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I. PREFACE

It is our great pleasure to publish this

first activity report for Photon Factory.
Photon Factory is a dedicated national syn
chrotron radiation research facility providing
users from universities, national and public
institutions and private companies with photons
from the VUV through the X-ray region. This
report mainly covers our activity from January

1982 to September 1983. Since this is the first

activity report, I would like to begin with a

brief historical review.

The idea of constructing an electron
storage ring as an intense X-ray source was born

in late 1971 from conversations between scien

tists in the fields of X-ray optics and accel
erator physics at the Department of Applied

Physics, University of Tokyo. In 1972, dis
cussions were made among scientists having a

wider range of interests, X-ray crystallography,
accelerator physics and high energy physics,

regarding a possible joint facility for use of

synchrotron radiation and for high energy
physics research. A community (later called the
Photon Factory Community) was organized in April
1973 in order to promote the realization of the

synchrotron radiation research laboratory. Its
members consisted of scientists from many dis

ciplines: physics, chemistry, biology, materials
science, engineering and medicine, and having

interests in diffraction, scattering, spectros-

copy, radiation chemistry or radiation effect

experiments. In autumn 1974, the Japan Science

Council made a recommendation to the government

that a national laboratory dedicated to syn

chrotron radiation research be built. After

several modifications, a final plan to construct

a dedicated synchrotron radiation research

facility in the National Laboratory for High

Energy Physics was approved by the government in

April, 1977. The construction of Che accel
erator composite, a 2.5 GeV electron linear

accelerator and a 2.5 GeV electron storage ring,

officially started in April, 1978 and finished
in February 1982. In March, electron beams were

stored in the storage ring for the first time.
By the summer-run (June - July) of 1982, 13 beam
lines had been constructed, and as of September

1983, 23 beam lines are now in operation.

The electron linac of our accelerator com

posite can inject electrons at the full energy
of the storage ring, 2.5 GeV. This makes injec
tion of electrons into the ring very efficient

and easy. The linac has two additional beam
extraction ports at 0.5 GeV and 1.0 GeV, which
will be used for lower energy storage rings and

other types of experiments. As a good example,
electron beams from the port at 0.5 GeV were

successfully used for generating undulator ra
diation using a standing wave field of micro

waves, as reported on page VI-116 of this
report. The linac is also going to be used as
an injector of electrons and positrons for the 6
- 8 GeV accumulator ring, which is the booster

for the 30 GeV TRISTAN main ring. Electron

beams were successfully injected and scored in
the accumulator ring and accelerated up to 4.8
GeV in December, 1983.

Our storage ring began providing syn
chrotron radiation for users almost immediately
after the first beams were stored. General

storage ring operation has also been quite

reliable from the beginning, in that ring prob

lems have seldom affected user beam time, and

even in the worst case, have been quickly
resolved. The performance of the storage ring

has been steadily improved. Two insertion
devices, a 60 period permanent magnet undulator

and a vertical wiggler using a superconducting
magnet, have been successfully commissioned.
The undulator beam line is being used primarily

for photoelectron spectroscopy of gaseous
samples, while major efforts to open the wiggler

lines to general users are now being made.

On the existing 9 main beam lines, which
are divided into 23 branch lines, 25 experi

mental stations have been constructed. For some

of the existing beam lines, design and con

struction or commissioning of improved optical
systems are still under way. More than 30

experimental apparatuses and instruments to be
used on beam lines or in experimental hutches
have been designed and constructed, mainly by
voluntary users working groups in cooperation

with the in-house staff members and using a

special budget given to the Photon Factory
through the Ministry of Education, Science and

Culture. These experimental apparatuses can be
classified into two categories: one group in

cludes instruments of a conventional design and

is aimed at producing scientific output as soon

as possible, while the second group includes
instruments with some unique or special fea

tures. An example of the former group is the
EXAFS station on Beam Line lOB. Some examples

of the latter are high precision diffractometers
(page V-33), a high pressure and high temper
ature diffractometer(V-26), a dispersive X-ray
absorption spectrometer(VI-4), 6.65 m off-plane
eagle mount spectrometer(V-12) and 10 m grazing
incidence raonochromator(V-13). Besides these 30

apparatuses, a few experimental instruments have
been constructed by users with grants-in-aid

from the Ministry of Education, Science and

Culture and have been transferred to Photon

Factory. A fluorescence EXAFS spectrometer has
been built under a cooperative project between
the Photon Factory and the Electrotechnical

Laboratory of the Ministry of International
Trade and Industry. Four additional cooperative
programs of a similar kind, but with private



companies, are now in progress.

Among the existing beam lines. Beam Line 1
was constructed with funds from the Nippon

(Japan) Telephone and Telegram Public Corpora

tion, using their own staff in cooperation with
Photon Factory. Another proposal has been made
by a private company to construct its beam line.
For such beam lines, half of the beam time is

used exclusively by the group who financed and
constructed the beam line, while the other half

is open to general users. Such large-scale
cooperation has been realized probably for the
first time between private companies and an
institution belonging to the Ministry of Educa
tion, Science and Culture. Users in private

companies can also use our existing beam lines
and apparatuses for their own purposes, even

apart from scientific research, by applying for
charged beam-time assignment.

One of the notable characteristics of a

synchrotron radiation laboratory is its pro
motion of interdisciplinary cooperation. In a
synchrotron radiation laboratory, many scien
tists from different fields find time to meet

and discuss. Soon they start some cooperation.

I have found that such cooperation is very

effective and useful, even in our short experi

ence to date. Another quality to be noted is

the international character of the laboratory.

Since experimental data can be acquired in a

relatively short time, it is even worthwhile for

overseas scientists to come to this facility.

In this sense, scientists from overseas are most

welcome.

Our early success in commissioning the
facility results not only from the efforts of
the in-house staff and voluntary users, but also

from help and support given to us by people in

various areas in different ways, especially by
the staff of the National Laboratory for High

Energy Physics and the relevant officials of the
Ministry of Education, Science and Culture. We
would like to express our sincere thanks to all

of them.

In addition to these, during the design and
construction stage, we learned many things from
scientists and engineers from overseas synchro
tron radiation laboratories and other institu

tions. We are thankful to all of them, espe
cially to Professor A. Bienenstock and Professor

H. Winick of SSRL for their willingness to
assist us in every way possible, including with
detailed advice and information and in facili

tating exchanges of staff members (eg. Mr. R.
Boyce and Mr. B. Salzberg of SSRL) between our
institutions. Visits fay Dr. K. Batchelor (BNL),
Dr. C. Lesmond (CEN SACLAY), and Dr. M. Koch

(EMBL) were also very helpful.

K. Kohra

Director



II. AN OUTLINE OF THE PHOTON FACTORY

1. INTRODUCTION

The Photon Factory is a national synchro
tron radiation research facility affiliated to
the National Laboratory for High Energy Physics,
or KEK, operated by the Ministry of Education,
Science and Culture. It consists of a 2.5 GeV

electron linear accelerator, 2.5 GeV electron
storage ring as a dedicated light source, and

beam-lines and experimental stations for ex
ploiting synchrotron radiation. Entire facil
ities for synchrotron radiation research are

open to scientists from universities and

research institutes belonging to the government,
public organizations and private enterprises as
well. Institutions affiliated to the Ministry
of Education are given highest priority, but
applications from other organizations will be
admitted with or without charge depending upon
the category of their objectives.

