnet plays a role of a bending magnet. Recent
progress in PHITS code enabled us to evaluate the effect of magnet
miss-alignment and the subsidence, and we confirmed that this
safety margin was high enough, and that we were able to reduce
this margin.

4. Summary

We developed the design strategy using several Monte-Carlo
codes. Although the cross-check was performed by MARS and
MCNPX codes partially, reliability of code and modeling procedure
should be checked by a low-intensity beam.

The muon facility, MLF, J-PARC, is the most intense pulsed
muon facility in the world and provides muons from the 1-MW
proton beam. The MW-class accelerator is the world trend, and
thus this design strategy is applicable to other facilities.
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a b s t r a c t

The Materials and Life Science Facility (MLF) is currently under construction at J-PARC in Tokai, Japan.

The facility houses both muon (graphite) and neutron (mercury) production targets, and is located at

the end of the 3GeV proton beamline. The Super Omega muon beamline (one of four secondary muon

beamlines) extends at 451 into backward angles to transport the surface m+ and cloud m� to

experimental hall 2. Once completed, it will produce the highest intensity pulsed muon beam in the

world, with 4�108m+/s and 107m�/s, which will be used for a variety of purposes such as experiments

in muon-catalyzed fusion and the production of ultra-slow muons. The beamline consists of normal-

conducting capture solenoids, superconducting transport solenoids, and a Dai Omega-type axial

focusing magnet. Currently, the construction of the capture solenoids is nearing completion. The design

of the transport solenoids is under way, and tests solenoids will be fabricated and tested during the

summer of 2008. The axial focusing magnet, used to focus the muon beam on the experimental target, is

under consideration with particular emphasis on its compatibility with the transport solenoids.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

The J-PARC Materials and Life Science Facility (MLF) accepts
a 3GeV/1MW/333mA proton beam from the Rapid Cycling
Synchrotron (RCS) to produce secondary muon and neutron
beams. The primary beam first passes through the graphite muon
production target, losing about 10% of its luminosity, after which
it is incident on the mercury neutron production target.

Four secondary beamlines extend from the muon target.
Surface muons are produced when pions stop at the surface of
the production target and decay, while cloud muons originate
from pions decaying in flight outside the target. The Super
Omega muon beamline [1] (Fig. 1) is designed to simultaneously
capture/transport both surface and cloud muons of various
momentums into experimental hall 2.

The captured surface muons will be used for the production of
the world’s most intense pulsed ultra-slow muon beam with
intensities of order 105/s. These ultra-slow muons, which will be
created through laser-resonant ionization [2,3] to have low
penetration depths, high energy and termporal resolutions, and

tuneable energies, can be used to probe surface phenomenon
using mSR techniques [4].

The negative cloud muons will be used for experiments such as
muon-catalyzed fusion. The increased beam intensity will provide
improved signal-to-noise in the mCF X-ray spectra.

This contribution will describe the design of various compo-
nents of the beamline as well as the expected rates.

2. Capture solenoids

The capture solenoids (Fig. 2) consist of four normal-
conducting solenoids designed to capture the secondary muons
with a solid angle acceptance of 400msr.

The solenoids are located between 60 and 150 cm from the
production target. Although the proximity of the solenoids to the
target results in a large solid angle acceptance, due to the high
level of exposure to radiation, the solenoids are wound with
radiation-resistant mineral insulation cables (MIC). The cables are
water-cooled with a total cross-section of 20�20mm, and are
rated up to 2000A. Due to constraints in power and water
availability, the first three solenoids will be connected in series
with an operating current of 1000A for a muon momentum of
30MeV/c, while the last solenoid will operate at approximately
500A at the same momentum. The trajectories as well as the rates
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of the captured muons are simulated using GEANT4, while the
field distribution within the solenoids is calculated through
TOSCA. Although the solenoids will be placed at beam level
1.6m above the ground (FL1.6), there will be 2.4m of radiation
shielding placed above the coils such that maintenance can be
performed at the 4m level (FL4). For similar reasons, the water
and power connectors for the solenoids will all be placed on top of
the radiation shielding.

The capture solenoids have been constructed/tested by
NEC/TOKIN. The magnetic field distributions have been measured
and were seen to be in agreement with simulation.

3. Superconducting transport solenoids

The superconducting transport solenoids (Fig. 3), consisting of
two 451 6-segmented curved sections and one 6-m-long straight

section, are designed to transport the captured muons into
experimental hall 2.

The vacuum connection between the capture and transport
solenoids is made with a gate-valve pillowseal. The pillowseals
attach to the vacuum ducts of both solenoids with a 2 t force to
seal the vacuum. The gate valve is in place such that the transport
solenoids can be extracted from the beamline for maintenance
without spoiling the vacuum upstream. Most of the beamloss is
seen to take place at the gate-valve pillowseal (6%) and the curved
sections (12%).

A series of Gifford–McMahon (GM) [5] refrigerators will
be used to cool down the superconducting coils. The total
heat load on the solenoids is expected to be 5–10W. The
contribution from radiation heating is calculated through
GEANT4 and PHITS to be between 1 and 2W, with structural
heat load contributing the rest. Two layers of cryogenic shielding,
10 and 50K, will be placed around the solenoids to minimize
the heat load. Most of the structural heat load originate from
the fiber-reinforced plastic support posts on which the solenoids
are placed, and the power leads to a connection between the
normal-conducting and superconducting transition cables. Two
segments of the curved section will be constructed and tested to
determine the feasibility of the curved design during the fiscal
year 2008.

4. Axial focusing

The muons transported through the beamline are focused onto
the experimental target. When producing ultra-slow muons, the
surface muons must be focused within the width of the laser
(10mm), in order to maintain the beam intensity as high as
possible. The design of the axial focusing magnet is based on the
Dai-Omega magnet [6] used at the KEK muon port. Although the
Dai-Omega magnet at KEK was placed immediately downstream
of the muon production target to capture the muons and provide
point-to-point focusing, the design for the Super Omega muon

ARTICLE IN PRESS

Fig. 2. Schematic drawing of the capture solenoids with simulated trajectories.

Fig. 1. Schematic drawing of the Super Omega muon beamline.

Fig. 3. GEANT4 simulation of the Super Omega muon beamline. The 6-m-long

straight section together with the two 45o curved sections are the superconducting

transport solenoids.
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beamline must be altered such that it is compatible with the
capture and transport solenoids.

Currently, the size of the focus is approximately 40mm FWHM
(Fig. 4). Modifications are being considered to focus the beam to
within the width of the laser pulse.

5. Muon rates

The muon rates are calculated using a GEANT4-based simula-
tion package called G4Beamline [7]. The pion production cross-
section used for the simulation is from Pirone and Smith [8], while
the pion to surface muon conversion rate and their target
distributions are calculated by Ishida [9]. Total beam loss is
approximately 18% for 30MeV/c muons. The beamline will be
used for a variety of experiments with differing muon momen-
tum. Surface muons have a maximum momentum of 30MeV/c,
while mCF experiments require muons with a momentum up to
60MeV/c. (Fig. 5).

For the production of ultra-slow muons, the capture efficiency
is optimized for 30MeV/c. At this momentum, the rates are
4–5�108m+/s and 1�107m�/s. Above 30MeV/c, although the
muon production cross-section increases with momentum, the
capture and transport efficiencies drop off rapidly. The resulting
rates at 60MeV/c are well below 107m�/s and the beamline will
need to be re-tuned to accommodate the higher momentum
muons.
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Fig. 4. The transverse distribution of surface muons at the focus of the axial focusing magnet.

Fig. 5. Simulated capture and transport rates for surface and cloud muons with

the beamline optimized for 30MeV/c.
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a b s t r a c t

In the pulsed muon facility (MUSE) being built as a part of J-PARC, muon beams with unprecedented

intensity (�106m+/pulse) will be delivered at its full operation. Because of the extreme instantaneous

m–e decay positron rates (�104–105 e+/pulse), development of a highly segmented positron detection

system is crucial for practical application of mSR. To this end, we have designed a new positron detector

based on a multi-pixel photon counter (MPPC). The advantages of MPPC over conventional phototubes

are its small size, low operation voltage, functionality under a high magnetic field, and low cost. The

result of test experiment for the detector using a pulsed muon beam is reported.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the pulsed muon facility at J-PARC (Muon Science Establish-
ment, MUSE), it is expected that three orders of magnitude more
intense muon beam than that of KEK-MSL will be delivered at its
full operation, where 104–105 positron events must be recorded at
every muon pulse within the time range of mean lifetime for m+

(�10�5 s). Any existing mSR spectrometer for pulsed muon beam
would not be able to handle such a high positron event rate,
because of the limited segmentation numbers for the positron
detectors that would lead to pile-up of events and associated
distortion of spectrum. This is because the time interval of these
positron events becomes shorter than the double pulse resolution
of the detector at each segment. In order to eliminate this pile-up
effect, it is necessary to reduce the size of segmented scintillators
while increasing their number to keep a sufficient total solid
angle. To this end, small and economical positron detectors are
necessary. In addition, tolerance to high magnetic field is strongly
desired, because mSR measurements are routinely performed
under a magnetic field.

Up to now, a photomultiplier tube (PMT) has been employed as
optical sensor for positron detectors in mSR spectrometers.
Unfortunately, the use of PMT will not be feasible for highly
segmented detectors, as it is expensive, bulky, and its gain is

strongly reduced by magnetic field. As an alternative, we focused
on a multi-pixel photon counter (MPPC) that would satisfy the
above-mentioned requirements as optical sensor. We designed a
telescope counter based on MPPC for high-energy positron
detection, and examined the performance using a pulsed muon
beam under zero and high magnetic field at RIKEN-RAL muon
facility.

2. Detector

2.1. Multi-pixel photon counter

MPPC is made up of multiple avalanche photodiode (APD)
pixels operated in the Geiger mode where a bias is applied over
the breakdown voltage. It is characterized by a high gain (�106)
comparable to PMT in spite of low operation voltage (�70V).
Since it is based on semiconductor technology, MPPC is economic-
al, small (5�6�1.5mm3), and functional under a high magnetic
field. One of the few drawbacks for MPPC would be relatively large
dark current noise.

2.2. Detector design

The design of a positron detector is schematically illustrated in
Fig. 1. It mainly consists of two solid scintillation counters
[forward, S1 (CH1), and backward, S2 (CH2), made of BC408,
with 10�12�10mm3 thickness], two wavelength shifter fibers
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(WLS1 and WLS2, made of Y11), and two MPPCs (MPPC1 and
MPPC2, 40S10362-11-050C). Each WLS fiber is tightly attached to
the MPPC and absorbs light from the counter, where the light is
converted to a longer wavelength suitable for MPPC. All the
optical components are coated with reflector paint (BC620) to
avoid crosstalk. Cabling for bias voltage and signal output is made
through a 4-pin LEMO connector. The two counters form a
telescope so that the coincidence of these two signals from MPPCs
can define the decay positron while noise event from each MPPC
is eliminated.

2.3. Electronics and data acquisition

The MPPC signal, after passing through a filter circuit, is
amplified and discriminated to generate a timing pulse. Then it is
guided to a newly developed time-to-digital converter (TDC) built
in fully programmable gated allay (FPGA) for the COPPER system

(developed by KEK-Electronics group). The details of this TDC
system are reported elsewhere [1].

3. Experiment

We have performed test experiments using (1) a checking
source (0.99MBq of 90Sr, which emits b�-ray with a maximal
energy of 546keV) and decay positrons from a pulsed muon beam
under (2) zero magnetic field (ZF), and (3) a high magnetic field
(HF). The ZF and HF measurements were performed at Port-1 of
RIKEN-RAL muon facility; a schematic view of the experimental
setup is shown in Fig. 2. A trigger signal for beam kicker magnet is
used to define the time origin of TDC. A superconducting
Helmholtz coil (SHC) was used to apply a high magnetic field of
3.6 T. In the muon experiment, arrangement of channels is as
follows: CH1 and CH2 are connected to the MPPC1 (S1, WLS1) and
MPPC2 (S2, WLS2), respectively, CH3 is the coincidence signal of
CH1 and CH2, CH4 and CH5 are connected to the PMT1 and PMT2,
respectively, CH6 is the coincidence signal of CH4 and CH5, and
CH7 is the coincidence signal of CH1 and CH6.

3.1. Test by checking source

First, we investigated the noise level due to the dark counts of
MPPC caused by thermal excitation and tunneling effect. Fig. 3(a)
shows the dark count rate as a function of threshold voltage (Vth)
for discrimination (corrected to that before amplification). It
clearly exhibits activation-type dependence with the slope
determined by the bias voltage (Vb). This allows us to readily
control the noise level by changing the threshold voltage. Fig. 3(b)
shows the count rate with and without the checking source under
the fixed Vb(=71.3V). In this condition, the dark counts are
suppressed at Vth��25mV, while the b� event remains even at
Vth=�40mV. Thus, we can easily suppress the noise event and
extract the e+ event by tuning Vb and Vth.

3.2. Test under zero magnetic field

The positron detector was exposed to decay positrons from a
pulsed muon beam with Vb=69.7V and Vth=�3mV, where the
dark counts are virtually absent. Fig. 4(a) shows a time spectrum
of m+–e+ decay events obtained through CH1. The average event
rate of this particular run was 0.7 events/pulse. The typical pulse
height and width were approximately 5–10mV and 20ns,
respectively. Prompt peaks observed at the beginning of the
spectrum (0–1ms) are attributed to the in-beam positrons derived
from m+–e+ decay in the muon production target or in the process
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of beam transport. The muon lifetime (tm) deduced by a fit of the
spectrum over a time range between 1 and 17ms is 2.198(4)ms.
This is in perfect agreement with the well-established value [2],
and thereby demonstrates that the detection system (including
TDC) has no appreciable time-dependent distortion.

We also measured the detection efficiency of the positron
detector relative to that based on PMT using a geometrical
configuration shown in Fig. 2(a). We define the event at PMT1,
PMT2, and MPPC1 as EvPMT1, EvPMT2, and EvMPPC1, respectively. The
total number of good PMT event Ngood is defined as N(EvPMT1 &
EvPMT2), where ‘‘&’’ means a logical ‘‘AND’’ (coincidence). This
event defines a positron passing through the S1. The total number
of good MPPC event NMPPC is described as N(EvPMT1 & EvPMT2 &
EvMPPC1). Therefore, the detection efficiency P is described as
P=NMPPC/Ngood. In this measurement, P turned out to be approxi-
mately 57%. This low efficiency might be partly due to the high
threshold voltage and associated deterioration of double pulse
resolution; enhanced rate of crosstalk and secondary pulses
caused by high Vb might have led to the wider signal pulse width,
because the output signal is a convolution of these secondary
pulses and the original pulse.

3.3. Test in a high magnetic field

Fig. 4(b) shows the time spectra of decay positron events
obtained at CH1, CH2, and CH3, where the data were collected
under a high magnetic field of 3.6 T. The average event rate is
17.6 events/pulse. The typical pulse height and width were

approximately 10mV and 30ns, respectively. Difference between
CH3 and CH1 indicates that positrons coming from the uncorre-
lated direction are excluded by the telescope configuration of S1
and S2. Some prompt peaks observed at the earlier time region
(0–1ms) may be attributed to the in-beam noise and direct muon
hit (as the detector was placed near the beam axis to detect the
positrons whose orbits are axially confined by the magnetic field).
As inferred from the residual errors shown at the top of Fig. 4(b), a
strong deviation from the fitting curve is observed over the early
time range of the spectrum (0–5ms). This distortion may be
partially attributed to the high positron event rate and/or the
direct hit of muons on the counter, where the latter generates a
huge number of photo-electrons and thereby temporally reduces
the efficiency of the counter. Smaller scintillation counters to
reduce the solid angle and consideration of geometric configura-
tion to avoid direct muon hit are needed to eliminate such
distortion.

