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Fig. 1(a). An undulator with the period length of 20 mm (U20)

1. Introduction
The progress of time-resolved X-ray diffraction (TRXD)

was used to provide a smooth spectrum of the energy distribution

techniques has strongly impacted the investigation on structural

in the range of 13-18 KeV and the energy bandwidth of 15 %.

dynamics, especially in the field of shock-wave physics [1]. By

The X-ray pulse from U20 has the pulse duration of about 100 ps

using TRXD techniques, in situ study of dynamic behaviors

and the repetition rate of 794 KHz. By inserting some X-ray

of materials under shock compression has been extended to

optical components, such as the double-crystal monochromator,

microscopic scale from traditionally macroscopic one, providing

focusing mirror, curt-off mirror and depth-graded Ru/C

significant information of transformation mechanism [2, 3].

multilayer optics, the peak energy, bandwidth and flux of the

Recently, Ichiyanagi et al. [4] employed a single-shot time-

X-ray probe pulse were set to 15.6 KeV, 4.4 % and around

resolved Laue technique to study phase transitions of single-

3×108 photons/pulse in this work, respectively[9]. The laser

crystal CdS under laser shock, and observed the overshoot of the

pulse from a Q-switched Nd: YAG laser (Continuum, Powerlite

wurtzite structure which is different from Gupta et al.’s results

8000) was used for shock compression, with the repetition rate,

[5, 6]. In gas gun shock experiments Gupta et al. observed not

wavelength, pulse width, and pulse energy of 10 Hz, 1064 nm,

only a transition to rocksalt structure but also an intermediate

10 ns, and 700 mJ, respectively. To synchronize with the low-

phase of a faced centered tetragonal structure at lower shock

repetition rate laser, the X-ray pulse was selected by an X-ray

pressure using time-resolved absorption spectroscopy. This

chopper, in such way the repetition rate of X-ray pulse was

disagreement is explained by different time scales of shock

reduced to 945 Hz. A millisecond shutter was further inserted

compression. In laser-shock experiments the shock duration (~10

into the X-ray optical path to realize finally the synchronization

ns) in single crystal CdS is not sufficient for transformation,

of laser and X-ray pulses. The reached time jitter is less than 2ns

comparing to the order of μs in gas gun experiments. In this

[8]. The delay between two pulses was controlled by changing

sense, the structural dynamics of laser-shocked materials has its

the mission timing of the laser pulse with a delay generator

particularity. The TRXD observation will improve remarkably

(DG535, Stanford Research System, Inc.), counter (1/6) and an

our understanding on dynamics response of materials under laser

analog phase shifter. More detailed information can be found

shock.

in Ref. [8]. The target assembly, as shown in Fig. 1(b), was
composed of three layers: the backup plastic film (25 μm), the Al

In this report, we use single-shot nanosecond time-resolved
X-ray power diffraction technique to study structural dynamics
of laser-shocked Y2O3 (3 mol%) stabilized tetragonal zirconia
polycrystalline (3Y-TZP) ceramics. 3Y-TZP ceramics, consisting
of almost 100 % tetragonal phase, has been extensively studied
due to its excellent mechanical properties, such as strength and
toughness [7].
2. Experimental details
The experiment was performed using the beamline NW14A
at the Photon Factory Advanced Ring, KEK [8, 9]. A single-

Figure 1 (a) Schematic of the laser pump-X-ray probe scheme to
measure time-resolved X-ray polycrystalline diffraction of
laser-shocked sample. (b) Target assembly used to confine
laser-generated plasma and produce pressure pulse in the
sample.

shot laser pump-X-ray probe scheme was applied to capture
the structural change of laser-shocked 3Y-TZP ceramics as a
function of the pump-probe delay Δt, schematically shown in
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ablation film (1 μm) and the 3Y-TZP plate (50 μm, Tosoh Co.).

[11, 12]. Consequently, the estimated shock wave velocity was

Such geometry confined laser-generated plasma at the interface

lower than 7 km/s [13, 14]. On the other hand, the plasma-

of Al and plastic films, driving the pressure pulse through the

confined geometry increased the pressure pulse duration, being

Al film into the sample. The X-ray probe was normally incident

longer than the laser pulsewidth. Therefore, the shocked state

2

upon the target assembly, focusing on a spot of 0.49×0.24 mm ,

of 3Y-TZP can maintain much longer than 7 ns, and then is

and the laser pump was slightly deviated from the probe in angle

released due to the shock wave reflection at the rear free surface.