STORAGE

EXP.HALL

ENERGY
CENTER

The site of the Photon Factory is located

at the northern most end of the Tsukuba academic

city, about 60 km north-east of Tokyo, where 53
governmental research institutes are assembled
within an area equivalent to down-town Tokyo to
form a unique community of modem science and
technology.

2. PLAN OF THE FACILITY

A plan including the accelerator complex is
shown in Fig. II.1. A long housing for the 400
m linear accelerator is connected to the storage

ring building through a 100 m beam transport

tunnel underground. The plan view of the exper
imental hall is shown in Fig. II. 2, including
magnet arrangement of the ring. Details of ac

celerators, beam lines and experimental stations
will be described elsewhere.

I
i LINEAR

I
ACCELERATOR

a

Fig. II.1 Plan of Photon Factory,



3. ORGANIZATION AND STAFF

The Photon Factory is a part of the

National Laboratory for High Energy Physics
(KEK). It was agreed, however, that the Photon
Factory be operated rather independently of the
High Energy Physics Division in view of its

unique character of research and also the
history of the project which was recommended by
JSC to the Government primarily as an indepen

dent research laboratory. Members of the
Advisory Council of the Photon Factory are

listed in Table II.1.

The Photon Factory is divided into three
departments, i.e.. Injector Linac Department,

I B ic
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Light Source Department, and Instrumentation
Department. The structure and the subdivision
of each department are shown in Fig. II.3. The
administrative staff of the Photon Factory is a

part of the administration department of the
laboratory.

4. OPERATION

Officially admitted time for operating
accelerators and experiments during the FT 1982
was altogether 1700 hrs, and 1900 hrs for FY
1983, which was only 54% of the demanded time.
Even taking into account that a non-negligible
portion of the shut-down time was dedicated to
the continued work for constructing beam-lines,

1^
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Fig, II.2 Plan of the storage ring and the experimental hall.



Advisory Council
of Photon Factory

Photon Factory
Program Assessment

Committee

Injector Linac

Light Source

Instrumentation

Injection
System

Accelerator

Guide

Magnet & Orbit

Control, Monitor

Beam Channel

Injection,
Wiggler

VUV and Soft

X-rays

Technical

Support

* : same person

A. Asami

S. Ohsawa

A. Enomoto

H. Matsumoto

I. Sato

K. Takeda

S. Anami

S. Fukuda

H. Hanaki

H. Honma

R. Nakao

Y. Saito

T. Shidara

I. Abe

K. NakaViara

Y. Ohtake

T. Urano

A. Araki

Y. Kamiya
M. Kihara

H. Kofaayakawa
S. Tokumoto

Y. Yamazaki

H. Kitamura

M. Kobayashi
Y. Takiyama

T. Igarashi
N. Kanaya
T. Katsura

A. Mishina

A. Pak

S. Shibata

T. Koide

S. Sato

T. Shioya
T. Yamakawa

K. Itoh

H. Kato

H. Maezawa

T. Miyahara
M. Nomura*

T. Ohta

P. Stefan

A. Yagishita
M. Yanagihara

y. Amemlya
M. Ando

T. Ishikawa

H. Kawata

T. Matsushita

T. Nakajima
H. Nomura*

S. Sasaki

Y. Satow

P. Spleker

T. Kosuge
A. Mikunl

Fig. II.3 Organization and staff members of the Photon Factory. Besides these members,
R. Bissonnette (Linac, Control), N. Kajiura (Light Source, Control), A. Mitra
(Light Source, RF) and K. Takata (Light Source, RF) used be staff members.
They have moved to other laboratories, department or institutions.



stations, and setting up instruments, that total
operational time was too short to meet the

demands of users.

Operation of the entire facility is cur

rently going on weekly according to the schedule
shown in Table 11.2.

Weekly operation starts in Tuesday morning
and ends in Saturday morning with altogether 96
hours continued run, of which 1/3 is given to
the accelerator studies on the injector or the

storage ring, and the rest of the time is made

available to the users' experiments.

Table II.2 Weekly operating schedule

I Sun. Hon. Tues. Wed. Thur. Fri. Sat,

u u U M

u M U -

u U M -

A: 1:00 a.m. - 9:00 a.m.

B: 9:00 a.m. - 5:00 p.m.
C: 5:00 p.m. - 1:00 a.m.

' experiments. M: Machine study, U: Users beam time

Table II.1 Members of Advisory Council of Photon Factory

Prof. Masami Ando

Prof. Akira Asarai

Prof. Sukeaki Hosoya

Prof. Kazuo Huke

Prof. Yoichi litaka

Prof. Hiroo Inokuchi

Prof. Takashi Ito

Prof. Hiroshi Kanzaki

Prof. Norio Kato

Prof. Motohiro Kihara

Prof. Haruo Kuroda

Prof. Toshio Mitsui

Prof. Takeshi Namioka

Prof. Takashi Sagawa

Prof. Taizo Sasaki

Prof. Isamu Sato

Prof. Shinkichi Shibata

Prof. Yoshio Takeuchi

Prof. Jiro Tanaka

Prof. Tatsuya Yamakawa

Instrumentation Dept.

Injector Linac Dept.

Institute for Solid State Physics

Light Source Dept.

Faculty of Pharmaceutical Sciences

Department of Molecular Assemblies

Department of Pure and Applied Science

Institute for Solid State Physics

Synthetic Crystal Research Laboratory

Light Source Dept.

Department of Chemistry

Department of Biophysical Engineering

Research Institute for Scientific

Measurements

Department of Physics

Instrumentation Dept.

Injector Linac Dept.

Light Source Dept.

Mineralogical Institute

Injector Linac Dept.

Light Source Dept.

Photon Factory

Photon factory

Univ. of Tokyo

Photon Factory

Univ. of Tokyo

Institute for

Molecular Science

Univ. of Tokyo

Univ. of Tokyo

Nagoya Univ.

Photon Factory

Univ. of Tokyo

Osaka Univ.

Tohoku Univ.

Tohoku Univ.

Photon Factory

Photon Factory

Photon Factory

Univ. of Tokyo

Photon Factory

Photon Factory

For the period of April 1978 - April 1982, following professors had been members of Che
Photon Factory Advisory Committee, which became the Advisory Council of the Photon Factory
from April 1982.

Prof. H. Kamada (Yamagata Univ.)
Prof. T. Kamei (National Laboratory for High Energy Physics)
Prof. K. Kikuchi (National Laboratory for High Energy Physics)
Prof. I. Miura (Univ. of Tsukuba)
Prof. M. Nakaraura (Univ. of Tsukuba)
Prof. S. Namba (Osaka Univ.)

n- 4



Ill INJECTOR LINAC

1. INTRODUCTION

Construction of the Photon Factory 2.5 GeV

injector electron linac was started in April
1978, as a four year program.