4. Summary

We have designed a positron detector for pulsed mSR based on
MPPC and tested it under exposure to b� ray and m+–e+ decay
positrons. In ZF, a nearly undistorted m+–e+ decay time spectrum is
observed. The estimated tm is in excellent agreement with the
established value. The detection efficiency is estimated to be 57%,
which is attributed to enhanced crosstalk and secondary pulse
rate with high Vb. While the normal operation of the detector
under a high magnetic field of 3.6 T was also confirmed by
observations of m+–e+ decay spectra, the spectrum is distorted by
high event rate and/or direct muon hit. The present result would
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be useful for further optimization of MPPC-based positron
detectors.
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a b s t r a c t

At the J-PARC muon science facility, the most intense pulsed muon beam in the world will be produced

by a 3GeV/1MW/25Hz proton beam on a target made of 20-mm-thick, disc-shaped, isotropic graphite

(IG-43). The energy deposited by the proton beam is estimated to be 4 kW on the muon target. While

the muon target is located in vacuum, the maintenance of the target must be performed from the

maintenance area, which is located 4m above floor level. In addition, a plug shield is required between

the primary proton beam and the maintenance area for radiation shielding. Therefore, a huge vacuum

chamber was fabricated so that the muon target and two scrapers, which are positioned downstream of

the muon target for proton collimation, could be included. As the muon target and the scrapers will be

highly irradiated, the replacement of these components must be performed in a remote handling room.

The irradiated components will be transported to the remote handling room inserted into a shielding

vessel, called the Muon Transfer Cask, which has a remote controlled gripper. In this paper, the present

status of the construction for the muon target station, namely the muon target, the muon target

chamber, and the muon transfer cask, will be described.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

At the J-PARC muon science facility, the most intense pulsed
muon beam in the world will be produced by a 3GeV/1MW/25Hz
proton beam on a target made of 20-mm-thick, disc-shaped,
isotropic graphite (IG-43). The energy deposited by the proton
beam is estimated to be 4kW on the muon target by PHITS [1].
Using the results obtained by PHITS, temperature distribution and
the thermal stress are evaluated. Graphite will experience a
dimensional change due to proton irradiation. Consequently, the
lifetime of the muon target will be determined by the radiation
damage of graphite. Fig. 1 shows a picture of the muon target. In
Section 2, the simulation of the muon target and the actual
fabrication will be described.

The muon target is located in a vacuum chamber. As a plug
shield of about 2-m high is required between the primary proton
beam and the maintenance area for radiation shielding, the
chamber must be huge. Therefore, the positioning method of
the muon target must be carefully conceived. Furthermore, the

pressure of the chamber and the maintenance of the target by
remote handling had to be considered. In Section 3, the design of
the muon target chamber will be introduced.

In the primary proton beamline, some of the components
will be so highly irradiated that hand-on maintenance cannot
be performed. Therefore, the irradiated component will be
inserted into a shielding vessel, called the ‘‘Muon Transfer Cask’’.
In Section 4, the muon transfer cask will be described.

2. Muon target

2.1. Simulation of thermal stress and radiation damage by FEM

As the target is located in a vacuum chamber, almost all of the
heat must be removed by the cooling water through the stainless
steel tube embedded in the copper frame. Considering the
thermal conductivity of graphite under neutron irradiation [2],
the maximum temperature of graphite (at the target centre)
reaches up to 1500 1C according to an analysis by the finite
element method (FEM). Then, the thermal stress was evaluated. If
the copper frame is just placed around the graphite target, the
stress on graphite is very close to the strength of graphite itself.
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Therefore, in order to absorb the thermal stress, a titanium layer is
adopted as an intermediate material between the graphite target
and the copper frame. Titanium has a thermal expansion

coefficient just in between graphite and copper. Table 1 shows
the calculated stress on the graphite target without and with a
2-mm titanium layer as a stress absorber. In case the thickness of
the titanium layer is 2mm, the maximum compressive stress is
42MPa (compared with a strength of 90MPa), and the tensile
stress is 8MPa (compared with a strength 37MPa). Fig. 2 shows
the distribution of the maximum principal stress (S1) and the
minimum principal stress (S3) in case the thickness of the
titanium layer is 2mm [3].

Then, the issue from the dimensional change of graphite by
radiation damage is described. The dimension of graphite will be
dramatically reduced under neutron irradiation [4]. It will shrink
by 1% per dpa. As the graphite will shrink almost proportionally
with the radiation dose, the graphite on the beam spot will shrink
much more than the rest of the graphite. Therefore, a large stress
will take place in the vicinity of the beam spot. Through a FEM,
39MPa of tensile stress, which is beyond the tensile strength of
37MPa, will occur after half a year at 1MW beam operation.

2.2. Fabrication of the muon target

At first, the target frame will be fabricated using copper parts
with a stainless steel tube embedded for water cooling by a Hot
Isostatic Press (HIP) method, which gives high temperature and
high pressure simultaneously. It was experimentally confirmed
that stainless steel and copper can easily be bonded; however, it
was difficult to bond copper together. Therefore copper parts with
nickel coating are utilized for the fabrication of the copper frame.
Then the copper frame, the titanium ring, and the graphite disc
are bonded by silver brazing. In general, graphite is known to be
difficult to be brazed because the low wetting of graphite disturbs
the capillarity, and the brazing material cannot easily permeate
the gap. Hence we used a special silver brazing material (76Ag/
22Cu/2Ti) for the metallization of graphite. The bonded interface
was confirmed by bending tests.
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Table 1
The stress on graphite without and with a 2-mm titanium layer.

Strength No Ti Ti 2mm

Temperature (1C) 1460 1490

Tensile stress (MPa) 37 35 8

Compressive stress (MPa) 90 40 42

As a reference, the strengths of graphite are also shown.

Fig. 1. A picture of the fabricated muon target.
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3. Muon target chamber

In the M2 tunnel, the maintenance of the components must be
performed from the maintenance area, which is located 4m above
the floor level. Therefore, the boundary of the vacuum, the
feedthrough for the signal cables, the thermo-couples, the motion
drive, and so on must be positioned at the maintenance area. In
addition, a plug shield is required between the primary proton
beam and the maintenance area for radiation shielding. Fig. 3
shows a picture of the muon target chamber. Downstream of the
muon target, two pairs of scrapers will collimate the scattered
proton beam. The plug shields of the muon target and the scrapers
have adjustable female guides, while the chamber has male
guides. The muon target and the scrapers can be positioned with
0.5-mm precision against the beam axis.

As the muon target, which has to be replaced twice a year at
full beam operation, will be highly irradiated, the target assembly
is disassembled into a plug shield and a target rod in the remote
handling room. The vacuum connections of the muon target
chamber in the M2 tunnel are performed by pillowseals, which
are remotely controlled by compressed air. The leak rate of the
pillowseal of the muon target chamber was 10�9 Pam3/s. The
outgassing rate of the chamber itself was measured to be
10�7 Pam3/s/m2. An overall pressure of 10�5 Pa was achieved in
the beamline.

4. Muon transfer cask

In the M2 tunnel, the irradiated component will be inserted
into a shielding vessel, called the ‘‘Muon Transfer Cask’’. The muon
target, the monitor, the scraper, and the pillowseal can be
transported by the muon transfer cask. The maximum weight of
the handled component is 6 tons for the scraper. When the muon
transfer cask is installed on the beamline, the cask base will be set
at a floor level of 6m on the steps that are used for the M2 tunnel
ceiling shield blocks. The gripper can catch a component and hang

it into the muon transfer cask. After temporary storage in the
storage pod, it will be transported to the remote handling room,
and handled by the remote handling devices. Fig. 4 shows the
muon transfer cask installed on the beamline over the muon
target.

The up–down motion and the catch–release motion are
performed just by two chains. The two chains are hung by two
gear wheels, which can be independently moved in the vertical
direction. When a component is lifted or lowered, both chains are
wound or unwound, respectively. On the other hand, when a
component is gripped or released, the two gear wheels are
vertically moved in opposite directions, so as to open or close the
hook. Fig. 5 shows the schematic view of the gripper. The weight
of the component is measured by two load cells, which are fixed
under the two gear wheels. The position of the component is
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Fig. 3. Muon target chamber.

Fig. 4. The Muon Transfer Cask on the beamline over the muon target.

Fig. 5. Schematic view of the gripper.
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measured by the encoder of the up–down motor. The gripper can
catch or release only when there is no weight measured by the
load cells and the component is in the appropriate position.
During the up–down motion, any error from an overload, an
underload, and an unbalanced load are carefully monitored.

The hanging test of all the components by the muon transfer
cask was successfully performed in the MLF building.
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In the J-PARC project, the 3-GeV 333-mA proton beam will be transported from the 3-GeV ring to the

neutron source located in the Materials and Life Science Facility. In the M2 tunnel, where the muon

target is situated, the radiation level is expected to reach up to 20MGy/y. Therefore, beamline

components will need to be installed and aligned remotely from the maintenance area, which is located

4m above the floor level. We have adopted alignment plates with pivots to position each component

precisely in the beamline. Then, by using the surrounding iron shields as guides, a beamline component

can be smoothly inserted and precisely aligned onto its alignment plate. In this paper, the alignment

strategy used in the M2 tunnel is described.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the J-PARC (Japan Proton Accelerator Research Complex)
project, the 3-GeV 333-mA proton beam will be transported
from the 3-GeV ring to the neutron source situated in the
Materials and Life Science Facility (MLF). There, in the M2 primary
proton beamline (M2 tunnel) just 33m upstream of the neutron
source, the muon target is located, which is the core of the
J-PARC Muon Science Facility (MUSE) [1]. In the M2 tunnel,
the radiation level is expected to reach up to 20MGy/y at 1MW
beam operation. Therefore, beamline components, such as
magnets, beam profile monitors, pillowseals, vacuum beam
ducts, and so forth, will need to be installed and aligned remotely
from the maintenance area, which is located 4m above the floor
level. We have adopted alignment plates with pivots located
990mm below the beam level to position each component
precisely. Then, by using the surrounding iron shields as guides,
a beamline component can be smoothly inserted and precisely
aligned onto its alignment plate. The required accuracy for
the installation of the magnets was typically 70.5mm at the
beam center and along the beam axis, which is determined by the
beam transport. Other beamline components might require a
lower accuracy.

2. Alignment plates

Fig. 1 shows the layout of the alignment plates in the M2
tunnel. They are made of 45-mm-thick iron plates (SS400). The
thickness of each alignment plate was determined after
measuring the level of the base plates that were installed in the
M2 tunnel one and a half years earlier. A level difference of 2mm
was observed along the proton beamline due to ground
settlement during the early phase of the building construction.
In March 2006, a total of 40 alignment plates were installed (see
Figs. 2 and 3). The level of each plate was adjusted using shims
with a precision of 70.1mm, and positioned using a laser tracker
with an accuracy of better than 70.2mm. The horizontal (X/Y)
position of the alignment plates is not expected to change
significantly with time, since they are firmly fixed onto 70-mm-
thick iron base plates. However, due to the ground settlement in
the MLF building, the level of the alignment plates might change.
For that reason, the height of each beamline component can be
later adjusted by 710mm using shims fixed at the bottom of the
component with 0.5mm steps. The pivots of the alignment plates
are made of nickel-plated S45C steel 50mm in diameter. The
counterpart holes at the bottom of the component are made of a
circular hole and an elongated hole, respectively, preventing
pivots from getting stuck. The first hole precisely defines the X/Y
position of the component and the second hole its direction.

3. Guide shields

In the M2 tunnel, the amount, the arrangement and the
material of the radiation shield has been carefully evaluated and
optimized [2]. The radiation shield around the muon target and in
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the primary proton beamline is mainly made of iron. Each iron
shield in the M2 tunnel was also positioned using alignment
plates, and then fixed to the tunnel wall using embedded tapped

holes. Very large iron shields were fabricated by casting, while
thinner ones were manufactured directly from iron slabs (SS400).
The gap between each iron shield is about 10mm. Then, a
beamline component can be smoothly inserted using the
surrounding iron shields as guides (i.e., guide shields) and
precisely aligned onto the alignment plate by the pivots. Fig. 4
shows the guide shields installed around the muon target area.
The magnets for the primary proton beamline and the secondary
muon channels are just waiting to be installed. The iron shields
are coated with epoxy painting. However, the triangular guide
shields, which are located downstream of the muon target, were
covered with stainless-steel (SUS) lining at a height of 71m from
the beam level to avoid paint deterioration due to the high
radiation field around the muon target. The vertical stripes on the
shields around the muon target in Fig. 4 are SUS female guide
used to insert magnets. The counterpart male guides with
bearings are attached on each magnet. After the installation of a
component, iron lids, 190-mm-thick around the target area and
100-mm-thick elsewhere, cover the remaining gaps between the
iron shields and the different components.

4. Beam duct assembly

There are three vacuum beam duct sections in the M2 primary
proton beamline connecting magnets. All the vacuum connections
in the M2 tunnel are performed using pillowseals, which are
remotely controlled by compressed air [3]. The pillowseals and the
beam ducts were also installed and positioned using pivots. The
required accuracy is not as severe as with other beamline
components, such as magnets. Indeed, the KEK-MSL model pillow
seal is able to seal two flanges even if they are misaligned by
75mm with respect to the beam center, 75mm along the beam
axis, and if the two flange surfaces have an angle up to 10mrad.
The beam duct is attached using SUS supports to the bottom of a
250mm iron slab connected to a 2-m-high concrete block. The
beam duct height can be adjusted by 710mm using shims fixed
between the duct support and the iron slab with 0.5mm steps.
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Fig. 3. View of the alignment plates installed in the M2 tunnel around the muon

target area.

Alignment PlatesH-LineS-Line

D-LineU-Line

M1 M2

Fig. 1. Layout of the alignment plates in the M2 tunnel.

Fig. 2. Alignment plate with pivots used to position and align beamline

components.

Fig. 4. Guide shields installation around the muon target area in the MLF building.
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This particular design provides an easy access to the beam duct for
later height adjustment, or replacement if the flanges of the beam
duct become damaged. Fig. 5 shows a beam duct assembly being
installed on the primary proton beamline. Two kinds of pivot are
used to position precisely the beam duct assembly in the
beamline. At first, a large SUS pivot, 100mm in diameter, is used
to guide the assembly onto a normal pivot that will perform the
final positioning.

5. Secondary muon channels

There are four secondary muon channels that are originating
from the muon target in the M2 tunnel, namely the decay muon
channel (D-line), the surface muon channel (S-line), the
ultra-slow muon channel (U-line), and the high-momentum
muon channel (H-line). At present, only the decay muon
channel is under construction [4,5]. The other three secondary
muon channels that will not be operational on day one were
temporarily closed with iron shields and concrete blocks. In the
M2 tunnel, iron shields were installed around the muon
target in the U-line and the H-line. The iron shield that is directly
facing the muon target chamber has a blank flange attached
to it to close the vacuum of the primary beamline. In addition, the
first two iron shields in the H-line are also water-cooled, since
they are located downstream of the muon target and that the
energy deposited by the scattered proton beam is expected to be
large. Only in the S-line, the actual front magnets could be
manufactured and are already installed. Then concrete blocks
with crank shapes were used to close the exit of the remaining
empty secondary muon channels inside the M2 tunnel. At the
tunnel exit of the secondary muon channel, where there is no
crane access, the concrete blocks were installed using a forklift
from the experimental hall. Fig. 6 shows the concrete blocks being
installed in the exit of the H-line. The two secondary muon
channels in the M1 tunnel, which are located about 16m
upstream of the muon target in the M2 tunnel, were also
temporarily closed with concrete blocks. The M1 tunnel is the
location for a second muon target station for future development.

The exit of the M1-West secondary muon channel was closed
similarly to the H-line. Only at the exit of the M1-East secondary
muon channel, a large concrete block was installed using rollers
(Tirtank) because of the limited space available under the power
supply yard.

6. Concluding remarks

The result of error of alignment is difficult to quantify, since
once the beamline components are installed, there is not enough
space to perform an accurate measurement. The few measure-
ments that were performed are however consistent with the
required accuracy of 70.5mm. The achieved vacuum of 3�10�5

Pa in the beamline mainly results from outgassing of the surface
of the beam ducts and the target chamber. The effects due to the
pillow seal leak rate of 1�10�8 Pam3/s and the alignment
accuracy of the beam duct are negligible.
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Fig. 6. Installation of the temporary concrete blocks in the exit of the secondary

muon channel (H-line) that will not be operational on day one: with a crane inside

the M2 tunnel (above) and with a forklift from the experimental hall (below).

Fig. 5. Beam duct assembly for the M2 primary proton beamline.
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At J-PARC, the M2 line will become a high radiation area with a large amount of radiation originating

from the muon production target. Therefore, for the magnets near the muon target, radiation resistance

conductor, that is, mineral insulation cable (MIC), was used. Above the saturated magnet yoke, iron

radiation shields are installed. Therefore, a careful study of the effects of shielding on the magnetic

fields is performed through a non-linear 3D simulation (OPERA-3D).