2

with a focal spot of 0.4×0.4 mm . Debye-Scherrer diffraction

After multiple-round travelling of waves in sample, finally the

patterns were recorded on an integrating charge-coupled device

mechanical equilibrium is reached. Based on above estimation,

detector (MarCCD165, MarUSA) of diameter 165 mm with the

we expect that 3Y-TZP was partially at the compressed state

pixel size of 79×79 µm2, which provides a 2θ-angle resolution of

at Δt=15 ns. During shock compression small portion of the

~0.047 degree in this experiment. Due to shock-induced damage

tetragonal phase was transformed into the monoclinic phase.

in the target assembly, we have to use a fresh sample for each

A series of experiments at different delay time ranging from

delay, so-called single-shot technique.

5 ns to 1005 ns systematically demonstrated the time evolution
of the subtracted intensity profile, selectively shown in Fig.
3. At Δt < 25 ns, new diffraction peaks corresponding to the

3. Results and discussion
Two Debye-Scherrer diffraction patterns, one without and

monoclinic phase exist, the intensities of which first increase and

the other with laser pumping, were recorded for each delay. The

then decrease, indicating the dynamic process of compressing

former pattern acts as the reference of the latter one. Take the

and releasing. In this time range the sample is at least partially

case of Δt=15 ns as an example, and two recorded ring patterns

compressed, in which the tetragonal and monoclinic phases

are shown in Fig. 2(a) and 2(b), respectively. We can see clearly

coexist. We roughly estimated the average fraction of the

that these two patterns are spherically symmetric, indicating

monoclinic phase of ~7%, which includes contributions from

that each grain is compressed along random directions. The

both the shocked and unshocked sample layer. After that, we

subtracted pattern, shown in Fig. 2(c), further confirmed this

observed that the diffraction peak (011) of the tetragonal phase

conclusion. Therefore, the diffraction intensity profiles as a

gradually shifts to low angle, implying the volume expansion

function of 2θ were obtained by azimuthally averaging the

induced by releasing. All facts indicate that the laser-shocked

Debye-Scherrer patterns using Fit2D [10], and normalized by the

3Y-TZP ceramics underwent a fast reversible tetragonal-

total diffraction intensity, shown in Fig. 2(d) and 2(e). Fig. 2(d)

monoclinic transformation, although the shock pressure is

indicates that the pristine sample has a tetragonal structure. It is

much lower than the reported phase transition pressure (12-

ready to see in Fig. 2(e) that some new diffraction peaks appear,

16 GPa) and the Hugoniot elastic limit (> 30 GPa) [13-19].

which are consistent with the monoclinic phase. The subtracted

The time scale for this transition is nanosecond or less, which

intensity profile, shown in Fig. 2(f), gives more obvious results.

is an important characteristic of martensitic transformation [7].

Taking laser irradiation conditions into account, we roughly

The crystal structure is reformed by shear stress accompanied

estimated the shock pressure of 5 GPa in 3Y-TZP by using an

by compression, such that the transformation is fast and

analytical model of laser-induced plasma in confined geometry

diffusionless. We briefly drew the structural dynamics in Fig. 4.

Figure 2

Debye-Scherrer diffraction patterns from the pristine sample (a) and the shocked one (b), and their subtracted pattern (c) in the case of ∆t=15
ns. (d) and (e) respectively show the integrated intensity profiles from the pattern (a) and (b), normalized by the total intensity. (f) is the
subtracted intensity profile. Two series of bars in (d)-(f) respectively show the calculated diffraction peaks of the monoclinic and tetragonal
phases.
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Figure 3

[8]

Selected normalized intensity change as a function of the
delay time Δt, demonstrating the time evolution of structural
dynamics of the laser-shocked 3Y-TZP.
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Figure 4

Structural dynamics of 3Y-TZP ceramics under shock
compression along two different views.
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To clearly show the structure change, the crystal structures are
[17]
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displayed in two different views.
4. Summary

[19]

In summary, we demonstrated the ability of single-shot timeresolved X-ray power diffraction technique to study structural
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dynamics of laser-shocked polycrystalline materials. A reversible
martensitic transformation has been observed in the laser-
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