The 2.5 GeV electron linac was chosen as

an injector for the storage ring for the
following reasons: (1) it can easily inject an
intense beam into the storage ring, (2) it
provides great flexibility; various energy
beams, for example, 500 MeV, 1 GeV, etc., can be

easily extracted for injection into lower energy
storage rings, (3) it will also be capable of
producing very short pulsed beams (even a
single-bunch beam in the picosecond range) and
(4) it will serve as the electron and positron
injector for TRISTAN. The general design
philosophy for the linac was based on concepts
which realize (a) reliable and stable operation,

(b) simplified structure, (c) facilitated
construction and maintenance, and (d) flexi

bility for developing applications.
The linac was designed to be able to

accelerate an electron beam current of 50 mA to

an energy of 2.5 GeV with a total rf power of
840 MW and to 3.0 GeV with 1,200 MW.

The general parameters of the linac are
listed in Table I.l.

The linac consists of an injection system,

a main accelerator and a beam switching system.
The main accelerator is divided into five sec

tors, each of which is composed of eight accel
eration units. In order to facilitate fabrica

tion and assembly of the numerous components of
the accelerator, and to reduce the cost,
standardization was widely introduced. The
acceleration unit is an example of this
standardization.

Fig. I.l Acceleration unit.

Table 1.1 General parameters of the 2.5 GeV
linac.

Energy (50 mA loaded)
Peak current

Beam pulse width
Repetition rate

Energy spread
Normalized emittance

Short pulse operation
Peak current

Pulse width

Single bunch operation
Max charge

Bunch width

2.5 GeV

50 mA

> 1 ps

50 pps

< 0.5 %

< 10 cra*mrad

< 500 mA

2 ms, 10 ns

< 16 ps

Accelerator guide (main accelerator)
Type of structure 5 types TW

Quasi-C.G.

2856 MHz

27r/3

1.9 m

160

0.5 - 0.6

9.6 m

Frequency 2
Type of mode 2
Length of acceleration guide 1
Total number of guide 1
Attenuation parameter 0
Length of acceleration unit 9
(Composed of 4 acc. guides)
Number of acc. unit 4

Number of sector 5

RF power

Peak power per klystron (Max.) 3
Number of klystrons 4
(Including one klystron for Inj.),
Rf pulse width

Freq. of master osc.
Injection system

Gun voltage

Type of gun
Gun pulse width

Output energy

Number of acc. guides

3 ps

476 MHz
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Fig. 1.2 Cross section of the linac housing.

One acceleration unit consists of four 2 m

long accelerator guides mounted on a cylindrical
supporting girder, high power waveguide system,
one klystron and its modulator with a con

troller. Vacuum manifolds, cooling water pipes
and optical targets for alignment are also
mounted on the girder. In each acceleration

unit, the output rf power from the klystron is
split and fed into the four accelerator guides
(Fig. l.l).

The linac is housed in a long slender two
story building about 500 m in length. A view

of its cross section is shown in Fig. 1.2. The
two stories are separated by a 2.5 m thick con

crete floor for radiation shielding. The first
floor is an underground tunnel housing the in
jection system, the main accelerator and the

beam switching system. The second floor is

composed of a central control building, a

klystron gallery housing all the various power

supplies, including the 41 klystrons and the
five subcontrol stations. The building was

completed at the end of March 1980. In June

1981, assembly of the injection system, and
eight acceleration units with klystrons and

modulators for the first sector was completed.

In July 1981, prior to assembly of the whole

linac, beam tests of the first 500 MeV sector

were performed. The expected 500 MeV, 50 mA

beam was successfully accelerated with a total

rf power of 180 MW and at 87 mA the beam energy

was 470 MeV. As assembly of the whole linac was

almost completed by the middle of January 1982,

initial operation started in the last week of
January. After a 2.34 GeV, 57 mA (1.5 ps) beam

was achieved, the linac beams were mainly used

for injection into the storage ring.

On March 11, 2.5 GeV, 31 mA beam was in

jected into the storage ring and the first 2.5
GeV, 6.2 mA beam was successfully stored.

The goal of the linac performance, 2.5 GeV,
50 mA was completely satisfied on March 16 with

measured values of 2.54 GeV and 55 mA.

At the end of the initial run, the beam

current was increased as high as possible and

300 mA was obtained at 1.81 GeV. The peak
current of 300 mA with a pulse duration of 2.5
ps was the beam breakup threshold of the linac
and is the highest peak current ever obtained
with existing high energy electron linacs. The

initial overall operation of the Photon Factory
accelerators and initial tests of some of the

experimental equipment was successfully demon
strated on March 19, 1982. The first scheduled

operation of the Photon Factory for synchrotron
radiation research was started in June 1982.

Accelerator studies, as well as improve
ments and adjustments have continued since the

initial operation and routine operation of the
linac has become easier and simpler than before.

The beam capture efficiency of the accel
erator guide was increased to 70 % and beam

spill over the main accelerator was reduced to 1

- 5 %. Energy, energy spread and profile of the
beam are stable; however, long term stable
operation is still limited by occasional arcing
in Che high power klystrons, and injection into
the storage ring is sometimes interrupted for a
few minutes due to klystron faults.

2. ACCELERATION UNIT

Accelerator guide

An accelerator guide is composed of two

couplers and 54 cell cavities; it is about 1.9 m'
long corresponding to 18 wavelengths. The ac
celerator guide cavities are composed of bored
disks and cylinder spacers, and are solidified
at its outside by high speed electroplating.
Due to a high precision machining and modified

electroplating method, no tuning of the accel
erator guides was needed; for example, dimpling
of each cell of the guides was eliminated.

The accelerator guide has such a quasi-
constant gradient structure that the disk hole

diameter decreases in 75 pm step per disk along
the length of the guide. This structure design
was made for two main reasons. The first was

the mitigation of beam breakup difficulties.

The second was that a simple structure facil
itates the production process and increases the
production rates of the various parts; the
present structure is simpler as compared with

the structure of a constant gradient type.
The additional consideration was paid for a

cumulative type of beam breakup which is caused



by repetition of the same accelerator guide
structure throughout the length of the accel
erator. A counterplan for this problem is that
the arrangement of the accelerator guides is
made in such a way that the linac is composed of
various accelerator guides of different struc
tures. In order to relieve this problem, the
following approach was adopted. First a model
structure for an accelerator guide was designed
to be composed of 70 cavities of which disk

holes are linearly tapered. Then five types of
accelerator guides (type A-E) were formed by
sectioning out 5A contiguous cavities from the
master accelerator guide with 70 cavities, and

each type beginning A cavities behind its pre
decessor as shown in Fig. 2.1. The final effect

is to maintain a nearly constant gradient field
and moreover each of the five types has dif

ferent higher order mode characteristics in the
Brillouin diagram. This combination structure

was decided on the basis of consideration about

what form of accelerator structures would be

economical, easy to manufacture and possible to
perform the fabrication in a scheduled period.

The electric field strength as a function

of cavity number along the accelerator guide was
calculated in order to find a reasonable step

size by which the disk hole diameter 2a de
creases linearly along the length. As the
result a step size of 75 um was decided as the
best choice for the quasi-constant gradient

structure as shown in Fig.2.2. Design par

ameters were estimated from the experimental
data acquired from A different types of 6-cavity
model; all those cavity models have a constant
impedance structure.

CAVITY NO.
1 2 3 A 5 6 7 a 9 10 1U2 13 IS 16 17 13 13 2021 222326 25 /.95051 52535'. 5556575353 COGI 5763C'. (3 65 67&369 70
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Fig. 2.1 Master accelerator guide from which five different structure types (A-E) of
accelerator guides were formed. 2a is Che disk hole diameter, 2b Che inner
spacer diameter.