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

At the Japan Proton Accelerator Research Complex (J-PARC),
a 3-GeV proton beam is extracted from the Rapid-Cycling Synchro-
tron (RCS) and transported through the 3-GeV to Neutron Beam
Transport (3NBT) line [1] to the Materials and Life Science Facility
(MLF). The beamline in MLF is divided into two sections. One is
the M1 line where a second muon production target can be
installed in the future, and the other is the M2 line, which extends
from the existing muon production target to the neutron source.
The magnets in the M2 line are divided into two categories as
shown in Fig. 1; the magnets along the primary line guiding the
proton beam to the neutron source, and those installed around
the muon production target to extract the secondary muons to
the experimental halls. The M2 line will become a high radiation
area with a large amount of radiation originating from the muon
production target. Therefore, for the magnets near the muon
target, we adopted either hollow conductor MIC or solid
conductor MIC. The utilities (electrical power and cooling water)
for the magnets are connected at the maintenance area, 4m above
floor level (FL+4m), i.e., 2.4m above the beamline level (FL+1.6m),
with no existing joints or connectors below this area. In the case
of magnet replacement due to a failure, replacement work can be
performed remotely. Above the magnet yoke, iron radiation
shields (plug shields) are installed, and thus access to the
maintenance area becomes possible during shutdown periods.
These plug shields inevitably affect the magnetic field
distribution. Therefore, a careful study of the effects of shielding

on the magnetic fields is performed through a non-linear 3D
OPERA simulation.

2. Material of magnet-coils and maintenance

Due to the large beam loss of approximately 60kW expected
near the muon production target on the M2 line, the magnets
were designed to withstand high levels of radiation. The coils,
therefore, were wound with direct water-cooled MIC (hollow
MIC—Hitachi Co.) for QN1-3 and XY22 in the primary line and
indirect water-cooled MIC (solid MIC—Hitachi Co.) for SQ1-3 in
the surface muon line as shown in Fig. 2. On the other hand, direct
water-cooled mineral insulation cables (made in Russia) were
used for DQ1-3 in the decay muon line. The specification of a
direct water-cooled MIC (hollow MIC—Hitachi Co.) is presented in
Table 1.

Although each pole of the quadrupole magnet (Q2690MIC),
installed on the primary beamline, requires 188m of MIC cables,
the maximum length of these MIC cables is 60m, as can be seen in
the above table. Therefore, each pole is constructed by connecting
four individual pancakes. The beamline level (FL+1.6m) will be a
high radiation area, so radiation shielding is placed on top of the
magnet such that maintenance can be performed on the FL+4m
area during shutdown periods. Therefore, all electrical and water
connections are made on the FL+4m area, with no connections
below this area. While the electrical connections of the four
pancakes are in series, the water connections are made to be
parallel. A total of 16 parallel water paths (Fig. 3) are used for each
magnet to keep the temperature rise to below 25 1C. Furthermore,
the pressure gauges as well as the temperature switches are
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placed on FL+4m, allowing for maintenance/replacement in the
event of malfunctions.

The magnets placed on the M2 line are all compartmentalized
such that in the event of malfunctions, the electrical cables and
the coolant joints can be disconnected so that the magnet,
together with the plug shields, can be lifted out of the beamline
and replaced. The efficiency and feasibility of the replacement
process has been tested (as seen in Fig. 4) through the use of the
floor pivots and the guide-rails place on the beamline walls. By
lifting the magnet (together with the plug shields) with a crane
and lowering it by sliding it along the guide-rails, it can be placed
on top of the floor pivots, allowing for an alignment tolerance of
less than 0.5mm. The vacuum duct inserted within the magnet
can be sealed with a remotely detachable Pillowseal [2].

3. Field analysis and field quality

The field distributions of the quadrupoles on the primary
line are heavily affected by the saturation of the poles as well
as the plug shields. Furthermore, due to the large aperture
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Fig. 2. Solid MIC—Hitachi Co. (left) and hollow MIC—Hitachi Co. (right).

Table 1
Specification of hollow MIC (MIHC-2000A-H).

Copper sheath Size 19.8mm

Thickness 0.9mm

Insulator Size 18.0mm

Thickness 1.75mm

Copper conductor Size 14.5mm

Thickness 3.6mm

Conductor cross section 149.0mm2

Hollow area 53.1mm2

Unit weight 2.201 kg/m

Available length 60m

Fig. 3. Connectors: electrical cables are connected in series, while the water

coolants are separated into 16 parallel lines (FL+4m).

Fig. 4. Lifting (left) and placing (right) the QM1 magnet on the primary line.

Fig. 1. Outline of the M2 line.

Fig. 5. The simulated model used to analyze the quadrupole magnets on the

primary line.
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(260mm diameter), the effect of fringe fields due to nearby
magnets was expected [3]. Therefore it is necessary to use a
realistic model to calculate the field distribution. The model can
be seen in Fig. 5.

In order to maintain as much symmetry in the fields as
possible, magnetic shielding was placed below the magnet in
order to balance out the effects of the plug shields. Additional
shielding was installed to reduce the effects of adjacent magnets.
Iron was used in locations where magnetic flux tends to
concentrate, while SS400 is used for other locations to reduce
cost. Field distributions were optimized through the use of shims.

At TOKIN Machinery, a hall probe was used to compare the
measured and calculated values (GL integration of the Bx
component and uniformity of GL-integration), as can be seen in
Figs. 6 and 7. The effects of the plug shields can be also seen
in them. The measured GL-integrated value [4] is larger due to the
fact that the calculated values have the effects of adjacent
magnets included. The fringe fields along the beamline are
causing the difference between the measured and calculated
values.

Although the insertion of the plug shields reduces field
saturation, strengthening the fields, the Bx component becomes
asymmetric. However, the no asymmetry in the By component
can be seen.

While the measured fields have some spread, the
measured field uniformity was seen to be better than what was

calculated as seen in Fig. 7. The beam optics requirements have
been met.

Meanwhile, the corrector magnets are created as a doublet
(X,Y) which uses a common set of plug shields and beam duct.
Currently, of the 18 magnets placed in the M2 line, 10 along the
primary beamline have been tested at their respective nominal
operating currents. The specifications of the magnets on the
primary beamline can be seen in Table 2.

4. Summary

� On the muon beamline, magnets placed in high radiation areas
will use MIC cables, and will be capable of remote-replace-
ment. Furthermore, gauges and connectors that maybe
susceptible to radiation damage will be placed on the FL+4m
level where maintenance is possible.

� In designing the magnets, simulated models were created to
optimize the asymmetry in the field distribution. In addition to
satisfying the optical requirements, comparisons with the
measured values showed satisfactory results.

� All the magnets on the M2 line (primary line: six quadrupole
magnets, two sets of XY corrector magnets; secondary line:
two sets of quadrupole triplets, two bending magnets) were
constructed and placed on the beamline by NEC/TOKIN (TOKIN
Machinery).
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Table 2
Specifications of the magnets placed on the primary beamline.

Coil Unit QN1-3 QM1-2 QN4 XY22 XY23

MIC Polyimide MIC Polyimide

Field or gradient T, T/m 7.93 7.93 0.096 0.13

Bore mm 260 260 260 260

Pole length mm 900 900 400 300

Pole width mm 262 262 270 270

Field uniformitya o3�10�3 o3�10�3 o3�10�2 o3�10�2

Winding turn/pole Turn 49 95 12 36

Flow L/min 130 63 6.2 3.7

Current A 1098 566 520 200

Voltage V 105 125 4.4 7

Weight Ton 37.4 37.1 56.9 56.1

Number 3 3 2 2

The weight of the XY22 and the XY23 are the combined weights of the X and Y

correctors.
a In the region of 7120mm.
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At the J-PARC MLF muon science facility (MUSE), muon experimental instruments are operated by

means of a Muon Control System. The following are subject to the Muon Control System: (1) Muon

production target and the beam scrapers, (2) M1/M2 line air-conditioning system, (3) Cryogenic system

for the superconducting solenoid magnet, (4) Muon secondary line vacuum system, (5) Muon secondary

line magnets, and (6) Muon beam blockers and related safety instruments. Details of the muon control

system are described below.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

At the J-PARC materials and life science facility (MLF) muon
science facility (MUSE), muons are utilized in various fields of
science. At MUSE, a pion is generated at the graphite target after
being struck by a 1MW 3GeV proton beam, and the pion
immediately decays to become a muon. The muons are collected
and an intense, pulsed muon beam is delivered to the muon
experimental ports. When operations at MUSE first started, only
one decay/surface muon line and two experimental ports were
constructed at MLF Experimental Hall No. 2.

To ensure the safe operation of MLF-MUSE, a number of safety
systems have been incorporated into the system. For example, to
prevent users from being exposed to excess dosage of radiation,
entry to experimental ports is strictly controlled. In addition,
proper and safe operation of the machines is also necessary.
To ensure this, all muon experimental instruments are controlled
by means of the Muon Control System. The purpose of the Muon
Control System is to control and monitor the safe operation of all
muon instruments.

2. The muon control system and the MLF general control
system

The muon control system manages: (1) muon target and
scrapers, (2) the air-conditioning system for the M1 and M2 beam
line, (3) cryogenic operation system for the superconducting
solenoid magnet at the decay/surface muon line, (4) muon
secondary line vacuum system (5) muon secondary line beam
magnets and (6) muon blockers and entry system for the

experimental ports. Most of the subsystems are constructed as
local control systems. At the same time, operating information is
automatically recorded and stored by the MLF General Control
System (MLF-GCS). The MLF-GCS consists of three layers: the PLC
link layer, the server layer, and the network layer. The PLC link
layer controls the subsystems in MLF; the server layer acquires,
stores and distributes data, mediating the PLC link layer. The
network layer exchanges information with the central control
room (CCR), other facilities and users. The muon control system is
linked to the PLC link layer as ‘‘Local Instruments.’’ At the PLC link
layer, ‘‘MELSEC-NET’’ is used as a PLC link network. Thus, most of
the muon control system is connected to the MLF-GCS via
MELSEC-NET. Event information is recorded and stored on the
MLF database by means of SCADA software.

3. Interlock systems

MLF interlocks consist of several categories: PPS (personal
protection system), MPS (machine protection system), TPS
(mercury target protection systems), and other interlock systems.
The PPS is in place to prevent personnel from being exposed to
high levels of radiation, and is the highest priority interlock
system at J-PARC. The MPS is used to prevent machines from
unusual beam irradiation. When these interlock systems are
tripped, the Linac is stopped immediately in the most reliable
way—namely ion source termination (PPS) or RF termination
(MPS). Some muon instruments are also categorized as PPS or
MPS. For example, the emergent beam termination button (panic
button) in the experimental port is directly connected to the PPS
system. The ‘‘air damper’’ of the M1/M2 line air-conditioning
system is also connected to the PPS system to avoid anomalous
contamination of the air in the experimental halls by radioactive
products that appear in the M1/M2 line. Their beam-stop signals
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are transferred to the CCR through a dedicated route. In particular,
the PPS consists of independent instruments such as PPS
management devices and PPS local instruments.

Information on the status of several key elements of the muon
production target and the beam scrapers is directly relayed to the
MPS. For example, if the temperature of the muon target were to
rise to an unexpected value, serious problems could occur.
Therefore, information on the temperature, status of the cooling
water, and the position of the muon production target is sent to
the MPS via a hardwired feed.

4. Muon instruments control system

This section describes in detail each subsystem.

4.1. Muon production target and muon beam scrapers

Both the muon production target and muon beam scrapers are
located at the primary proton beam line. There are two roles for
the control system that manages the muon target and scrapers.
One is monitoring the position of the muon target. The other is
monitoring the statuses of the muon target and the muon scraper,
as shown in Figs. 1 and 2. The position of the muon target is
controlled in the MLF control room by a MLF operator. The
operator moves the target to the ‘‘Monitor,’’ ‘‘Target,’’ ‘‘Clear,’’ and
‘‘OT’’ positions. If the position of the muon target is incorrect, the
MPS will be tripped. The temperature and water flow of the muon
target and the muon scrapers are monitored. If these values are
out of setting range 1, a warning signal is displayed by the MLF
Control System. If these values exceed setting range 2, the MPS is
tripped. These values are continuously monitored and stored on
both the local system, and the MLF-GCS.

4.2. M1/M2 line air-conditioning system

This subsystem is for controlling the condition of the air
around the M1/M2 line. The statuses and conditions of the valves
and the temperature of the air around the M1/M2 line are
monitored both locally and at MLF. To prevent radioactive
contamination of the air, several damper valves are controlled
by the PPS.

4.3. Cryogenics for superconducting solenoid magnet

This subsystem is for on-line helium refrigerator system for the
superconducting magnet of the decay/surface muon line. This is a
local control system and the operation itself is a local operation.
Most of the information is stored on the MLF database.
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Fig. 1. Image of a subsystem window for target position.

Fig. 2. Image of a subsystem window for target processing.

Fig. 3. Photograph of a subsystem for vacuum control. The touch panel window

and the PLC’s are seen.
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4.4. Vacuum system

The vacuum system of the muon secondary line is operated as
a local control system. The statuses of the valves and vacuum level
are monitored. Fig. 3 shows the photograph of vacuum system
controller.

4.5. Secondary line magnets

The statuses of several states of the muon secondary beam line
magnets are monitored. For example, polarity, current value, and
error signals for the magnet power supplies are monitored by both
local systems and by MLF. MLF only monitors the status of the
magnets, the setting of the current value is done locally. Likewise,
current tuning of the magnet is also done by the local control
system by using EPICS, which is under construction.

4.6. Muon blockers and experimental port [1]

Knowing the statuses of beam blockers is important to ensure
the safety of personnel. The status of the muon and the pion
blockers is interlocked with the entry system of the muon
experimental port. Fig. 4 shows a diagram of the muon blockers
and experimental port. The door and the locks of the experimental
port are connected to the PPS controller. The statuses of the
blockers, door, and locks are monitored by MLF control. This

system is common with the neutron shutter control system.
Details of the system are described elsewhere [1].

5. Summary

At J-PARC MLF MUSE, muon instruments are controlled by the
Muon Control System. This system ensures the safe operation of
the muon instruments. Construction is going on.

Reference

[1] See alsoT. Kai et al., Nucl. Instr. andMath. A (2008), doi:10.1016/j.nima.2008.11.091.
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The Japan Atomic Energy Agency (JAEA)-Advanced Science Research Center (ASRC) is advancing a ‘‘mSR
project’’ at the J-PARC MLF muon science facility (MUSE). This project entails extracting part of the

muon beam into a muon spectrometer constructed downstream from the Decay/Surface muon beam

line. One of the main subjects of study at the ASRC mSR project will be an examination of strongly

correlated electron systems, especially f-electron systems. The intense muon beams available at MUSE

will yield new insights for f-electron physics.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

The muon science facility (MUSE) at the J-PARC Materials and
Life Sciences Facility (MLF) will be utilized for various fields of
science, including nuclear and condensed matter physics
and chemistry. Muons are created at MUSE from pions which
are generated in a graphite target impacted by a 1MW, 3GeV
proton beam; the pions decay into muons within a half-life of
26ns. These muons are collected by magnets and an intense
pulsed muon beam is delivered to the muon experimental
ports.

The JAEA-Advanced Science Research Center (ASRC) is building
a ‘‘mSR project’’ at the J-PARC-MLF-MUSE facility. In this paper, we
present the details of this ASRC mSR project.

2. ASRC lSR project

The ASRC mSR project was started FY2005. The main purpose of
the project is the study of f-electron materials using the mSR
technique as a microscopic magnetic probe. In some f-electron
systems, a tiny and fluctuating magnetic field plays the dominant
role in determining their characteristics, and mSR has great
sensitivity to detect these fields. The intense muon beams at
J-PARC will allow us to understand important details of a specific
magnetic state, and thus J-PARC has great merit in the study
of f-electron systems.

In this project, the muon beam extraction and muon spectro-
meter will be installed downstream of the Decay/Surface muon

beam line of MUSE, as a branch of the main beam line. A surface
muon beam (29MeV/c) will be primarily used for our experi-
ments. The beam line will have a ‘‘beam slicer’’ to obtain higher
time resolution, as discussed below. Fig. 1 shows a layout of the
beamline of the ASRC muon instruments. The main components
are two triplet quadrupole magnets and the beam slicer. This
beamline is connected to the septum magnet of the Decay/Surface
muon line. We note that at the beginning operation of the Decay/
Surface muon line, the septum magnet will not be used, but a
conventional bending magnet will be installed.