CAVlTf NUMBER

p„:5tiw
2a;step 75 .um

E9aln;2.66GeV/c

2a.92S-..20.950

24.55(h.2G;575

2<.175-..20,2Q0

23.80Ch.19.325

123.425^19.450

£ type (SOnA)

A type (50iA load)

A type (100mA load)

Fig. 2.2 Variation of electric field strength as a function of cavity number along
the accelerator guide for the step size 75 ym.

ni- 3
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Fig. 2.3 Phase errors of the accelerator

guides.

Elements forming cavities of the guide,
disks and sylinders, were precisely machined by
special diamond bits on special turning lathes
with hydraulic bearings. After machining, their
dimensions were individually measured by air
microgauges; the surface roughness of the finish
was less than 0.1 um and the overall dimensional

accuracy of them was within 2 pm. Moreover, the
elements were checked up on electrical adapta
tion with an additional measurement of a ii/2

mode resonant frequency; its measurement was

performed by using a demountable single cavity
formed with the elements.

Before performing the electroplating, each
cell cavity of an accelerator guide was measured
at a resonant frequency of it/2 mode by using two
plungers. IThen the frequency was out of allow
ance, then it was again tuned simply by in
creasing the inner diameter 2b of the corre

sponding cylinder on a lathe. Figure 2.3 shows
an example of phase errors of the guides thus
fabricated.

The rf coupler between waveguide and accel
erator guide is of a cavity type. In order to

avoid beam deflection caused by the inherent
asymmetry of this coupler, its structure was

designed so as to correct an electric field dis
tortion due to asymmetry of the coupler. Figure
2.4(a) shows the cavity coupler structure; its
electric field distribution is presented in Fig.

2.4(b). In the test operation of the whole
linac, no dominant direction of beam deflection

was observed.

Waveguide system

The waveguide system of each acceleration

unit has an inverse tree structure with four

accelerator guides fed from one klystron, and it

consists of an rf window and four branch feed

lines with 3 hybrid power dividers and 3 rf

loads. The phase lengths of the four branch

feed lines are made so precisely equal that the
high power phase shifters in the high power

lines are eliminated.

It makes possible to feed rf power from a

klystron to each separate accelerator guide
without a mechanical phase adjuster, and it

facilitates machine operation.

electric field

a06-

•

before tunin

/ • "v-/// 0.04* \ \ jfter luninfl

/ • \v

plunger tide eceAanical center of cavity

Fig. 2.4a) Structure of the coupler.
b) Electric field distributions of the

coupler.

Table 3.1 Parameters of the beam

transport system.

Focusing type

Total number of the

triplets

Betatron wavelength

a)

Quadrupole scrength^^
per triplet

(D = 0.8, A = 20 m)^^
Bore radius Tq

Radius of the

pole tip Tp
Linearity of the

field'̂ ^ Ag

Quadrupole triplet

28 (Q0-Q27)

cw 20 m (sector I)

«s> 40 m (sectors 2-5)

Max. 250 kG(6g=Tr) (Q27)
Max. 180 kG(0g=TT/2) (Q27)

22.0 mm

25.17 mm

0.2% at r < 17 mm

Field saturation®' AnI < 20% at g = 3.6 kG/cm

Total power consumption 130.0 kW (max.)

a) Betatron phase shift per triplet.

b) Field gradient times effective length.
c) D is the triplet length. A is the distance

between triplets.

d) Ag is defined as (g(r)-g(0))/g(0)), where
g(r) is field gradient of the magnet.

e) AnI is defined as (nlcocal-^^air^^"^aif



The waveguide was made of oxygen free high
conductivity copper (OFHC). The wall is 5 mm in
thickness, though the inner cross section corre
sponds to WKJ-3. The inside of the waveguide is
kept at high vacuum to avoid high frequency
breakdown.

3. BEAM TRANSPORT SYSTEM

An intense beam accelerated by a long ac
celerator composed of many disk-loaded wave

guides generates a cumulative type of beam

breakup. Alleviation of this breakup requires
some improvements in the accelerator guide

structure and a strong focusing system with

small aberrations for the overall beam transport
system to make cylindrical symmetry for the beam

and to reduce the betatron wavelength of the

transferred beam.

The design for the beam transport system
(see Table 3.1) was carried out on the basis of

the above considerations and the beam dynamics

along the linac calculated by the FORTRAN code
"TRANSPORT". A comparison between the beam size

of the quadrupole doublet and triplet was
carried out in order to study the aberration

difference between them. Since the more sym

metrical beam profile is advantageous in sup
pressing cumulative beam breakup, quadrupole
triplets were chosen for the majority of the
focusing magnets. Figure 3.1 shows the layout
of the beam transport system consisting of the

quadrupole triplets and one quadrupole doublet

(Q28).
Figure 3.2 shows typical beam envelope

traces over sector 1 to 5 computed by the

"TRANSPORT".

Qia oaa qji qjd a's qib ai' ais ais

1.5 G«v ail ECS gas oas q»
** Heh yara ~ '7-^8^—^

Fig. 3.1 Layout of the beam transport system.
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Fig. 3.2 Computed envelope of matched beam over
sectors 1-5.
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4. VACUUM SYSTEM

The two major vacuum systems are provided,
one for the accelerator and the beam transport
line, and the other for the optical alignment
light pipe. The former is normally maintained
at a very high vacuum of about 5 * 10"^ Pa by
ion pumps, and the latter is usually at a pres
sure less than 1 Pa by a rotary pump.

The high vacuum system along a beam line is
divided into twelve blocks: the injector sec
tion, ten half accelerator sectors and the beam

switch yard section. Each block is isolated

with gate valves distributed along the beam
line; each valve is controlled by pressure
signals from a penning vacuum gauge and a pirani
vacuum gauge in each block.

Two kinds of ion pumps are used for main
taining high vacuum of accelerator; one is a
large pump having a pumping speed of 500 i/s and
is provided for evacuation of accelerator

guides, the other is a small 50 i/s ion pump and
is provided to prevent breakdown on an rf

window.

Ail the 500 i/s ion pumps are of improved
type; these have a structure which reduces

sputter contamination on the inner walls and has

replaceable elements.

Each half sector vacuum block is about 40 m

long, and is evacuated by 4 large and 4 small
ion pumps. The 500 £/s ion pumps are set on the
klystron gallery floor about 6 m above the beam

line. Although such a long distance reduces the
pumping speed, it was chosen to keep the pumps
out of the high radiation level area. This pre
vents the ion pumps from radioactive contamina

tion and allows easy access to the pumps for
their maintenance; it is especially important
for replacement of pump elements.

Each power supply for the ion pumps is
under the superintendence of a computer for a
main operator's console. The power supplies of
500 i/s ion pumps are remarkably improved on the
power dissipation and the weight diminition by
using a switching regulator. The evacuation

from an atmospheric pressure is performed by a
roughing pump system which is composed of a
rotary pump, a turbomolecular pump, and other

vacuum elements. The turbomolecular pump used

has a pumping speed of 250 Its. This system is
assembled into a handy type as can be easily
moved anywhere.

5. ASSEMBLING AND ALIGNMENT

Assembling and alignment of the accelerator

guide is made in two steps. In the first step,
four accelerator guides are assembled and

aligned into a straight line on a cylindrical
supporting girder in the assembly room. The

axis of the accelerator guides is 420 mm above a

reference axis, which is a straight line con

necting the centers of two position sensitive
detectors, set in both the front and end of the

girder. The alignment is performed with using

three He-Ne laser beams with a power of 2 mW

each, aligned exactly in parallel and with cor
rect distances among them. Then all other parts
such as waveguides, a vacuum manifold, and

cooling water headers are assembled.
In the second step, the acceleration unit

is transported with a special trailer to a

tunnel and set in position, and then roughly
aligned with an alignment telescope. After all
the acceleration units are thus installed and

aligned, they are finely aligned with another
laser alignment system. This system consists of

a 25 mW He-Ne laser source in the gun room, two
position sensitive detectors forming the refer

ence axis of each unit, and the vacuum system

for the laser beam and the detectors. The laser

beam path is evacuated to avoid beam divergence
and fluctuation by atmospheric tarbulence. The

accuracy of the alignment achieved is that the
maximum deviation from the straight line is less

than 0.3 mm over the whole accelerator. Another

important characteristic of this alignment

system is that it is easy to check and readjust
the alignment if an appreciable displacement is

caused, for example, by earthquake.

6. RF SYSTEM OF THE LINAC

Outline of the rf system

The rf system, which feeds the rf power to

the injector and 160 accelerator guides, is
composed of four stages: a master oscillator, a

main booster amplifier (cw, 476 MHz), five
sub-booster amplifiers (pulse, 2856 MHz) and 41

high power klystrons; these are shown in Fig.
6.1. The main parameters of the rf source are
as follows;

Number of klystrons 41

(including klystron for the injector)
Peak power per klystron 30 M^\' max.

Rf pulse length (flat top) 2 psec
Rf repetition rate 50 pps max.
Operating frequency 2856 MHz

It is necessary to adjust the rf phase of the
drive signal to each klystron to the correct
acceleration phase angle with respect to the
position of the electron bunch within ±2". The

system which transmits the coherent rf wave to

each klystron is the "drive system". After
various studies, the drive system was decided to
be as shown in Fig. 6.1. The frequency of the
master oscillator was chosen to be 476 MHz, the

sixth sub-harmonic of the accelerator frequency,
this reduces transmission loss in the 400 m main

drive line. A main booster amplifies the 476
MHz rf power to 2 kW (cw). The main drive line
with five directional couplers corresponding to
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I ^ 30 MW pulsed

ACC. I ACCELERATOR SECTIONS

Fig. 6.1 Block diagrani of rf system.

each of the five "sectors" distributes this rf

power to the respective frequency multipliers.
The rf multiplied from i76 MHz to 2856 MHz by
frequency multipliers is amplified to two 10 kW
by a pulsed sub-booster installed at the middle

of each sector. A sub-drive line with three or

four directional couplers transmits the 2856

MHz, 10 kW pulsed rf power to each of the four
or five high power klystrons in each half
sector. The 2856 MHz rf power is amplified up
to max. 30 MW by the high power klystrons and is
transmitted to each of four accelerator wave

guides .

Rf driver

(1) Main booster

The main booster consists of a 10 W driver

amplifier and a cw klystron amplifier, which
amplifies a 476 MHz rf signal from a master
oscillator to' 2 kW cw. For the main booster

klystron the Varian 3KM3000LA is used. This

tube is a UHF TV klystron which is capable of
2.3 kW cw output power and 30 dB gain at 476
MHz. The high voltage power supply is very
well-regulated by series regulating transistors,
with an output of 9 kV at 620 mA. The stability
of the rf output is better than 0.1 %/hour.

(2) Sub-booster

The sub-booster amplifier is required to
provide 20 kW in order to drive eight or nine

main klystrons. A pair of Thomson CSF TH2436
klystrons is used, each of which drives the

upstream or downstream four or five main

klystrons. This tube has four integral tuneable

cavities and a permanent focusing magnet. It is
rated at 10 kW for our application. Stringent

specifications for the sub-booster modulator are

Fig. 6.2 Wave forms of the phase detector

output and the rf output pulse.

imposed on the rise and fall times and amplitude

tolerance of the output pulse, because the pulse
shape determines the rf output and any change in

the amplitude causes phase shift in the rf out
put. The phase shift caused by variation in

acceleration voltage applied to the klystron is

8 degrees/percent. Waveforms of the phase
detector output and the rf output pulse are

shown in Fig. 6.2. The modulator is of the hard
tube type. It consists of two pulsers each of

which has a storage capacitor and switching
tubes (Eimac 4 PR-60), a high voltage power
supply, Gj, G2 power supplies and a grid driver.

(3) Drive line

The main drive line transmits the output rf
power out of the main booster, installed at the

injector head, to the end of the klystron
gallery 400 m away. The power split by five
directional couplers spaced about 80 m apart, is
fed to the frequency multiplier in each sub
booster. To get high phase stability under
environmental changes a i^/g in. semirigid phase

in- 7



stabilized coaxial cable is used as the main

drive line. The cable is filled with N2 of a
constant pressure. The temperature coefficient
for an electrical length and attenuation are 3 x
10 ^/"C and 0.024 dB/m, respectively at 476 MHz.

The 10 kW rf output power from one sub-
booster 'klystron is equally divided to drive
four or five main klystrons through their
respective I^A units. The same cable as for the

main drive line is also used here.

(4) Isolator, phase shifter and attenuator unit
(IiJ)A unit)

The functions of this unit are: 1) to

adjust the phase relation between the rf accel

erating field and beam bunch, 2) to protect the
klystron output window and waveguide window by
increasing gradually the klystron input power at
"rf on", and 3) to adjust the rf input power
level to the main and sub-booster klystrons.
Typical measurements give an isolation greater
than 25 dB and insertion loss less than 3 dB;

linearity of the electrical phase shift for
mechanical rotation angle is within ±2 degrees.

Main modulator and pulse transformer

The main modulator supplies pulse voltage

to the high power klystron. At full rating this
modulator is required to generate pulses with

22.5 kV peak voltage and 3600 A peak current.
To prevent phase modulation and amplitude varia
tion, pulse top flatness and amplitude stability
are important. Specifications of the main modu

lator are listed in Table 6.1, a simplified

diagram is shown in Fig. 6.3. Regulation of the

output pulse voltage is accomplished by the
de-Q'ing circuit which controls the charging
voltage to the PFN. The IVR controller unit

automatically tracks the dc high voltage to keep

the operating range of the de-Q'ing circuit at a

INDUCTION
VOLTAGE

REGULATOR

RECTIFIER

TRANSFORMER

up/down signal

over-current protect

ri|r^
I u cornp

[ luilcomo^
1

constant value. The RC series circuit inserted

in output circuit is for decreasing the spike
noise produced at the pulse head, it is effec
tive and overall the noise is small enough that

standard TTL circuit signal level IC's can be
used for low-level control.

The control system of the modulator is
divided into 3 groups. 1) Sensors, signal
conditioners and output effectuators distributed
throughout the modulator-klystron area. 2) A
hardwire logic controller (relay, diode, TTL)
for personnel and machine protection which
allows independent operation of each klystron,
And 3) microprocessor (MC 6800) based modules
for remote control and data collection. In

particular, they interface to a 500 kbps serial
loop network, sequence and recycle the modulator
power supplies on and off, and sec the De-Q'ing
trigger voltage and Che klystron input rf phase.