3. Beamline magnets

Fig. 2 shows a photograph of the triplet quadrupole magnets
(NEC-TOKIN). Conventional triplet quadrupole magnets are used.
The maximum magnetic field gradient is 1.675T/m at 375A,
which was determined based on calculations of the beam optics.
The bore radius of the magnet is 300mm. Star-shape vacuum
ducts are installed into each magnet. These magnets are
connected to power supplies (IDX Corporation) which are
controlled from the Experimental Physics and Industrial Control
System (EPICS).

4. Beam slicer

For pulsed-beam mSR experiments, the observable muon spin
precession frequency is restricted by the width of the muon pulse.
Since the time structure of the muon pulse is about the same as
that of the proton pulse, the width of the muon pulse is longer
than 100ns. In addition, the proton beam has two bunch
structures, and this fact also suppresses the observable muon
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spin precession frequency. To overcome the limited time resolu-
tion which comes from the time structure of the proton beam,
a muon beam slicer is installed. The beam slicer consists of an
electric kicker, a pulsed electric power supply which has a fast rise
time, and a correction magnet. Fig. 3 schematically illustrates the
operating mode of the beam slicer. By applying a pulsed electric
field (7(80–100)kV) which is synchronized to the muon pulse, the
muon pulse is sliced to a narrower time width. As shown in Fig. 1,
the power supply of the electric kicker (Nichicon Corp.) is directly
connected to the kicker without cables to reduce the kicker’s
capacitance. A rise time for the electric field less than 20ns
(10–90%) and a pulse width of about 300ns can be achieved. This
will allow a chopped muon pulse width of less than 30ns. By
using such a short pulse, we can observe a muon spin rotation
frequency of more than 10MHz. We note that the muon pulse
width can be controlled by tuning the timing of the electric field.
Fig. 4 shows a schematic of the kicker, designed with the help of
the company KT Science. The kicker consists of 200mm�600mm
electric pads (Suzuno Giken) located in the vacuum chamber. The
distance between the electric pads is 150mm. By using this
configuration, a muon beam with momentum 29MeV/c can be
deflected nearly 100mm at a position of 1000mm from the edge
of the pads.

The muon pulse is then selected by using a horizontal beam
slit located downstream of the kicker. The direction of the

beam is corrected by using a small bending magnet (‘‘correction
magnet’’).

5. Spectrometer

The mSR spectrometer will consist of a transverse field magnet,
a longitudinal field magnet, zero-field correction magnets and
positron counters. The design of the spectrometer is in progress.
We are planning to have 2kG longitudinal field and 100G
transverse field by using normal conducting magnets. We are
also planning to use positron counters with more than 1000
segments to prevent counting losses from the high instantaneous
positron event rate. To reduce background which comes
from muons stopping in the sample holder, walls and windows,
a ‘‘fly-pass technique’’ will be employed [1]. This method was
developed at ISIS. By putting the sample in a long vacuum
chamber, muons which do not hit the sample fly far away from the
sample and their decays are not detected.
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Fig. 2. Photograph of the triplet quadrupole magnet.

Fig. 3. Schematic of the operating mode of the muon slicer. (a) Original structure

of muon pulse. (b) Electric field which is applied to the muon pulse. (c) Obtained

muon pulse (width: less than 30ns).

Fig. 4. Schematic of the electric kicker. Two electric pads are located in the

vacuum chamber.
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Fig. 1. Layout of the ASRC beamline (top view). This beamline will be connected to

the septum magnet of the Decay/Surface muon line.
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6. Scientific topics

One of the main subjects of the ASRC mSR project is the study
of strongly correlated electron systems, especially f-electron
systems. Examples of topics are as follows:

� Heavy fermions.
� Anisotropic superconductivity.
� Multipole ordering.
� Physics in the vicinity of a quantum critical point (QCP).
� Unconventional magnetism (tiny moments, etc.).

The studies of these topics are quite suitable for mSR experiments.
For example, a small and fluctuating magnetic field is often seen
near a QCP, and the high sensitivity of the muon probe is a good

tool for such an investigation. The world’s highest sensitivity will
be obtained by using the intense muon beams of J-PARC, allowing
us to obtain new insights into f-electron systems.

7. Conclusion

The JAEA-ASRC mSR project will add new capabilities to
MUSE, highly enhancing our knowledge of f-electron physics.
Construction is in progress, with the operational goal being the
first muon beam delivery period in the fall of 2008.

Reference
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The Muon Science Laboratory at the Materials and Life Science Facility is now under construction in

Japan Proton Accelerator Research Complex (J-PARC), where four types of muon channels are planned to

be installed. A conventional superconducting muon channel will be installed at the first stage, which

can extract surface (positive) muons and decay positive/negative muons up to 120MeV/c, and the

expected muon yield is a few 106/s at 60MeV/c (for both positive and negative). This channel will be

used for various kinds of experiments like muon catalyzed fusion, mSR and nondestructive elements

analysis. The present status of the superconducting muon channel is briefly reported.

& 2008 Published by Elsevier B.V.

1. Introduction

The Japan Proton Accelerator Research Complex (J-PARC) is
now under construction at the Tokai Campus of JAEA (Japan
Atomic Energy Agency) in Tokai, Ibaraki, Japan, with the
collaboration of KEK and JAEA. The Muon Science Laboratory is
located at the Materials and Life Science Facility (MLF) in J-PARC,
where 1MW (3GeV, 333mA) pulsed proton beam (25Hz, 2
bunches) from the 3GeV rapid synchrotron will be available
and, at first, one graphite target of 2 cm thick is planned to be
installed for the production of intense pulsed pion and muon
beams [1]. To achieve the best performance of this facility, four
dedicated muon channels are planned to be installed. The
experimental area is divided into two parts, east and west. In
this condition, we arranged the superconducting muon channel
and the large acceptance surface muon channel (Super Omega) at
the west area [2], and the surface muon channel and the high-
momentum muon channel at the east area.

In this paper, we will report briefly on the present status of the
superconducting muon channel construction. In the fiscal year
(FY) 2008, we will obtain first muon beam.

2. Layout and construction schedule

As shown in Fig. 1, a conventional superconducting muon
channel will be installed at the southwest part, which can extract
surface (positive) muon and decay positive/negative muon up to
120MeV/c. It consists of three parts: (1) a pion injector, (2) a decay
solenoid, and (3) a muon extraction. Two experimental ports are
planned for simultaneous use.

(1) A quadrupole triplet is placed at a position of 65 cm from the
graphite target [3], which can accept pions in a solid angle of
65msr. The following bending magnet transports pions to the
solenoid up to 250MeV/c at maximum.

(2) The decay solenoid consists of 12 pieces of superconducting
coils with 6 cm in bore radius and 50 cm in length. The applied
magnetic field is 5 T. The pions and muons are confined within
a radius of 5 cm and therefore transported without any
significant loss. The solenoid that was currently used at
KEK-MSL will be modified for this purpose. This super-
conducting solenoid is cooled by an on-line He refrigerator
(TCF 50).

(3) The extraction can transport muons up to 120MeV/c. A
magnetic kicker will be installed for single-pulse experiments.
The major components of the old decay muon channel at KEK-
MSL, such as the bending magnets, the quadrupole magnets,
and the DC separator will be used.

The overall transport efficiency is estimated by TURTLE. The
expected muon yield is a few 106/s at 60MeV/c (for both positive
and negative). This channel will be used for various kinds of
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experiments like muon catalyzed fusion, mSR and nondestructive
elements analysis.

In the FY 2006, a quadrupole triplet and a bending magnet for
the injection part were successfully installed, whose coils
are made by MIC for the hard radiation environment, as shown
in Fig. 2. We also developed an insertion device for the
superconducting solenoid, because it will be set between the
M2 tunnel and the experimental hall, as shown in Fig. 3. Six iron
blocks, with a total weight of about 50 ton, are also set on the
insertion device for the radiation protection from the M2 line.
Therefore, we adopted two sets of linear guide for the horizontal
transport motion to keep good reproducibility.

To obtain single-bunch pulsed muon beam, we are now
developing an electric kicker system, which is useful for relatively
low energy muon beam up to 45MeV/c. In the FY 2007, we
installed the superconducting solenoid, and the on-line He
refrigerator concrete shield. In the early stage of the FY 2008,
the magnets for extraction will be installed and all the work for
cabling and interlock system will be finished.

3. Solenoid and on-line refrigeration system

To obtain a high-intensity decay muon beam, a superconduct-
ing solenoid magnet is employed for the pion to muon decay
section. The basic design is similar to those used in the muon
beam lines at KEK-MSL, TRIUMF, and RIKEN-RAL. The super-
conducting solenoid magnet consists of 12 unit coils of 0.5m
in length. The magnet coil is forced-indirectly cooled by a

supercritical helium gas (4.8K at 1.0MPa) supplied from an on-
line helium refrigeration system. To achieve the muon extraction
at low momentum, this cold bore magnet is directly connected to
the muon beam line using only thin thermal insulating aluminum
foils of 12.5mm thick at the entrance and exit of the super-
conducting solenoid magnet, respectively.

The 80K copper thermal shield is positioned between the
6K shield tube and the warm iron cryostat vessel. The 6 and 80K
thermal shields are supported by insulation rods extending from
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the cryostat wall. The 80K shield is cooled by the helium gas
taken from the intermediate heat exchanger in the cold box.

For the long-term stable operation, an on-line helium
refrigeration system is employed. The helium refrigeration system
consists principally of the followings:

(1) He buffer tank (20m3, 0.95MPa(G)).
(2) Cooling tower and water cooling pump.
(3) Helium gas screw compressor (Kaeser).
(4) After cooler.
(5) Oil separator.
(6) Load, unload, and bypass valve.
(7) Cold box.
(8) VME based digital control device.
(9) PC system for control and data logging.

(10) Cryopanel for safety interlock control.

The screw compressor supplies high-pressure helium gas
(0.85MPa) to the cold box. The cold box is designed to supply
various types of helium requested to the superconducting
solenoid. Before the cooling down procedure from the room
temperature is commenced, the oxygen concentration of the
circulating helium gas is reduced to be less than 50ppm by the
operating He gas purifier.

The cooling power is 35W at 4.5K and 200W at 80K, and it can
produce 8 l/h of liquid helium. The whole system is monitored and
controlled by a VME controller combined with a personal
computer with dedicated software based on LabVIEW System,
and cools down automatically. The typical cooling period from the
room temperature to the operation temperature (�6K) is about 4
days. The long-term (3 months) operation will be established
under quite stable condition.

To protect any serious damage to the superconducting coils
and the He refrigeration system, a VME based interlock system is
installed. The system can detect any anomaly in the voltage of
superconducting solenoid, the power lead temperature and the
trip signal from the He refrigeration system. Once any emergency
status is detected, the electric power supply immediately stops
the current supply and the refrigeration system changes to self-
operation mode. This part can also record the temperatures
and pressures of the superconducting coils, the cryostat and the
power leads.

References

[1] Y. Miyake, et al., Nucl. Instr. and Meth. A, this issue.
[2] K. Nakahara, et al., Nucl. Instr. and Meth. A, this issue.
[3] S. Makimura, et al., Nucl. Instr. and Meth. A, this issue.

ARTICLE IN PRESS

K. Shimomura et al. / Nuclear Instruments and Methods in Physics Research A 600 (2009) 192–194194



– 196 –



– 197 –

Birth of an intense pulsed muon source, J-PARC MUSE

Yasuhiro Miyake a,b,�, Koichiro Shimomura a,b, Naritoshi Kawamura a,b, Patrick Strasser a,b,
Shunsuke Makimura a,b, Akihiro Koda a,b, Hiroshi Fujimori a,b, Kazutaka Nakahara a,b, Ryosuke Kadono a,b,
Mineo Kato a,b, Soshi Takeshita a,b, Kusuo Nishiyama a,b, Wataru Higemoto c,b, Katsuhiko Ishida e,
Teiichiro Matsuzaki e, Yasuyuki Matsuda d, Kanetada Nagamine a,e

a Muon Science Laboratory, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
b Muon Section, Materials and Life Science Division, J-PARC Center, 2-4 Shirane Shirakata, Tokai-mura, Naka-gun, Ibaraki 319-1195, Japan
c Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
d Graduate School of ARTS and Sciences, University of Tokyo, Meguro, Komaba 3-8-1 153-8902, Japan
e Advanced Meson Science Laboratory, The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan

a r t i c l e i n f o

Keywords:

Muon

J-PARC

MUSE

Pulsed muon

MLF

Remote handling

Slow muon
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The muon science facility (MUSE), along with neutron, hadron, and neutrino facilities, is one of the

experimental areas of the J-PARC (Japan Proton Accelerator Research Complex) project, which was

approved for construction between 2001 and 2008. The MUSE facility is located in the Materials and Life

Science Facility (MLF), which is a building integrated to include both neutron and muon science

programs. Construction of the MLF building was started at the beginning of 2004, and was recently

completed at the end of the 2006 fiscal year. We have been working on the installation of the beamline

components, expecting the first muon beam in the autumn of 2008. For Phase 1, we are planning to

install one superconducting decay/surface channel with a modest-acceptance (about 40mSr) pion

injector, with an estimated surface muon ðmþÞ rate of 3� 107=s and a beam size of 25mm diameter, and

a corresponding decay muon ðmþ=m�Þ rate of 106=s for 60MeV/c (up to 107=s for 120MeV/c) with a

beam size of 50mm diameter. These intensities correspond to more than 10-times what is available at

the RIKEN/RAL muon facility, which currently possess the most intense pulsed muon beams in the

world. In addition to Phase 1, we are planning to install, a surface muon channel with a modest-

acceptance (about 50mSr), mainly for experiments related to material sciences, and a super-omega

muon channel with a large acceptance of 400mSr. In the case of the super-omega muon channel, the

goal is to extract 4� 108 surface muons/s for the generation of ultra-slow muons and 1� 107 negative

cloud muons/s with a momentum of 30–60MeV/c. One of the important goals for this beamline is to

generate intense ultra-slow muons at MUSE, utilizing an intense pulsed VUV laser system. 104 � 106

ultra-slow muons/s are expected, which will allow for an extension of mSR into the area of thin film and

surface science.

At this symposium, the current status of J-PARC MUSE will be reported.

& 2008 Elsevier B.V. All rights reserved.

1. The 3GeV proton beam at J-PARC

J-PARC (Japan Proton Accelerator Research Complex) will be
constructed in the south part of the Tokai-JAEA (Japan Atomic
Energy Agency) site, will consist of a 181MeV LINAC (400MeV in
future), as well as 3 and 50GeV proton synchrotron rings. About
90% of the 3GeV, 333mA (1.0MW) beam will be sent to the
Materials and Life Science Facility (MLF) for the production of
intense pulsed neutron and muon beams, while the remaining

10% will be sent to the 50GeV ring for further acceleration for the
kaon and neutrino physics programs [1]. The parameters of the
3GeV proton beam are:

(i) The number of protons will be 8:3� 1013/pulse.
(ii) The average beam power will be 0.6MW, since the LINAC

energy will start with 181MeV in Phase 1, and will reach
1MW in the future when the LINAC energy is increased up to
400MeV.

(iii) The repetition rate is 25Hz, so each pulse is sepa-
rated by 40ms. One proton pulse consists of two bunches,
each with a bunchwidth of �1002140ns, and separated
by 600ns.

(iv) The transverse emittance ð�Þ will be 81pmmmrad (beam
core) and 324pmmmrad (maximum halo).
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2. Design of the MLF building and the NM tunnel

The MLF consists of a proton beamline tunnel (the so-called
NM tunnel), and two experimental halls (east wing, experimental
hall No. 1; west wing, experimental hall No. 2). The tunnel
structure is designed to keep radioactive materials inside the
tunnel in order to ensure safe operations during maintenance
work on the neutron or muon targets. The height of the building is
31m inside the tunnel and 21m in the experimental halls. The
width of the tunnel is 13.5m, and the east and west wings are 24.5
and 32mwide, respectively. The proton beam height is 1.6m from
the floor level. The muon-science facility is 30m long along the
proton beamline, and is located upstream of the neutron facility.
Fig. 1 (top) shows a schematic drawing of the first floor of the MLF
building. The proton beamline in the MLF building consists of the
M1 and the M2 line regions. The M1 line is located upstream of
the muon target, where no significant beam loss occurs. On the
other hand, the M2 line is in the vicinity of the muon target,
where severe beam loss occurs due to the surrounding beamline
components. Fig. 1 (bottom) shows a cutaway view along the
primary beamline, showing a schematic of the NM tunnel
structure of the MLF building. Since a fraction of the primary
3GeV proton beam is scattered preferentially downstream
towards the neutron target, two sets of scrapers were installed
to mitigate damage to the beamline components, such as the
quadrupole magnets and the beam ducts. Although some of the
scattered beam is deposited on the scrapers, the various beamline
components, such as the quadrupole magnets, target chamber,
scraper chamber, pillow-seal, and vacuum ducts located along

both the primary and secondary beamlines, will suffer not only
from tremendously high radiation, but also from corrosion
induced by NOx in irradiated air [2]. Therefore, following what
PSI has done in dealing with their 1MW-class proton beam [3], all
of the maintenance work along the M2 beamline involving power
and water connections is intended to be performed remotely from
the top of the maintenance area, located 4m above floor level.
Construction of the MLF building was started at the beginning of
2004, and was completed at the end of the 2006 fiscal year.