The pulse transformer is to step the volt
age up to the level necessary for the klystron

Table 6.1 Specifications of main
modulator.

Peak power output

Average power output

Output pulse voltage
Output pulse current

Output impedance

Pulse width (flat top)

Pulse rise time

Pulse fall time

Repetition rate

Pulse height deviation from

flatness

Pulse amplitude variation

and drift

short term

long term

PULSE FORMING NETWORK

o

20 sections Jo
2 =6R K

TRIGGER-! 1250 V

84 MW

15 kW

22.5 kV

3600 A

6 n

2.0 us

0.5 us

0.8 us

50 pps

0.2 %

0.2%/5min

0.5%/hour

IVH CONTROLLER de-Q ing TRIGGER
TRIGGER
SIGNAL 12 V

Fig. 6.3 Block diagram of main modulator.
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and to match the impedance between the modulator
output and klystron load. The cut core is used

for the pulse transformer and the core is wound
from a 0.05 mm thick, grain-oriented silicon
steel. The step-up ratio is 1:12, Even at the
full 270 kV secondary voltage, it is not neces
sary to apply any core reset bias current.

High power klystron and focusing magnet

The high power klystron is a MELCO

(Mitsubishi Electric Corporation) PV-3030A. The
specifications for this klystron were based on
the XK-5 developed at SLAG for a high energy
electron linac rf source. The klystron has five
cavities, its perveance is 2.1 * and

the peak rf output power is 30 MW, with 40 %
efficiency and 51 dB gain. A permanent magnet
focuses the klystron electron beam. Compared
with an electromagnet, it gives the advantages
of maintenance-freedom and minimum operating
cost. Figure 6.4 shows a cut-away view of the
magnet and Fig. 6.5 shows its magnetic field
distribution. The magnet is composed of nu
merous permanent magnet rods (28 mm in diameter

and 47 mm in length) packed cylindrically in a
stainless steel enclosure. The magnetic mate
rial used is Alnico 9 which was made by the
zone-melting method. This material has a colum

nar shaped magnetic anisotropy and a large maxi
mum energy product (BH)max, making it possible
to design a compact magnet. The supplementary
bar magnets are to compensate the reversal field

of the main magnet and to make possible fine
adjustments of the field near the gun, since the

region near the cathode is very critical with
regard to the magnetic field distribution. The

klystrons and focusing permanent magnets were

klystron

top plate

/top yoke

g—magnet

i —lead
^ shield

5 /bottom
^ yoke

—-iron skirt

•^bar magnet

klystron
bottom plate

Fig. 6.4 Cut-away view of focusing permanent
magnet.

assembled with pulse transformers and oil tanks,
and tested with a high power in the klystron

assembly hall; then they were installed in the
klystron gallery (in Fig. 6.6). At 260 kV, the
mean rf output power exceeds the design value of
30 MW when used with electromagnetic focusing,
but with the permanent magnet it is about 25 MW.

This decrease in the output power is due to a
nonoptimal magnetic field distribution, which
occasionally results in breakdown and insta

bility in the rf output power. Further improve
ments and development are necessary for the
permanent magnet.

cathode
\ plane

u

500

I

s

top surface

50 40 30 20 10 0
Axial Length (cm)

Fig. 6.5 Typical magnetic field distribution

for klystron focusing magnet.

Fig. 6.6 Klystron assembly installation in
klystron gallery.



7. INJECTION SYSTEM OF THE PF LINAC

General description

Beam characteristics required for the in
jection system are the following: the energy is
about 30 MeV, the peak current is 50 mA for a
long pulse duration operation of about one
microsecond, and the maximum pulse repetition
frequency is 50 Hz. Although a long pulse dura
tion mode is the only operation mode expected at

present, there would arise in future a require
ment of a very short pulse (a few ns) operation,
in which beams with two or three amperes would
be necessary. As for the energy spread, there

is no severe restriction. However, the bunch

width of the beam should be small enough that
the beam has a very small energy spread at the
end of the whole accelerator. This is espe
cially important since the present accelerator
is used as an injector of the storage ring. The

aimed value of the bunch width is chosen as ±2°.

In order to meet these requirements the

composition and layout of the injection system,
that is the injector of the linac, were studied

and determined as shown in Fig. 7.1.
A triode electron gun operates at an injec

tion voltage of 100 kV pulsed to the cathode,

and the beam pulse width is determined by the
width of a pulse applied to the grid. The in

jected electrons pass the prebuncher and the

buncher where they are bunched and accelerated

to desired widths and energies; this part plays
an essential role in determining beam charac

©

JO) (5

teristics. The prebuncher is of a travelling
wave type with 4 cavities, and accelerates

electrons a little. The buncher is also of a

travelling wave type, and consists of a buncher

section with 8 cavities, and a regular section
with 11 cavities. The buncher operates with an

rf power of more than 6 MW and accelerates

electrons up to 4 to 5 MeV.

After the buncher two regular accelerator

guides are provided, each guide consisting of 54

cavities, and accelerate electrons up to about

35 MeV when an rf power of 5 MW is supplied to
each guide.

Main components

(1) Electron gun and associated equipments

To satisfy the required and associated beam
characteristics for the injector mentioned

before, the electron gun must have such charac

teristics that the emission current is in the

range of 100 to 200 mA in the long pulse mode
operation and in future desirably 4 to 5 A in
the short pulse mode.

A barium oxide impregnated cathode is most

commonly used for the gun, but instead, a barium

oxide coated cathode used for a commercial

planner triode has been chosen as a cathode of

the gun. This cathode, actually a grid cathode

assembly, has the following advantages: (1)
Sufficient emission current can be drawn from a

small diameter of 10mm at low temperature

(e^850®C) so that a good emittance of the beam

W=1 I I

Fig. 7.1 Layout of the injection system.
(1) Gun, (2) gate valve, (3) magnetic lens, (4) focusing coil, (5) current monitor, (6) prebuncher.
(7) buncher, (9) analyzing chamber, (10) triplet Q-magnet, (12) profile monitor.
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is obtainable without difficulty. (2) It has a
very small grid cathode distance (ISOym) with a

good uniformity so that the grid voltage ampli
tude required may be small. (3) It is obtain
able with a reasonable price and its replacement
is easily done.

The structure of the gun is shown in Fig.
7.2. The flange of the grid cathode assembly is
utilized as a gasket for a vacuum seal. Shape
of the focusing electrode was determined both by
computer calculations and by measurements on a
test bench.

A high voltage pulse modulator for the

cathode is similar to those used for the high
power klystrons. The output voltage of about 10
kV is applied to the primary of the 1:9.75 step-
up transformer (A). The output pulse of 100 kV
has a flat top width of h ysec with both 1 usec

rise and fall times. A rather long pulse dura
tion is chosen for easy adjustment of beam-on

timing. In the high voltage station of the gun,

there installed a trigger circuit, a grid
pulser, and power supplies for the gun heater,

grid pulser and grid bias. In addition other

control circuits are provided to enable not only

to control beam characteristics remotely such as
a peak current and a pulse duration, but to show

the status of various circuits including the
interlock system for safety. Optical fibers are

used both for transmitting trigger and control

signals from the ground potential to the high

voltage station. Waveforms of the signals and

pulses are observable with an oscilloscope set

in the station.