3. Installation of the M2 line beamline components

In the M2 beamline, all of the beamline components must be
installed via remote handling from a maintenance area above (FL
4m). For that purpose, we installed baseplates with a precision of
XY � 0:5mm on the floor of 0.5m FL, and then we placed
alignment plates matching to the individual beamline compo-
nents with a precision of XY � 0:1mm, Z � 0:1mm. Iron guide
shields equipped with a guiding rail structure were aligned by
placing knock pins on the alignment plates. The target chamber,
the various beamline magnets (M2 primary line; six quadrupole
magnets QM1, QM2, QN1, QN2, QN3, QN4 and four steering
magnets, X22, Y22, X23, and Y23 and secondary line; DQ-1–3 , SQ
1–3 triplet magnets, DB1 and SB1 bending magnets), two sets of
profile monitor assemblies, 20 sets of pillow-seal assemblies, a
gate valve assembly and seven sets of duct assemblies were also
installed on alignment plates equipped with knock pins, which
allow precise positioning, guided by the guide shields. The power
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Fig. 1. The top figure shows a schematic drawing of the first floor of the MLF building. The bottom figure shows a cutaway view along the primary beamline, showing a

schematic of the NM tunnel structure of the MLF building.
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and control cables were then connected between the magnets on
the M2 line and the corresponding power supplies.

Finally, a successful test was performed on the magnets on the
M2 line by running them continuously for 12 hours. In addition,
after completing of the vacuum connection, the ultimate vacuum
achieved was as low as 3� 10�5 Pa. Fig. 2 shows a schematic view
and the latest pictures of the MLF M2 tunnel in the vicinity of the
muon target.

All of the beamline components in the M2 tunnel were
successfully demonstrated to function properly, delivering a 3GeV
proton beam from the muon target to the neutron source as
expected during the period from the first proton beam injected into
MLF on May 30th, 2008, to the following commissioning period.

4. Tandem-type graphite muon production target

The MLF consists of neutron and muon science facilities that
utilize the 3GeV, 1MW, 25Hz proton beam. In order to reduce the
total cost of the project through common use of the utilities,
getting rid of the severe beam-dump construction associated with
high-level tritium water handling, and by sharing the beam with
the neutron facility, we decided to have a tandem-target muon
facility, rather than construct a separate building with our own
proton (1MW) beam dump, as was the case in KEK-MSL. Through
discussions with the neutron science group, we reached an
agreement that the total beam loss induced by placing the muon
production targets should be no more than 10%, which allows us
to install 10 and 20mm thick graphite targets on the beamline
upstream of the neutron target, corresponding to a beam loss of
3.5% and 6.5%, respectively. Detailed calculations on heat,
radiation and duct-streaming in the vicinity of the muon target
were performed by NMTC/JAM and MCNP Monte-Carlo codes [4].
In the case of a 20mm thick graphite target, as much as 3.5 kW is
deposited into a 25mm diameter region of the target through
irradiation of the 3GeV, 1MW proton beam. One possible
candidate for the muon production target is a rotating carbon
target, which has been developed at PSI, and has been working
well for more than 10 years [3]. In the end, we adopted an edge-

cooled non-rotating graphite target, because of its ease of
handling during maintenance. In this target, graphite is indirectly
cooled by a copper frame, which surrounds the graphite. For the
graphite material, we chose isotropic graphite, IG-43, which has a
thermal conductivity of 139W/mK, 1:82g=cm2 density at 300K, a
thermal expansion of 4.8 ppm/K, Young’s modulus of 10.8GPa, and
Poisson’s ratio of 0.28. In the copper frame, three turns of cooling
pipe, an SUS tube with OD 12.7mm and ID 10.7mm, are
embedded through HIP (hot isostatic press). In order to reduce
stress, a titanium buffer layer of 2mm is placed between the
graphite disk and the copper frame. The copper frame, the 20mm
thick graphite, and the titanium buffer layer are bonded by silver
brazing in a vacuum. Calculations of the heat and stress induced
by the heat deposit of the 3.5 kW beam through ANSYS
demonstrate that an edge-cooled graphite target can be used
safely as the 1MW muon production target. Detailed calculations
of the neutron irradiation effect on the thermal conductivity and
the thermal stress induced by the proton beam will be reported
elsewhere [5].

The designs of the two sets of scrapers and the muon
production target are such that they are both placed in one large
vacuum chamber in order to make remote handling simple during
maintenance work. All of the water and cable connections will be
done at the top of the maintenance area. Particular care was given
to the means of mounting the target, moving and inserting the
target with the required precision, as well as cooling, monitoring,
and changing the target in the hot cell. The design was complete
by September 2004, and the installation was finished in May
2006. In 2007 we made a dedicated muon cask, together with a
stand to position it on top of the target chamber with good
precision, for the maintenance of the muon target assembly, the
scraper assembly, and the profile monitor assembly. The damaged
target or profile monitor assembly can be lifted into the cask, and
transferred to a storage pit located in the M2 tunnel at a level of
10m. A new target assembly will then be installed in the chamber
as soon as possible. During long shutdown periods, damaged
targets will be lifted into the cask, and transferred to the hot cell.
In the hot cell, a target assembly consisting of the graphite target,
water pipes, and a target slide table are exchanged through
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Fig. 2. Schematic view of the M2 line in the vicinity of the muon target, and pictures of the beamline components.
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remote handling. Since the beginning of April 2008, we have been
performing maintenance tests of the remote handling system by
utilizing a power manipulator or special devices in the hot cell.

Fig. 3 shows a picture of the target assembly transported down to
the storage basement, and one picture of the maintenance test of
the target slide table in the hot cell.
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Fig. 3. Left: a picture of the target assembly transported down to the storage basement. Right: a picture of the maintenance commissioning of the target slide table in the

hot cell.

Fig. 4. A picture of the decay surface muon channel under construction.
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5. Secondary muon channels

For Phase 1, the installation of the decay surface muon
secondary channel in the MLF No. 2 experimental hall has started.
To begin with, on December 25, 2007, we defined a restricted area
near the decay surface muon line to be a radiation controlled area.
These are areas where we may bring in radioactive components,
such as superconducting coils, which have been used on the KEK
beamline for more than 30 years. These superconducting coils
were then assembled into the solenoid vacuum chamber in
January 2008. In February 2008, installation of the on-line
refrigeration system started with full operation expected by
August 2008. In parallel, the secondary beamline components,
such as triplet quadrupole magnets, bending magnets, slits,
blockers, gate valves, separator, beam ducts, and shielding blocks,
were fabricated, and their installation will be completed by the
summer of 2008. Fig. 4 shows a picture of the decay surface
beamline under construction.

In addition to Phase 1, we are planning to install one surface
muon channel with a modest-acceptance (about 50mSr), and one
super-omega muon channel with a large acceptance of 400mSr. In
the case of the surface muon channel, we can expect a total of
1:6� 107=s surface muons with a 1MW proton beam. By
installing a kicker and beam slicer, we are planning to place four

experimental ports in experimental hall No. 1. In the case of the
super-omega beam channel, we are going to install a large
acceptance solenoid made of mineral insulation cables (MIC) and
a superconducting curved transport solenoid. We can collect
either surface or cloud muons up to 60MeV/c very efficiently.
Finally, we are expecting 4� 108=s surface muons and 107

negative cloud muons in the experimental hall No. 2 [6]. Although
many of these studies can be performed using either surface or
decay muons, at the super-omega channel we are aiming to create
a new type of muon source, the intense ultra-slow muon source.
Ultra-slow muons are generated through resonant ionization of
muonium (Mu). Mu is formed by stopping intense surface muons
on the rear surface of a hot W foil. At the RIKEN/RAL muon facility
[7], 20 slow mþ=s are obtained out of 1:2� 106=s surface muons
[8]. Taking into account the repetition rate of the pulsed laser
system and the proton beam, as well as the surface muon yield
between RIKEN-RAL and J-PARC MUSE, we can expect 1:3� 104=s
of slow mþ=s without any additional laser development. A rate
of 1:3� 106=s slow mþ can be achieved with sufficient laser
development, such as a tripling of 366nm photons with a pico-
second pulse width to match the Doppler broadening of the Mu
at 2000K.

When the production of intense ultra-slow muon beams is
realized, the use of its short-range penetration depth and smaller
beam size will allow muon science to be expanded towards a
variety of new scientific fields, such as: (1) surface/boundary
magnetism utilizing its spin polarization and unique time-
window; (2) surface chemistry, utilizing the feature of a light
isotope of hydrogen, such as catalysis reactions; (3) precise atomic
physics, such as QED; (4) ion sources and towards mþm� collider
experiments in high-energy physics.

Table 1 shows the parameters of the individual muon channels
at the J-PARC muon facility (MUSE).

6. Summary

Construction of the MLF building as well as the fabrication and
installation of various beamline components, such as magnets, the
muon target, scrapers, shields, monitors, and vacuum compo-
nents, were completed in 2007, as scheduled. We are expecting
the first muon beam from the decay/surface muon channel in the
autumn of 2008.
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Table 1
Muon beams available at J-PARC muon facility, MUSE.

Surface muon ðmþÞ Decay muon ðm�Þ

Decay surface muon channel (Phase 1)

Muon energy 4.1MeV (30MeV/c) up to 54MeV (120MeV/

c)

Range �0:2mm 1mm to �cm

Energy width �10% �15%

Temporal width �1002140ns �1002140ns

Beam size 30mm� 40mm 70mm� 70mm

Intensity 3� 107=s 106=s2107=s

Port number 1 1

Surface muon ðmþÞ

Surface muon channel (Phase 2)

Muon energy 4.1MeV (30MeV/c)

Range �0:2mm

Energy width �10%

Temporal width �1002140ns

Beam size 30mm� 40mm

Intensity 106=s2107=s

Port number 4

Slow muon ðmþÞ Cloud muon ðm�Þ

Super-omega muon channel (Phase 2)

Muon energy 0–30 keV up to 15MeV (60MeV/c)

Range 1nm–200nm �mm

Energy width o1% �5210%

Temporal width 8.3 ns (now) ! sub-ns �1002140ns

Beam size 3� 4mm (now) ! f 1 f 50

Intensity 104=s2106=s (surface

muon 4� 108=s)

106=s2107=s

Port number 2 2
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High transverse field mSR with p=2-RF pulse spin control technique
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a b s t r a c t

We report on the time-differential mSR measurement at 200MHz (under a transverse field of 1.475 T)

using a pulsed muon beam at KEK (d ’ 50ns). The initial muon spin direction is flipped by 90
 using a

radio-frequency (RF) pulse immediately after muon implantation, which allows observation of mSR time

spectra without limitation of beam pulse width d. A prospect for the routine use of this p=2-RF pulse

technique at the J-PARC MUSE is discussed.

& 2008 Elsevier B.V. All rights reserved.

Pulsed muon beam (generated by proton synchrotron) has
many advantages over a continuous muon beam (generated by
cyclotron), such as high muon intensity and low positron back-
ground that allows both wider time window of measurements
(420ms) and high data rate, readiness for combination with
transient extreme conditions, and so on. Meanwhile, it has an
inherent problem that the time resolution for the conventional
mSR measurements is limited by the beam pulse width (¼ d);
because of the ambiguity of arrival time for the individual muons
in a beam bunch, the highest frequency tractable for transverse
field (TF) mSR is limited by the Nyquist frequency f N�1=ð2dÞ.
Considering the importance of TF-mSR that provides precious
information such as the muon Knight shift or the magnetic field
profile in the mixed state of type II superconductors, it is highly
desirable to establish a routine technique to overcome the limit of
beam pulse width. This is particularly true for experiments at the
J-PARC Muon Science Facility (MUSE) where f N would be as low as
4–6MHz according to the machine parameters of the accelerator
(d ’ 80–120ns).

It has been demonstrated that the use of radio-frequency (RF)
technique is a key for this purpose [1,2]. The basic idea is to rotate
the initial muon spin polarization (~Pm) from the direction ~PmkH0 to
~Pm ? H0 by applying a short RF pulse that satisfies the condition
gmH1Dt ¼ p=2, where H1 (? H0) is the RF field, Dt is the RF
duration, and H0 is the holding field [3]. Then, because the time
relative to the RF pulse is well-defined irrespective of the muon
arrival time, Pm exhibits coherent Larmor precession around H0.
Thus, as long as there is no fast depolarization (or spin rotation)

within f�1
N and/or Dt originating from samples, the ðp=2Þ-RF pulse

allows us to observe TF-mSR without limitation from f N (Fig. 1).
In an earlier report, we showed the preliminary result of a test

experiment for the p=2-RF pulse technique at 36.65MHz [4]. Since
then, we installed a series of high power RF amplifiers (peak
power �18kW) at several frequency bands (50, 75, 125, 200, 300,
400, and 475MHz) to develop the technique in the more
systematic manner. Here, we report our result for the test
experiment at 200MHz (corresponding to 1.475T), the highest
precession frequency to our knowledge ever observed using
pulsed muon beam. As shown in Fig. 2, a single-turn split-ring
resonator fitting to a He gas-flow cryostat was fabricated [5], and
the sample space (’ 3� 3� 1 cm3) in the resonator was filled
with MgB2 powder (a type II superconductor with Tc ’ 39K).
A pulsed muon beam with a momentum of �60MeV=c was
irradiated through a beam window of the cryostat. Under the
optimal condition, an RF field of nearly 40G (¼ H1) was attained
at the sample positionwith the rise time ’ 0:15ms and decay time
’ 0:1ms. It turned out that the probability of RF discharge at the
gap of the split-ring was reduced by using a shorter RF pulse. This
is understood by considering the fact that it takes typically a few
ms for the discharge to develop in gas under a pressure realized in
usual operation conditions. The time origin of time-to-digital
converters (TDCs) for measuring the positron event timing was
defined by a trigger pulse made as a logical product of two pulses,
one defining the incoming muon beam timing and the other that
is generated by discriminating a signal from RF synthesizer, where
the timing is controlled by the latter. The duration of RF pulse
[Dt ¼ p=ð2gmH1Þ ’ 0:46ms] was optimized by monitoring the
backward/forward asymmetry AzðtÞ so that AzðDtÞ ’ 0.

Examples of the mSR spectrum after the fast Fourier transform
(FFT, 50K) and time-differential spectra at two temperatures
above and below Tc are shown in Figs. 3 and 4, where one can
see a coherent precession signal with a frequency of 200MHz.
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(Note that the Nyquist frequency for the KEK-MSL muon beam is
about 10MHz.) The signal is considerably reduced upon cooling
down below Tc, indicating that the sample falls into super-
conducting state and muons might be depolarized by strong
inhomogeneity of internal field due to flux line lattice formation.
It is not possible at this stage, however, to evaluate the
depolarization rate reliably in the superconducting state because
the spectrum lacks the initial part (0ptp1ms): the depolarization
rate expected for the conditions in Fig. 4b is 1–2ms�1 according to
some earlier reports, suggesting that the asymmetry remaining at
t ’ 1ms may be too small to identify. The small initial asymmetry

makes it further difficult to deduce the depolarization rate from
the present data. In this sense, we cannot rule out the possibility
that the measurement might have been done with off-resonance
condition below Tc due to the diamagnetism. (We note that the
resonator and RF were left unchanged while temperature was
reduced from 50 to 33K.)

The small initial asymmetry results mainly from the condition
that the positron detectors have never been optimized for this
type of measurement. In particular, the time resolution (dt) of the
positron detectors is 3–4ns at best, probably due to a long (�1m)
light guide between scintillator and photomultiplier, so that f N for
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Fig. 1. Schematic illustration of muon spin control by p=2-RF pulse. The cartesian

coordinates are taken on a rotating reference frame of the RF, so that the RF field

(¼ m0H1) may appear as a static field (where the RF is equal to gmH0=2p, with H0

being the holding field).

Fig. 2. (a) 200MHz RF-resonator consisting of a single-turn split-ring (right). The

ring is furnished with a beam window made out of thin copper foil. The definition

of axes shown by solid lines correspond to those in Fig. 1. A bag made of Kapton

film (left) is used to seal MgB2 powder sample, and placed inside the ring

resonator. The whole piece is inserted to a He gas-flow cryostat. (b) A schematic

illustration of the split-ring resonator, where the tuning is made by sliding an

electrode to change the capacitance.
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Fig. 3. Fast Fourier transform of mSR spectrum over a time region from 1.5 to 6ms
(where the RF noise is negligible) obtained from a time spectrum.
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the detector system [1=ð2dtÞ ’ 130–170MHz] is lower than
expected. [The resolution of TDC (model 3377, LeCroy Co. Ltd.) is
0.5 ns, and therefore it is not a limiting factor for the net
resolution.] This actually leads to a drastic reduction of the
asymmetry by a factor as large as 5–10 (assuming a Gaussian
distribution for the timing fluctuation with a standard deviation
equal to dt). Thus, further improvement for the positron detection
system is necessary for practical applications. Moreover, the
inhomogeneity of H1 (which is not known, particularly for the
short pulse) would lead to the reduction of the initial muon spin
polarization within the xy plane. These factors may account for
the net reduction of asymmetry by 10–20, as is observed in Fig. 4.
The uniformity of H1 might be more important for the measure-
ments with large samples, which will be monitored by the
magnitude of the initial asymmetry.

In addition to the problem mentioned above, we found that
each positron detector has an offset of delay time (�a few ns) that
varies from one detector to the other (probably due to the subtle
difference among individual phototubes). Such random offsets,
when a sum is taken over signals from several detectors, would also
lead to the serious reduction of asymmetry due to the lack of phase
coherence among detectors. This raises an issue of synchronizing
many positron detectors with a precision better than that of the
inverse Nyquist frequency required for the target frequency of
observation. As a matter of fact in deducing the spectra shown in
Fig. 4, we corrected the offset of 32 detectors relative to the RF
signal that was observed as a noise overlapped with the positron
signals over the earlier time range of the spectra (0pto�1ms).
Since this is effective only when the RF noise is picked up directly at
the photon sensors, a more appropriate method for adjusting the
timing offset should be developed for practical application.

For the improvement of time resolution of the positron
detectors, it is required that the distance between scintillators
and optical sensors is minimized to reduce the time jitter of
photons reaching the sensor. In this regard, recently developed

‘‘multi-pixel photon counter’’ (MPPC) is a promising optical sensor
for its tolerance to high magnetic field, together with its small
size, fast timing character, and relatively high gain. We are
currently developing a compact positron detector based on MPPC
for use under a strong magnetic field (placed near the center of
spectrometer magnet). The detector consists of a pair of small
scintillators (about 1 cm3) to which MPPC (with a sensitive area of
1� 1mm2) is connected through a plastic fiber that penetrates
the each scintillator [6]. (The fiber is cut at the edge of scintillator
where MPPC is placed. It also serves as a light-collecting device for
MPPC). The pair is used as a ‘‘telescope’’ to reduce the dark current
noise from each MPPC by taking logical ‘‘coincidence’’ condition.
With this new positron detector, we are planning to install a mSR
spectrometer capable of measurements under a transverse field
up to 6T.
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a b s t r a c t

We have developed a pipelined data acquisition (DAQ) system for mSR experiments at the Japan-Proton

Accelerator Research Complex (J-PARC). From September 2008, the J-PARC accelerator will begin the

beam delivery to the muon source and the first mSR experiment will be in operation. When fully

operable, the muon beam intensity at the Muon Experiment Facility will be two to three orders of

magnitude greater than that of the Muon Science Laboratory (KEK-MSL). This will force us to replace

the detector and the DAQ system. The new DAQ system must fit the framework for the run automation

at J-PARC. We have developed a new DAQ system for this purpose, which will be used in the first

experiment and will be ready for new mSR detectors for the full operation of the accelerator.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

The High Energy Accelerator Research Organization (KEK) and
the Japan Atomic Energy Agency (JAEA) have collaborated in a
joint project to develop the Japan Proton Accelerator Research
Complex (J-PARC). J-PARC will be used for research in the fields of
particle physics, nuclear physics, material science, life science, and
nuclear technology. The accelerator has already begun delivering a
proton beam to a neutron source and will start delivery to a muon
source in fall 2008 [1]. The expected intensity of the muon
beam is two to three orders of magnitude greater than that of KEK
Muon Science Laboratory (KEK-MSL). This intensive beam will
bring high hit multiplicity of the detector and mSR experiments
in J-PARC may encounter new problems that were not seen at
KEK-MSL.

2. mSR experiments at J-PARC

From fall 2008, J-PARC will begin beam delivery to the MUon
Science Establishment (MUSE). When the accelerator provides
a proton beam in full operation, the intensity of the muon beam
at MUSE will be two to three orders of magnitude higher than
that of KEK-MSL. This high intensity results in extremely high

multiplicity in the detector and it is necessary to replace both the
detector and the data acquisition (DAQ) system.

The spectrometer in mSR experiments consists of segmented
scintillators to detect positrons from the mþ decay. Using a pulsed
muon beam, the spectrometer must observe many mþ decays from
one pulse. The DAQ system uses a time-to-digital converter (TDC)
to measure the time spectrum of the decay events, and this TDC
must be equipped with multi-hit functionality. The segmentation
number of the spectrometer in the KEK-MSL is 64 and the DAQ
system used CAMAC-TDC, LeCroy 3377 which has a hit buffer of
up to 16 hits per channel. The geometrical acceptance is about 10%
and the multiplicity is about 5 hits per pulse. The double pulse
resolution of the DAQ system is about 20ns which is limited by
the CAMAC discriminator.

Precise measurement of the time spectrum requires fine
double pulse resolution and a deep buffer to hold multiple hits
in the TDC. If either is insufficient, several hits will be missed and
the observed time spectrum will be distorted. A more intensive
beam will cause a higher multiplicity and make it harder to
prevent distortion.

If we rebuild the spectrometer with finer segmentation, the
multiplicity becomes lower and the distortion problemwill be solved.
However, if we solve the distortion only by the finer segmentation, the
segmentation number will be 64000 and almost impossible. On the
other hand, if we solve the problem only by DAQ system replacement,
it must be equipped with a buffer for 5000 hits per channel and 20ps
double pulse resolution. This is also impossible.
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Therefore our upgrade plan for the spectrometer is to increase
the segmentation number to 2000, the double pulse resolution
and the time resolution are better than 1ns, and to achieve a
sufficient buffer depth in the TDC. We will arrange these
scintillators like a honeycomb sphere because of space limitations.
Therefore, the geometrical acceptance will be larger than that of
the KEK-MSL. If we keep the solid-angle of each scintillator the
same in the KEK-MSL, the expected multiplicity of the planned
spectrometer will be about 160 hits per channel.

3. COPPER system

As there is no commercially available TDC that has a buffer
suitable for such multiplicity, we decided to supersede the CAMAC
system using the ‘‘COmmon Platform for Pipelined Electronics
Readout (COPPER),’’ which was designed by KEK [2]. Fig. 1 shows

the components of the COPPER system. A COPPER board consists
of a 9U size base board, four digitizer mezzanine cards, a trigger
receiver and one processor module that is standardized as a
PrPMC (IEEE P1368 VITA32). This processor module runs the Linux
operating system: it reads data from the digitizer cards and sends
them via a network to another computer. The form factor of the
base board is a 9U VME, but data transmission uses the network
rather than the VME bus. The base board is equipped with Fast
Ethernet for data transmission. The deadtime of the COPPER
system is defined as the data transmission time from pipeline on
the digitizer card to the buffer on the base board, which is 23ns
per words.

The first COPPER systemwas installed in the DAQ system of the
Belle experiment at KEK and the existing COPPER-TDC is available
for mSR experiments. However, the buffer depth of the TDC
module is 256 hits and this hit buffer is shared by 24 channels.
This depth maybe insufficient for our requirement and we
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developed a new TDC mezzanine card with a sufficient buffer
depth.

A new discriminator is also necessary to achieve the 1ns
double pulse resolution, so we are developing an application-
specific integrated circuit (ASIC) for the discrimination. The
prototypes are ready to use and the detail of the ASIC will be
described in a future report.

4. Experiment

4.1. COPPER applicability

In the first step, we tested the applicability of the COPPER
system to the mSR experiment.

In winter 2006, we installed the COPPER system with existing
TDC modules in the readout system of the detector Advanced
Riken General purpose mUsr Spectrometer (ARGUS) [4] at the
RIKEN-RAL Muon Facility [5] of the Rutherford Appleton Labora-
tory in the UK. At present, this facility provides the strongest
pulsed m beam in the world. The DAQ system for ARGUS and KEK-
MSL are similar.

The existing TDC module was originally developed for the Belle
experiment. The LSB is 780ps, the time resolution is 0.54 LSB and
the buffer depth is 256 hits for 24 channels [3].

Using this COPPER system, we measured the time spectrum
and the multiplicity of m2e decay with a silver plate target under
a magnetic field of 500G. In this test, the collimator was fully
opened to obtain the maximum multiplicity. The maximum
occupancy of the hit buffer was about 150 hits per bunch (Fig. 2).

4.2. New TDC module development

The muon beam rate at the RIKEN-RAL Muon Facility is 50
times smaller than that of the fully operational J-PARC facility, and
the buffer depth of the existing TDC is almost insufficient for our
requirement. In the case of other commercial TDCs, such as the
VME V1290 by CAEN, which uses the HPTDC chip developed by
CERN, the hit buffer is shared by 16232 channels with a depth of
256 or 512 hits. This is insufficient for our requirements.

Therefore we have developed a new TDC module that has a
sufficient buffer size, at least 160 hits per channel. Our new TDC
module is equipped with one Xilinx SPARTAN XC35400, which
contains the TDC logic and the interface logic to the COPPER base
board. The specifications of this TDC are as follows: 16 input
channels per module, LSB of 1 ns, time resolution of 0.65ns and
the depth of the hit buffer is 1024 hits per channel. When all
channels receive 160 hits, this TDC will issue about 60ms
deadtime. This is negligibly short in the case of mSR experiments
in the J-PARC. The linearity of this TDC is shown in Fig. 3.

4.3. New TDC applicability

We tested this new COPPER-TDC with ARGUS in 2007 and
2008. Fig. 4 is the observed time spectrum from the Ag plate in
500G magnetic field.

In this test, the beam intensity was three times higher than
that of the 2006 run and the maximum multiplicity reached 34
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hits per channel. The buffer depth of the new TDC, 1024 hits per
channel, is sufficient for these conditions.

5. Integration with the slow control system

5.1. DAQ middleware

Experiments in the J-PARC MLF must be controlled from the
‘‘Working Desktop’’ [6] which is the user interface framework to
control the DAQ system, the analyzer system and the environ-
ment, such as the temperature, the pressure, and the beam
collimator. The Working Desktop can be controlled using the
Python language, and the run automation must be implemented
as a Python script. Most of the components have already been
implemented and used in the neutron experiments in the J-PARC.

The DAQ middleware [7] is used for the whole operation of the
DAQ system. An unit of this middleware consists of Gatherer,
Dispatcher, Logger, and Monitor. The Working Desktop can handle
multiple middleware units of these middleware via DAQ operators
connected to each unit.

The performance of the DAQ middleware was confirmed to up
to 20MB/s per unit. If the spectrometer requires higher through-
put, multiple units are necessary (Fig. 5).

5.2. Modification for mSR experiments

The DAQ middleware was originally developed for neutron
experiments in the J-PARC and lacks an essential function for mSR,
which is a way to monitor the correlations of different frontends.

mSR experiments must measure the asymmetry of time
spectrums from m2e decays. To minimize the distortion of the
time spectrum, all events containing missing hits must be
excluded. When NA and NB are the total numbers of hits from
channels grouped in A and B, respectively, the amplitude of the
asymmetry is defined as

Asym ¼ NA � NB

NA þ NB

If NA is larger than NB but NA misses some hits, the Asym is
smaller than expected. To prevent this problem, it is necessary to
exclude events that contain missing hits. To eliminate such events,
the event data must contain all hits from all channels. However,

the original DAQ middleware works as follows: collect data that
contains multiple events from the first frontend, send it to the
Dispatcher, collect data from the second frontend, send it to the
Dispatcher, and so on. The number of events in the single data
transmission is not constant. They must be rewritten to collect
and process the data in an event-by-event.

The asymmetry histogram is calculated from two group
histograms. The direction of the magnetic field in mSR experi-
ments in J-PARC is varied and the monitor must be able to
change the grouping dynamically. We prepared a channel selector
using the ROOT toolkit (Fig. 6). When the Monitor receives the
data from the Dispatcher, it updates histograms for every channel
after excluding events that miss several hits. The channel selector
continuously displays the sum of histograms of chosen channels.
The displayed histogram is always updated continuously.

6. Summary

MUSE will be in operation from September 2008, and we have
developed a pipelined DAQ system for mSR experiments. At the
beginning of MUSE, the beam intensity will not be so high and we
will reuse the spectrometer that was used in the KEK-MSL. Our
first spectrometer consists of 256 scintillators and the first DAQ
system for this spectrometer uses two COPPER-TDCs and one DAQ
middleware unit.
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Abstract New intense muon beams with flux several orders of magnitude higher
than at present muon facilities would allow many novel experimental studies that
were until now statistically not feasible. The investigation of the nuclear properties
of short-lived nuclei using muonic atom spectroscopy would become possible. A
feasibility study at RIKEN-RAL muon facility using the cold hydrogen film method
to produce radioactive muonic atoms is in progress. A new surface ionization type
ion source was recently installed to expand the variety of available ions. Encouraging
experimental results were obtained with stable alkaline-earth and rare-earth isotope
ions implanted in solid deuterium films. The latest results are reported in this paper.
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1 Introduction

Muonic atom X-ray spectroscopy has been successfully used for many years to
determine the nuclear charge distribution [1–3]. The most precise charge radii of
nuclei have been obtained by use of the muonic atom spectroscopy method. They
have been determined for almost all elements, but only for stable isotopes. The most
recent and precise results have been reviewed by Fricke et al. [4]. With the recent
strong interest in unstable nuclei, the charge radius of such nuclei is an important
research topic. New intense muon beams, with fluxes several orders of magnitude
higher than at present muon facilities, would allow many novel experimental studies
that were statistically not feasible until now. The investigation of the nuclear prop-
erties of unstable nuclei using muonic atom spectroscopy would become possible.
This would be a unique tool to increase our knowledge of the nuclear structure far
from stability where new effects may be expected, in particular, the nuclear charge
distribution and the deformation properties of nuclei. It would usefully complement
the knowledge obtained from electron scattering and laser spectroscopy, since in
the past calibration data were used from muonic atom measurements with stable
nuclei. Also, measurements of the quadrupole hyperfine splittings of muonic X-rays
could provide precise and reliable absolute values of nuclear quadrupole moments,
which are sensitive to the deviation of the shape of a nuclear charge distribution from
spherical symmetry.

We proposed the cold hydrogen film method [5, 6] to expand muonic atom
spectroscopy by utilizing nuclear beams, including, in the future, radioactive isotope
(RI) beams, to produce radioactive muonic atoms. This method will enable studies
of the nuclear properties and nuclear sizes of unstable nuclei by means of the
muonic X-ray method at facilities in which both intense negative muon (μ−) and
RI beams will be available. The basic concept is to stop both μ− and nuclear
beams simultaneously in a solid deuterium film, followed by the application of the
direct muon transfer reaction to higher Z nuclei to form radioactive muonic atoms.
Although most of the muons first produce μd atoms, the fast muon transfer reaction
occurs from deuteron to implanted Z nuclei to form μZ atoms with a rate of λZ ≈
Z CZ × 1010 s−1, where Z is the atomic number of the nucleus and CZ is its
atomic concentration in deuterium. At low concentration, most of the muon transfer
occurs delayed, and the S/N ratio can be greatly improved by selecting only delayed
events.