(2) Prebuncher and buncher

In designing the prebuncher and buncher

those effects are taken into account, which are

the beam loading, the space charge, and the
space harmonics.

Let us consider an electron of charge e
travelling in z or the axial direction of the

buncher. Denoting z/free space wave length A
by the total energy mc^/the rest energy m^^c
by Y and the phase of the electron relative to
the rf phase by A, the equation of motion for
the electron is given by

= -a sinA

= 2ir -

where a= eEX^/m^c^, ^ ampli
tude of electric field, and Vp is the rf phase
velocity. The attenuation of rf power P due to
the wall loss and the beam loading is given by

c 0

Fig. 7.2 Structure of the gun. (1) grid pulse
input connector, (2) heater lead, (3)
insulator, (4) focusing electrode, (5)
cathode, (6) grid, (7) anode, (8)
current monitor.

— = 21? - /2rIP I Jj, sinAv , (3)

where I is the attenuation constant, r is the

shunt impedance, and is a current due to

those electrons initially 'existed in the k-th

phase. The space charge effect is taken into
account by a simple disc model, in which an

aditional terra is required on the right hand

side of Eq. (1). The field amplitude E is
assumed not to be a simple sinusoidal function

but to be represented by an experimentally

observed shape.

First, these equations are solved for some

assumed values of a and 6. Second, inspecting

the nature of the beam trace thus obtained, the

parameters a and B are modified in order to
yield a more desirable beam trace. This pro

cedure is iterated until the beam orbit is ob

tained which satisfies the required beam pro

perties. A result of the beam trace is shown in

Fig. 7.3, where the phase is shown as a function

of C. The output phase is shown as a function

of the input phase together with the energy in
Fig. 7.4. As is seen from the figure most out-

'0 50 60 7.0 0.0 9.0 -c:

Fig. 7.3 A result of the beam trace.



put beams are bunched well within ±2°. The

values of VSWR (Voltage Standing Wave Ratio)
measured are 1.82 for the prebuncher and 1.08
for the buncher.

Two accelerator guides following the

buncher are similar to those used in the five

accelerator sectors; each consists of 54 cavi

ties and two couplers. The accelerator guides
are of 2it/3 mode travelling wave type. These
were fabricated in the early stage of the whole

accelerator construction and the couplers were
designed to be demountable from the guides for
the convenience of various test.

(3) Rf system and transport system

A high power klystron and its modulator are

the same types as those used in the main accel

erator. The peak output power of the klystron

is about 20 MW, which is divided and fed to the

buncher, prebuncher and two accelerator guides.

The waveguide system for the buncher and pre
buncher is different from that for the accel

erator guides and has attenuators and phase
shifters. The components for the buncher should

stand an rf power of about 10 MW, so that they
are pressurized to 2.5 kg/cm^ with SFs gas. The
rf power for the prebuncher required is only of
the order of 10 kW; therefore its component are

used in atmosphere. The overall VSWR of the

waveguide system for the prebuncher and the
buncher is less than 1.1. The waveguide com

ponents for the accelerator guides are all
evacuated.

To focus the electron beams, magnetic

lenses and solenoid coils are used in the

beginning, where the electrons have low energy,
and then quadrupoles are used for the rest of

the injection system as shown in Fig. 7.1.

Steering coils are distributed at various posi

tions along the injection system. An example of
calculated beam envelope is shown in Fig. 7.5,

where the emittance of the beam is assumed to be

5 * 10~^Tr(cm) (MeV/c) for the gun.

8. TRIGGER SYSTEM

The trigger system provides timing pulses

to the electron gun, rf power source system,

beam monitoring system, and the pulsed septum
and kicker magnets for beam injection to the
storage ring. The system consists of a master
trigger generator, rf synchronizing circuits
followed by delay circuits, and sub-trigger

delay units for the rf system.
Pulses generated in the master trigger

generator by dividing a 476 MHz signal from the
master oscillator are processed in an rf syn
chronizer and transmitted to a gun trigger

system and five sub-trigger delay units. The
synchronizing circuit is provided for beam in
jection synchronized with the revolution fre

O
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Fig. 7.4 Output beam phase (a) and energy (b)
as a function of the input phase of
the buncher.
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bunjher

ML magnetic lens
FC solenoid coil
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Fig. 7.5 An example of calculated beam enve
lope.

quency of the Photon Factory (PF) storage ring
or the TRISTAN accumulation ring (AR). The

trigger system block diagram is presented in

Fig. 8.1. This system is prepared not only for

the nanosecond pulse injection but also for the

microsecond pulse injection. The trigger-1
shown in Fig. 8.1 decides the pulse repetition
rate of the rf system, 50 Hz at maximum. The

trigger-2 decides the repetition rate of the gun
trigger system, which is less than or equal to
that of the rf system. The ON/OFF signal from a
beam switch finally starts and stops the gun
trigger output. A pre-trigger is generated 100

us before the gun trigger, and is transmitted to

the PF storage ring or AR for their pulse magnet
excitation. Logic circuits faster than 50 MHz

are made up by using emitter-coupled logic (ECL)
integrated circuits.
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Fig. 8.1 The block diagram of the trigger system. The trigger pulse is synchronized with the revo
lution frequency 0.8 bfflz for AR or 1.6 MHz for PF storage ring.

A sub-trigger delay unit for a sub-booster
and its associated eight high-power klystron
modulators is located in every sub—control room.
This unit is composed of an accelerate/stand-by
mode switch module, a clock input module, nine

digital delay modules using only TTL integrated
circuits, and an interface module through which
this unit is connected to a linac control com

munication network. The trigger delay time is
determined by counting the time preset in a

3-digit BCD counter at a A7.6 MHz clock rate.

The clock frequency is derived by dividing the
master oscillator signal by ten. The maximum

variable delay time is 21 ps.

9. BEAM MONITOR

A number of current transformers and beam

screens are used to make it much easy to handle

the electron beam accelerated through the small

bore (20 mm in diameter) along the long linac
(AOO m).

Beam screen

Fluorescent screens can be put down Into

the beam line to observe the beam position and

profile. Seven screen monitors are installed at
the entrance of each sector and at the beam

switch yard. Figure 9.1 shows the screen mon
itor assembly. The screen is a 1 mm thick

alumina ceramics plate involving chromium oxide

(trade mark = Desmarquest AF995R). This mate
rial bombarded with electrons emits strong

visible light; the beam spot can easily be

observed by a TV camera placed at a position 30
cm distant from the screen. Some of the screens

are drilled at the center to 4 mm in diameter.

For these screens only electrons off the center

axis of the accelerator cause light emission.

air cylinder
extension

bellows

vacuum chamber —window

iUumination
pedestal

Fig. 9.1 Screen monitor assembly,



Current transformer

Beam intensity is monitored by 40 sets of

current transformers distributed along the beam
line. The transformer using a toroidal ferrite
core has a one turn primary winding for test
pulse input and a 25 turns secondary winding for
signal output. Figure 9.2 shows an assembly of
the current transformer. The transformer is

separable into two pieces and easily set round

an insulating pipe which is made of an alumina

ceramic cylinder soldered with metal pipes.