An experimental program to perform muonic atom spectroscopy with stable ions
implanted in a solid hydrogen (H2 and/or D2) film is in progress at the RIKEN-RAL
muon facility port 4 to experimentally demonstrate the feasibility of this method.
Studies were carried out to establish the most efficient way of forming muonic
atoms via the muon transfer mechanism by using stable argon beam. Already very
promising results were obtained in pure solid D2 films with argon ions implanted
non-uniformly, to study the muon transfer reaction and the diffusion process of dμ

atoms [7]. Clear muonic X-ray peaks were observed from implanted argon ions even
at a concentration of 0.5 ppm. A summary of the experimental results were reported
in [8].
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2 Recent progress

A new surface ionization type ion source has been constructed and installed on the
existing μA* apparatus at port 4 to expand the variety of available ions and with
the aim of using in the future radioactive isotopes. This type of ion source is capable
of producing ions from alkali and alkaline-earth metals with high efficiency. At the
moment, only stable beams will be produced to optimize the new surface ion source
and tune the beam transport optics. Barium and strontium ions were successfully
generated from barium oxide and strontium oxide, and accelerated up to 30 keV with
a new ion extraction unit. Beam intensities of 1–2 μA were obtained. The ion beam
optics was tuned to transport the beam to the solid hydrogen target and optimize the
beam spot to efficiently use the large muon beam size at the target position (∼ 40 mm
in diameter). All barium and strontium isotopes could be separated on the focal plane
after the bending magnet, allowing the implantation of only one specific isotope on
the target.

The first transfer experiment was performed by measuring different targets with
isotopically separated strontium ions. As shown by Monte Carlo simulations per-
formed with SRIM, the range of 30-keV Sr ions in solid D2 is only about 200 nm,
with a range straggling of about 60 nm (FWHM). Therefore, it is very difficult to
perform a uniform implantation in a thick D2 film. Consequently, the same procedure
as that used previously to implant argon ions was utilized [7]. Each Sr implantation
was separated from the next by depositing a fixed amount of D2 to yield a total D2

film thickness of 1 mm. Each implantation region was identical, and a total of 20
implantations separated by 50 μm were performed for each target, corresponding
to an average Sr concentration of about 1 ppm throughout the D2 film. Figure 1
shows the delayed energy spectra measured by the Ge detector with 1-mm pure
D2 and about 1 ppm Sr ions implanted non-uniformly; (a) 88Sr (solid line) and 86Sr
(dotted line), and (b) 87Sr (solid line) with the fitted curves obtained for μ88Sr (dotted
line) and μ86Sr (dashed line), respectively. Clear peaks from the 2p→1s muonic
transitions were observed from implanted strontium ions, showing a distinct isotope
shift for 88Sr and 86Sr. The isotope shift for 88Sr and 87Sr is almost negligible. A
preliminary analysis shows that the measured isotope shifts are consistent with that
observed in previous experiments performed using enriched strontium isotopes in
very large quantities. These experiments were performed using natural strontium
oxide (SrO) in the ion source, and only about 7 × 1016 ions of 88Sr, 5 × 1016 ions
of 86Sr and 4 × 1016 ions of 87Sr in the target, respectively. The data are now being
analyzed, and the detailed analysis will be reported in later publication.

Measurements with barium isotopes were also performed. The experiments were
realized with isotopically separated 138Ba and 137Ba ions implanted into 1-mm D2

film in a way similar to that used with strontium isotopes. Transfer X-rays were
successfully observed at around 4 MeV. The energies of muonic barium X-rays
are relatively high resulting in low detection efficiency. Our measurements are
consistent with previous experiments performed using enriched Ba isotopes. The
energy calibration was determined from muonic lead X-rays at around 6 MeV in
a separate measurement.

The new surface ion source is also capable of producing ions from rare-earth
elements with high efficiency. They seem ideal candidates for an experiment to study
very high Z nuclei with deformation properties. For instance, samarium isotopes
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Fig. 1 Muonic strontium delayed energy spectra with 1-mm pure D2 and about 1 ppm of Sr ions
implanted non-uniformly: a 2p→1s muonic transitions in 88Sr (solid line) and 86Sr (dotted line); b
2p→1s muonic transitions in 87Sr (solid line) showing the fitted curves for μ88Sr (dotted line) and
μ86Sr (dashed line), respectively

show very abrupt changes in their nuclear characteristics from spherical to highly
deformed nuclei. 144Sm is magic in neutrons (N = 82) and display the characteristics
of a stiff spherical nucleus which is very hard to excite, whereas 152Sm and 154Sm
reveal low energy levels characteristic of highly deformed nuclei whose muonic X-
ray spectra show a 2p hyperfine structure (h.f.s.). The latest measurements were
performed with isotopically separated samarium ions. Figure 2 shows the delayed
energy spectra measured by the Ge detector with 1-mm pure D2 and about 1 ppm of
148Sm and 152Sm ions implanted non-uniformly, respectively. Here too, the measured
isotope shifts are consistent with that observed in previous experiments performed
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Fig. 2 Delayed energy spectrum of the 2p→1s muonic transitions in Samarium measured with 1-mm
pure D2 and about 1 ppm of Sm ions implanted non-uniformly: a 148Sm and b 152Sm, respectively.
Theoretical prediction shown underneath for 152Sm [14, 15]

using enriched samarium isotopes. 148Sm has still a spherical nucleus, while 152Sm is
clearly showing a 2p h.f.s. characteristic of a highly deformed nucleus. The detailed
analysis will be presented elsewhere.

In all the present measurements, the experimental precision is limited essentially
for statistical reasons. Indeed, it is very difficult to compete with other measurements
that use enriched stable isotopes in very large quantities. However, one advantage of
this ion implantation method is that the isotope separation can be done during the
implantation, and that high purity isotopes can be measured. The measurement is
also free form the chemical substance of the element if it can be completely ionized.
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3 Future plans

As an intermediate step towards muonic spectroscopy with unstable nuclei, an
experiment using long-lived isotopes is now under study. For elements heavier than
bismuth, there are no stable isotopes for good measurements of nuclear parameters
like the nuclear charge radius. In particular, radium isotopes are of strong interest
since these parameters would be urgently needed to exploit the full potential of the
radium atom for atomic parity non-conservation studies [9]. To that extend, the new
surface ion source could be used to produce long-lived RI beams. Improvements
to the existing apparatus are currently under consideration to handle long-lived RI
safely.

At present, these experiments are still performed with a relatively large number
of implanted ions, because of the relatively low μ− beam intensity at a momentum
of 27 MeV/c. Future intense muon beams with higher muon flux would require
fewer implanted ions. For instance, the new muon experimental facility that is
now under construction at the Materials and Life Science Facility (MLF) in the
J-PARC project [10] is also very attractive to realize the proposed study. A pro-
posal exists to built there the world highest intensity surface muon channel called
“Super Omega” [11, 12]. This advanced muon channel consists of a double normal
conducting solenoid lens to accept muons in a solid angle of nearly 400 msr, a curved
superconducting solenoid for transportation, and a set of superconducting coils to
focus the beam at the exit of the solenoid. According to Monte Carlo simulations, a
surface muon intensity of 2–5 108/sec is expected. Since this muon beam channel
uses only solenoids and coils, cloud μ− can also be extracted simultaneously. By
placing a magnetic bend right at the end of this channel, both negative and positive
muon beams with the same momentum can be produced. The cloud μ− intensity at
27 MeV/c is roughly 1–2% of the surface muon intensity, and a μ− beam of 106−7/sec
could be obtained. This is more than 2–3 orders of magnitude higher than presently
available at RIKEN-RAL, and very attractive to perform the proposed study. This
advanced muon channel “Super Omega” is now being carefully designed [13], but
unfortunately it has not been completely funded yet.
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Abstract The ortho-para dependence of d-d fusion neutrons time spectra has been
investigated using different target densities at similar temperatures. Even at the
similar temperatures, the ortho-para effect on the fusion neutron yields in the liquid
phase showed the opposite tendency from that in the gas phase. The result evidenced
significant density dependence on resonant ddμ formation.

Keywords Muon catalyzed fusion · Ortho deuterium · Para deuterium

1 Introduction

The resonant muonic molecular formation [1] is an essential process in muon-
catalyzed fusion (μCF) because it is one of the rate limiting processes:

(dμ)F + (D2)Ki,νi → [
(ddμ)J=1,ν=1dee

]∗
K f ,ν f

. (1)
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The collision energy of incident particles and the binding energy of ddμ are transmit-
ted to the final rotational and vibrational energy of the muonic molecular complex
of [(ddμ)dee], where small resonance energies of the order of meV are realized. This
process is owing to the existence of ddμJ=1,ν=1 state with the small binding energy
(∼ −1.96 eV) lower than both the electric ionization energy (∼ 15 eV) and the
dissociation energy of D2 (∼ 4.5 eV).

By artificially changing the initial molecular state of D2, we can increase the
resonant ddμ formation rate and thus enhance the overall fusion cycling rate [2].
One of such methods is to change the initial rotational level, Ki, of D2, which can
be achieved by changing the ortho to para ratio of D2. Ortho- and para-D2 are
dominantly in Ki = 0 and Ki = 1 states at low temperatures, respectively, because
of the energy difference of 7.4 meV.

Our group experimentally investigated the resonant ddμ molecular formation
while controlling the ortho-para ratio of D2 [3–6]. We have successfully observed
a clear difference in d-d fusion neutron spectra between ortho-, normal- and para-
enriched D2. Recently, in order to determine the nature of the condensed-matter ef-
fect, we observed the ortho-para dependent phenomena in different target densities
at similar temperatures with low-density gas, φ ≤ 0.17 LHD (liquid hydrogen density:
4.25×1022 atoms/cc) and T = 36.2 K, and pressurized liquid, φ ≥ 0.86 LHD and
T ≥ 35 K. Such an experiment is not only a sensitive examination of the ortho-para
effect predicted by the existing μCF theories [2] (Faifman, private communication),
but also essential to understand a high-density effect in condensed matter [7, 8].

1.1 Experiment

Details of the experimental techniques to observe the ortho-para dependent phe-
nomenon are elsewhere [5, 6, 9]. The measurement was performed at the TRIUMF
M9B muon channel. We changed the μ− beam momentum in the range of 48–50
MeV/c for different target densities. The coincidence signal of two muon beam-
line counters opens a 14-μs gate for data taking. Four NE-213 liquid scintillators
(φ2”×L2”) were placed around the deuterium target to detect 2.5-MeV neutrons
emitted from d-d fusion reactions. Muon-decay electrons were detected by four pairs
of plastic scintillation counters.

Main background for fusion neutron detection was originating from γ -rays and
the capture neutrons, which came from a negative muon captured by nucleus in
surrounding materials. In order to distinguish between a neutron and a γ -ray signal,
a signal-shape analyzer (Ortec Inc. Delay Line Amplifier 460, and Pulse-Shape
Analyzer 552) was used. The background neutrons due to the muon nuclear capture
reactions were strongly suppressed by requiring the muon-decay electron to be
detected between 0.3 μs and 5 μs after the neutron signal (electron condition).
The remaining background under the electron condition mainly came from ambient
neutrons with no correlation to muon arrival. The time distribution of background
neutrons was determined by using the observed distribution with the hydrogen
target.

We used two types of bullet-shaped target cells made of oxygen-free high-
conductivity (OFHC) copper for the gas (50 mm in diameter and 120 mm in length)
and the high-temperature liquid (30 mm in diameter and 55 mm in length) targets,
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respectively. The cell was sufficient to sustain the maximum operating gas pressure
of 12.2 bars.

In order to make an ortho-rich D2 target, we hold the deuterium for about one
day in the converter. The converter is a chamber filled with catalyst (Al2O3 +
Cr2O3) cooled to a temperature at 10 K. We used the preferential adsorption method
[10] for preparing para-enriched targets. An appropriate amount of ortho- or para-
enriched gas is sent to the target cell and condensed into liquid. After closing the
inlet line to the cell, we controlled the temperature to obtain our desired density. It
was confirmed that the ortho-para ratio of the target was not changed during each
measurement with rotational Raman spectroscopy method.

1.2 Results and discussion

We analyzed the emission-time distribution of d-d fusion neutrons from both ortho-
and para-rich D2 around 35 K on the density of φ = 0.17 LHD and 0.085 LHD.
Figure 1 shows observed emission time spectra of d-d fusion neutrons. The fusion
neutrons are normalized by both the number of muons stopped in the target and the
density φ. Because the reaction rates between dμ and D2 are linearly proportional to
the target density, this obvious density dependence is removed.

One can find obvious density dependence at a glance in Fig. 1. We note that it
is difficult to avoid large systematic errors accompanying with the different target
densities in the comparison of spectra between different densities only with normal-
D2 (ortho 67%). The dependence of the spectra on the ortho-para ratio can be
compared among the different target densities without such systematic errors. That is
a great advantage to conventional experiments only with normal D2 for investigating
the high-density effect.

A delayed bump structure was observed only in the spectra for gaseous ortho-D2

overlapping the fast exponential disappearance component of fusion neutrons. The
bump structure did not appear clearly in other spectra. Because of the bump struc-
ture, the resonant ddμ formation rate is not a simple parameter. In the conventional
analysis, the rapid dμ thermalization (λtherm∼109φ) are assumed, which results in
an exponential time spectrum for the resonant d-d fusion neutrons. The structure
indicates that the slow completion of the thermalization process of dμ and the
significance of the transient ddμ formation from dμ atoms in the thermalizing stage,
which was ignored in the static kinetics model of d-d μCF. One of the approaches to
extract the resonant ddμ formation rates from the spectra considering the slow dμ

thermalization is described in [6].
In order to compare the strength of the resonance for ortho- and normal-D2, we

compared the number of fusion neutrons in ortho- and para-enriched D2. As shown
in Fig. 1, the ortho-para effect on the fusion neutron yield showed the opposite
tendency between gaseous and liquid D2 even at the almost same temperatures. The
fusion neutron yield in the prompt time region (e.g., 0–500 ns) for 36.2-K gas D2

increase with an increase of the ortho concentration. Because the difference between
the dμ deceleration process in ortho- and para-D2 is negligible in the gas phase
due to large D2 thermal motion at these temperatures, the increase of the yield in
ortho-rich deuterium would be ascribed to the existence of the stronger resonance in
ortho-D2 than that in normal-D2. The stronger resonance in ortho-D2 suggested by
the present result is qualitatively consistent with the theoretical ones [2] (Faifman,
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Fig. 1 Fusion neutrons emission time spectra for ortho- and para-enriched D2 in 36.2-K gas (a) and
35.0-K liquid (b). The emission time from muon injection normalized by the target density is also
shown. The solid and dotted lines are fitting results for ortho- and para-enriched D2 with exponential
functions derived from a static kinetics model in d-d μCF [11], respectively

private communication). For 35-K liquid D2, the neutrons yield in the prompt region
in ortho-rich D2 is lower than that in normal-D2, which is opposite to the theory and
a similar tendency to that observed in 3.5–18-K solid and 19–23-K liquid [5]. The
result in the liquid phase indicated that the resonant condition was modified from
the theoretical calculations for isolated D2.

In order to quantitatively understand the dependence of the observed struc-
ture dependence on the ortho-para ratio, theoretical studies with the Monte-Carlo
method taking into account all d-d μCF processes that compete with ddμ formation
are required. The difference in Fig. 1 provide us the strong motivation to observe the
ortho-para effect at “middle” densities (0.17<φ<0.84) to determine the nature of the
density effect. The experimental and theoretical efforts for such study are continuing.
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In this study, it is shown that in a layered nitride superconductor, i.e., LixZrNCl�0.07!x!0.21�, the super-
conducting order parameter is highly anisotropic in a sample with x=0.12, as inferred from both the tempera-
ture and the magnetic field dependences of the muon depolarization rate �"s, proportional to the superfluid
density�. Moreover, the tendency of strong anisotropy with an increase in x is indicated by the T dependence
of "s. These observations are in good agreement with the recent theory that predicts the development of
anisotropy in a d+ id� gap upon carrier filling to the bands with disconnected Fermi surfaces on a honeycomb
lattice.

DOI: 10.1103/PhysRevB.81.014525 PACS number�s�: 74.70.�b, 74.20.Rp, 76.75.�i

Layered nitrides such as �-MNCl �with M = Zr, Hf� are
attracting considerable attention since they exhibit supercon-
ductivity upon intercalating alkaline metals.1,2 While these
nitrides have relatively high superconducting transition tem-
peratures �Tc�15�25� K with M = Zr �Hf��, the density of
states at the Fermi level �N�0�� is reported to be considerably
lower than that of other superconductors having similar Tc,
as inferred from the results of the specific-heat measurement
of Li0.12ZrNCl �Ref. 3� and magnetic susceptibility measure-
ment of Li0.48�THF�yHfNCl �where THF refers to
tetrahydrofuran�.4 The small N�0� is in excellent agreement
with the prediction of the theoretical investigation.5 Such
situation naturally leads to the question of whether or not the
superconductivity in layered nitrides is fully understood on
the basis of the conventional BCS theory with electron-
phonon coupling. Moreover, it has been shown that one of
these nitrides, i.e., LixZrNCl, exhibits further anomalies that
are not expected to be present in the simplest situation
presumed by the BCS theory.

LixZrNCl has a lamellar structure consisting of alternating
stacks of Zr-N double honeycomb layers and insulating Cl
bilayers. Li atoms are intercalated into the van der Waals gap
of the Cl bilayers to supply electrons to the conducting Zr-N
layers. In addition to the above mentioned small N�0�, it has
been also revealed that the electron-phonon interaction is too
weak to explain its high Tc.

3,5,6 In general, in the case of
two-dimensional electronic systems such as �-ZrNCl, N�0�
may be only weakly dependent on band filling. Therefore,
provided that superconductivity is explained by the conven-
tional BCS theory, Tc would not vary with the Li concentra-
tion �x�. However, the fact is that while Tc is independent of
doping for x$0.15, it increases steeply below x�0.12,
reaching a maximum �Tc=15.2 K at x=0.06� and then sud-
denly transitioning into an insulating state for x!0.05.7 It
might be worth noting that this tendency of Tc to be high at
a low carrier density x is opposite to that of underdoped
cuprates.

Another anomaly is reported in the magnetic field depen-

dence of an electronic specific-heat �Sommerfeld� coefficient
� in the mixed state of Li0.12ZrNCl. While � is expected to
be approximately proportional to the number of flux lines,
and accordingly to the magnetic field in conventional BCS
superconductors �i.e., ���nH /Hc2�H /+0, where �n is the
electronic specific heat in the normal state, H is the magnetic
field, Hc2 is the upper critical field, and +0=2.07
	10−15 T m2 is the quantum flux�, it increases with a gra-
dient much steeper than �n /Hc2 in Li0.12ZrNCl, approaching
�n at H�0.4Hc2.3 This strongly suggests the occurrence of
field-induced quasiparticle excitation that is not expected for
the superconducting order parameter described by isotropic
s-wave paring with a unique gap energy.

In this paper, we describe our muon spin rotation ��SR�
study on LixZrNCl over a range of Li content near metal-to-
insulator transition �0.07!x!0.21�. We show that in a
sample with x=0.12, the temperature and magnetic field de-
pendences of the muon spin depolarization rate
�"s�"s�T ,H�, which is proportional to the superfluid den-
sity ns� is in complete agreement with the anomalies ob-
served in the bulk properties, providing microscopic evi-
dence for the anisotropic order parameter. Furthermore, a
clear tendency of increasing anisotropy as a function of x is
inferred from the magnitude of the gap ratio �2� /kBTc�.
These observations support the recent theory that predicts the
occurrence of anisotropic d+ id� pairing in LixZrNCl and the
effect of electronic correlations on the Fermi surface specific
to LixZrNCl, which develops with band filling.8,9

Conventional �SR measurements were performed on
M15 and M20 beamlines of TRIUMF, Canada. A �SR appa-
ratus with high time resolution was used to measure the
time-dependent positron decay asymmetry under a transverse
field �TF� up to 2 T. LixZrNCl samples, aligned along the c
axis, were loaded on a He gas-flow cryostat, and they were
field cooled to a target temperature to minimize the effect of
flux pinning. Details of sample preparation are described in
the earlier report, where special precaution was taken to
maintain the homogeneity of samples.7 The superconducting
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volume fraction as well as Tc �=15.1 K �x=0.07�, 14.0 K
�x=0.08�, 12.6 K �x=0.10�, 12.5 K �x=0.12�, and 11.6 K
�x=0.21�� determined from magnetization measurements
were in excellent agreement with the previous result.7 The
concentration of lithium was determined from inductively
coupled plasma spectroscopy. As shown in Fig. 1, the homo-
geneity of samples was confirmed by carrying out high-
resolution powder x-ray diffraction at SPring-8. The mean
free path l of these samples were estimated to be 10–16 nm
�increasing with x�,10 which is approximately equal to the
coherence length ��=8–13 nm�. Although this would not be
in the clean limit, the condition l�� is always satisfied, and
thus, the situation is consistent with the observed influence
of anisotropic gap on "s.
�SR is an effective microscopic technique for measuring

the magnetic penetration depth ��� in type-II superconduct-
ors. It is reasonably presumed that implanted muons are dis-
tributed randomly over the length scale of flux line lattice,
probing local magnetic fields at their respective positions.
Then the transverse muon spin precession signal consists of a
random sampling of internal field distribution B�r�, such that

Px
v�t� = 	

−



cos���Bt +  �n�B�dB ,

n�B� = 
��B�r� − B��r,

where ��=2�	135.53 MHz /T is the muon gyromagnetic
ratio, n�B� is the spectral density for the internal field defined
as a spatial average �
 �r� of the delta function, and  is the
initial phase of rotation. Hence, n�B� can be obtained from
the real amplitude of the Fourier transform of the TF-�SR
signal. In the case of a relatively long magnetic penetration
depth ��$300 nm�, the Gaussian distribution is a good ap-
proximation for n�B�, yielding

Px
v�t� � exp�− "s

2t2/2�cos��0t +  � ,

where "s is obtained from a second moment of the field
distribution �=���
�B�r�−B�2�� and �0=��B0 with B0
��0H. Here, provided that the clean limit is achieved, � is
related to the superconducting carrier density ns as follows:

"s �
1

�2 =
nse

2

m�c2 .

Figure 2 shows some examples of the TF-�SR time spec-
tra observed in the samples with x=0.21 and 0.12 under a
field of 0.15 and 0.3 T, respectively �shown in a rotating
reference frame for visibility�. While both spectra show a
slow Gaussian damping above Tc because of random local
fields from nuclear magnetic moments, further depolarization
resulting from the formation of a flux line lattice is observed
upon superconducting transition. A clear trend toward a high
depolarization rate is observed for a high Li concentration x,
which indicates an increase in ns with x. We also note that an
additional component that exhibits fast depolarization
��2 MHz� is observed in samples with x=0.08, 0.10, and
0.12. This observation is tentatively attributed to muonium
�Mu� that may be formed when muons are stopped near the
insulating Cl bilayers. Considering a background contribu-
tion from muons stopped in the sample holder, we used the
following function for the analysis of the �SR time spectra
by curve fitting:

A0Px�t� = exp�− "n
2t2��AsPx

v�t� + Afe
−,t cos��0t +  ��

+ Ab exp�− "b
2t2�cos��bt +  � , �1�

where A0 is the total positron decay asymmetry ��0.2�, "n is
the depolarization rate attributed to nuclear magnetic mo-
ments, As is the partial asymmetry of a superconducting frac-
tion, Af is that of the component related with Mu formation
showing depolarization at a rate ,, and Ab�=A0−As−Af
!0.01� and �b are the amplitude and central frequency of
the background. It was found that Af and , were mostly
independent of temperature and magnetic field, and their
fractional yield �Af /A0� was 0.26�1�, 0.169�1�, and 0.163�1�
for x=0.08, 0.10, and 0.12, respectively. The influence of

FIG. 1. �Color online� �a� x-ray diffraction spectra for the
present samples obtained at SPring-8 �x-ray energy of 15.6 keV�.
The �104� line observed in the pristine compound is absent in Li-
doped samples. �b� Lattice parameters �open circles show present
data, and filled points are after Ref. 7�.
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FIG. 2. �Color online� Examples of TF-�SR spectra with �a� x
=0.21 and �b� 0.12 shown in a rotating reference frame frequency
of 20 and 40 MHz, respectively. Circles represent the spectra above
Tc, while triangles are those obtained below Tc. Solid lines are fits
obtained using Eq. �1�.
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flux pinning on "s was confirmed to be negligible for x
=0.10 and 0.21, as inferred from the nearly field-independent
"s at low magnetic induction ��0.2 T�. This also confirms
the formation of three-dimensional vortices as expected from
relatively large coherence length ��=8–13 nm� over the Cl-
bilayer thickness ��1 nm�.

Figure 3 shows a plot of "s against temperature for the
samples in which "s has been deduced with sufficient preci-
sion; it was found that ns was too small for samples with x
�0.10. Solid curves are the best fits obtained by applying
the conventional BCS theory for s-wave symmetry with a
single gap �s-BCS theory�.11 Here, assuming that electron-
phonon coupling plays a minor role in LixZrNCl, we use the
s-BCS theory to determine the curve fit as an effective model
extended to the case of anisotropic order parameters �having
dips, nodes, or a secondary gap in multiple bands�. This ex-
tension is achieved by allowing the gap ratio �2� /kBTc� to
vary freely, where the energy gap � is regarded as a mean

value, �̄, averaged over the momentum space and relevant
bands �while Tc is determined by the maximum of ��. Then,

we find that the deduced gap ratio �2�̄ /kBTc, shown in the
inset of Fig. 3� decreases with an increase in x. Assuming
that Tc decreases with an increase in x, we find that the

decrease in �̄ is steeper than that in decrease in Tc. While
this tendency is not easily understood in the framework of
electron-phonon coupling, it is understood in the extended
model as an indication toward strong anisotropy with high Li
content.

While we cannot distinguish the origin of anisotropy be-
tween one-band and multiband scenarios solely from the be-
havior of superfluid density, the presence of a secondary en-
ergy scale in the energy gap is inferred from the analysis
using a phenomenological double-gap model for s-wave
symmetry,12 such that

"s�T� = "s�0��1 − w�"��1,T� − �1 − w��"��2,T�� ,

�"��,T� =
2

kBT
	

0



f�',T��1 − f�',T��d' ,

f�',T� = �1 + exp��'2 + ��T�2/kBT��−1,

where f�' ,T� is the Fermi distribution function, ��T� is the
standard BCS gap energy, and w is the fractional weight of
the i=1 component. Although it is not easy to determine all
the parameters using the curve fits of data shown in Fig. 3,
�2 for x=0.12 can be determined on the basis of an assump-
tion that �1 corresponds to ��T=0� determined by a jump in
the specific heat near Tc �2.64 meV�,3 yielding excellent fit
with the data obtained when 2�2 /kBTc=2.4�4�
��2=1.3�2� meV or �1 /�2=2.0�3�� and w=0.59�9�.

The presence of a secondary energy scale in the order
parameter is further suggested by the magnetic field depen-
dence of "s measured at 2 K for the same sample in which an
anomalous behavior of � has been reported.3 As shown in
Fig. 4, it is observed that in the limit of H /Hc2��h�→1, "s
exhibits a trend of asymptotic conversion to a value �"c�. In
the case of muonium formation, we attribute "c to an artifact
resulting from an incomplete separation of As and Af in the
curve fit that might have led to residual depolarization, and
we model the field dependence as follows:

"s�h� = z"0�h1� + �1 − z�"0�h2� + "c, �2�

"0�hi� = 0.0274	
��+0

�2 �1 − hi��1 + 3.9�1 − hi�2�1/2, �3�

where hi�H /Hc2
�i�, Hc2

�2� is the secondary upper critical field �a
parameter corresponding to �2�, z is the relative weight of
"s�h1�, and Eq. �3� is an approximated expression for the
field dependence of "s for a single-gap case �with the
Ginzburg-Landau parameter #�1�.13 In the curve fit, Hc2

�1�

was fixed to the reported value �5 T, determined by the spe-
cific heat3�. This model reproduces our data excellently,
yielding z=0.22�3� and Hc2

�2�=1.2�1� T. A good agreement
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FIG. 3. �Color online� Temperature dependence of "s for
samples with x=0.10, 0.12, and 0.21. Solid curves are fits obtained
using the s-BCS theory as an effective model. Longitudinal and
horizontal axes are normalized by "s�0�, Tc for comparison. Inset

shows the x dependence of a fitting parameter 2�̄ /kBTc with �̄
interpreted as a mean value.
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between the ratios Hc2
�1� /Hc2

�2�=4.2�2� and ��1 /�2�2=4.1�5� is
perfectly in line with the general relation Hc2��

2. �Note that
the ratio �1 /�2 is also in excellent agreement with that
evaluated from the T dependence.� More interestingly, the
value of Hc2 corresponds to the field toward which � exhibits
a steep increase and then gradually saturates to �n for Hc2

�2�

!H!Hc2
�1�.3 This, together with the T dependence of "s,

strongly suggests that the superconducting order parameter is
highly anisotropic in the sample with x=0.12 that is charac-
terized by a secondary energy scale �2�0.5�1, where �2
may result from dips in a single-band-gap or double-gap
structure. Here, it would be worth quoting a prediction of
band-structure calculation that carrier filling to the secondary
band would not occur until x exceeds �0.3, where a large
increase in N�0� is expected.6,14 Absence of such an increase
in the recent specific-heat measurement over the relevant
range of x supports the one-band scenario,15 suggesting that
�2 corresponds to the minimal gap energy �at the dips� in the
order parameter.

According to a recent theory based on the Hubbard model
considering disconnected Fermi surfaces on a honeycomb
lattice,8 spin fluctuation enhances Tc over a low x region.
Since spin-fluctuation-mediated superconductivity needs to
have sign change in the gap function, the structure of the
relevant Fermi surface leads to the prediction of d+ id� pair-
ing symmetry as the most probable candidate. The decrease
in Tc with an increase in doping is explained by an increase
in three dimensionality and associated reduction in the rela-
tive volume in the Brillouin zone, where the pairing interac-
tion is strong �corresponding to wave vectors that bridge the
opposite sides of each pieces of the Fermi surface�. More-
over, the anisotropy attributed to the dips in the order param-
eter develops for x$0.11 and that the minimum of gap en-
ergy is reduced to �min�0.4�max for x=0.16.9 This behavior
is in qualitative agreement with the tendency suggested by

the x dependence of the gap ratio 2�̄ /kBTc deduced from the
T dependence of "s, where the secondary energy scale sug-
gested in the case of x=0.12 ��2�0.5�1� may correspond to
the minimal gap ��min��2�. Then, it is likely that the de-
crease in the gap ratio with an increase in x reflects a de-
crease in �min in the d+ id� gap.

Finally, we discuss the behavior of "s�T→0� as a func-
tion of Tc. As shown in Fig. 5�a�, Tc increases with a de-
crease in "s. It is inferred from our data shown in Fig. 5�b�
that "s is mostly proportional to x. Thus, the "s�x� depen-
dence of Tc is in excellent agreement with the earlier result
that is shown in Fig. 5�c�,7 which strongly supports the high
quality of the investigated samples. Meanwhile, this is in
marked contrast with the "s dependence of Tc reported in an
earlier literature,16 where the authors maintain a linear rela-
tion common to that observed in underdoped cuprate super-
conductors �indicated by the area between dotted lines�
based on their result obtained for x=0.17 and 0.4 �open tri-
angles�. In this regard, we point out the fact that the
LixZrNCl samples studied in Ref. 16 do not follow the Tc
versus x relation observed in our samples. In particular, their
sample with x=0.17 seems to exhibit relatively high Tc cor-
responding to that of x=0.07–0.08 in our sample. Consider-

ing the difficulty associated with obtaining a uniform speci-
men for a low Li concentration,7 one might speculate that
their sample �particularly for x=0.17� might have had prob-
lems concerning homogeneity. The reported small �SR
asymmetry ��0.1 �Ref. 16�� might be further evidence for
this speculation. In any case, our result shows that the ns
dependence of Tc is markedly different from that observed in
the case of underdoped high Tc cuprates.

In conclusion, it is microscopically shown by �SR mea-
surements that the superconducting order parameter in
LixZrNCl is strongly anisotropic in a sample with x=0.12, as
inferred from the temperature and field dependence of "s.
Therefore, the origin of anomalous behavior in the Sommer-
feld coefficient observed in the specific-heat measurements is
attributed to the strong anisotropy in the order parameter that
might be characterized by a secondary energy scale �2
�where �2�0.5�1�. The temperature dependence of "s over
a range of x from 0.10 to 0.21 implies a tendency for the
occurrence of a weak pairing interaction and strong aniso-
tropy in the order parameter with an increase in x. The latter
feature as well as the relatively high Tc at a low Li concen-
tration supports the important role of electronic correlation
for the mechanism of superconductivity in LixZrNCl pre-
dicted by the recent theory.
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FIG. 5. �Color online� �a� Tc as a function of "s�T→0�. Solid
circles show the present data and open triangles are quoted from
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