Be-CufS
shieldir/g
gasket

beam

-connector

^^^prin
^-case
^ferrite

beam pi
-cobalt p
•ceramic

Fig. 9.2 Assembly of the current transformer,

10. LINAC CONTROL SYSTEM

General description

The design of the 2.5 GeV electron linac

control system is based on a computerized com

munication network interconnecting an operator's
console and various terminal equipments. The
linac is partitioned into seven control blocks:

the injector section, five sectors 1-5 and the
beam switch yard. The sectors 1-5 are under

control by sub-control stations placed in five

side rooms distributed at intervals of 80 m

along the linac. The beam switch yard equipment

control is included in the sector 5 sub-control

station. The injector sub-control station is

located in the main control room; it controls

the electron gun and the buncher section. These

sub-control stations and the main operator's
console station are interconnected through a

high-speed communication line.

The sub-control station composed of a mini

computer and a CAMAC system supervises various

microprocessor-controlled terminal equipments:

klystron modulators, vacuum pumps, beam focusing

and steering system power supplies, etc. In

this control system, every terminal equipment
was designed to be autonomously operable bv

being switched from "REMOTE" to "LOCAL" opera
tion mode. Microprocessors of 6800 and 6802

types were adopted to be built in all communica-

tion and terminal controllers. No other types

of microprocessors are used in the linac control
system except for commercially available periph
erals.

Electromagnetic noise immunity of control
circuits is a very important point in such a
noisy machine as a pulse operating linear
accelerator. Remarkably to increase noise

immunity, every signal line connection between
circuit-units is made through optical devices:
optical fiber or photo-couplers.

A hard-wired interlock system was con

structed independently of the communication

control line mentioned above. This system is

needed to realize high reliability for personnel

and machine protection.

Communication network

The linac control communication system con

sists of a distributed processor network inter

connected in loops by serial communication

circuits which are classified into two levels: a

main loop (LOOP-1) and sub-loops (LOOP-II, LOOP-
III). Nodes of the main loop are seven mini
computer stations (MELCOM 70/30). Terminal

nodes of sub-loops are microprocessor-controlled
units built in terminal equipments. Figure 10.1

shows the hierarchical organization of the com

munication network.

The effective communication speed was
designed to be sufficiently fast for operators

to be able to get a "real-time feel" for the
response from terminal equipments.

ENERGTCEKTER

MAIN LOOP{5Mbll/s InLOOP-l)

SUB-LOOPS ( SOO kbit's) In LOOP-n

(40kbll's) inlOOP-i

Fig. 10.1 Processor network hierarchy. Each

subcontrol station consists of a

MELCOM 70/30 minicomputer and CAMAC.
Terminal stations are denoted as K

(Klystron modulator), VAC (vacuum

equipment) and BT (beam transport
control); other equipments are not
shown here.



Main loop nodes

Every control station as a node in the main

loop named LOOP-1 has a minicomputer with a
CAMAC system which includes sub-loop communica
tion controllers, output registers for coaxial
switches and beam monitor amplifier gain con
trol, rotary encoder signal input modules, etc.
The hardware arrangement of the minicomputer as
a sub-control processor is shown in Fig. 10.2.
The parameters of the minicomputer are given
below:

liain memory

storage elements
memory cycle time

word length

memory size

I/O channel

DMA channel

MPX channel

MELCOM 70/30

nMOS LSI

550 ns

16 bits + 2 parity bits
192 kWords for the

operator's

console station,

128 kVords

for sub-control

stations

2 MBps Max. (Bps •
Bytes per second)

100 kBps Max.

Interface to lower-level devices

CAMAC branch highway driver connected to

DMA channel

Main loop data link (LOOP-1)

Bit-serial, Go-Ahead polling. Loop
operation mode

Data signalling rate 5 Mbps (bps = bits
per second)

The system-software including a CAMAC

handler and LOOP-I communication handler were

supplied from the MELCOM manufacturer. All of

the linac control procedure can easily be

programmed in FORTRAN without knowledge of the
detailed data link protocols.

Sub-loops

The lower level communication loops are
divided into two classes according to the data

signalling rate and transmission mode: 500 kbps
synchronous mode transmission in LOOP-II and 48
kbps asynchronous mode in LOOP-III. The com

munication line control is done in a bit serial

polling mode loop operation based on the High-
level Data Link Control procedure (HDLC) in

LOOP-II and on the Basic Mode procedure in

LOOP-III where a transparent mode protocol is
adopted to transmit binary data. The LOOP-III

was designed for such small scale equipment
controllers as magnet power supplies to reduce
production cost.

MULTH/0

CONTROL

MUN MEMORY

OMA

CH&NNQ.

FLEXIBLE

OISK

LOOP-i

CONTPOL

Fig. 10.2 Subcontrol processor arrangement. CC:
Crate controller, CCU: Communication

control unit for LOOP-II and III. The

flexible disk is used only for initial
program load.

The communication control unit (CCU) with

the control station function of the sub-loop is

a double width CAMAC module connected to the

sub-control processor through a branch highway.

This CAMAC module may control 16 terminal sta

tion units which are contained in terminal

equipments. Figure 10.3 shows the block diagram

of the LOOP-II CCU CAMAC module. A message

written in the buffer memory from a sub-control
processor through a CAMAC dataway is auto

matically transmitted to a terminal station in

LOOP-II by the internal microprocessor-

controlled circuit. The LOOP-III CCU CAMAC

module circuit is similar to that of LOOP-II; an

asynchronous communication interface adaptor
(ACIA) LSI is used for the LOOP-III CCU instead

of an HDLC LSI chip. Both LOOP-II and -III
ecu's have an identical circuit block for the

CAMAC dataway interface including buffer memory,

control and status registers; a sub-control
processor, therefore, can execute the same

communication control procedure for these two

kinds of CCU's.

Fiber optics communication

The serial communication lines inter

connecting many linac-control processors are

optical fiber cables adopted to prevent electro
magnetic interference caused by the pulse opera
tion of high power klystrons. The total length
of the fiber layed in the linac building is 7.3
kilometers. Two kinds of step-index type
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Fig. 10.3 Block diagram of the LOOP-II coni-

munication control unit. HDLC: high-

level data link control LSI (WD1933A),

ROM: Read-only memory, RAM: random-

access read-write memory, MPU: micro

processing unit (HD6800), DMAC: direct
memory access controlller (HD6844),
and PLL: phase locked loop.

optical fibers are used: One is a silica glass
fiber with a core diameter of 60 ym and a clad

diameter of 150 ym for the 5 Mbps transmission

in LOOP-1; the other type utilized for slower

transmissions up to 500 kbps in LOOP-II and -III

is a low-cost compound glass fiber with a core
diameter of 100 ym and a clad diameter of 150

ym. The nominal transmission loss of the light
at A = 850 nm is 5 dB/km for silica glass fiber
and 15 dB/km for compound glass fiber.

Optical transceivers for LOOP-I were

supplied as peripherals of MELCOM 70/30 mini

computers by the manufacturer. For LOOP-II and

-III, 105 optical transceivers contained in

one-span NIM cases were fabricated. The module

is used in conjunction with a CCU. A bypass
circuit is built in this module to prevent loop

breakdown due to terminal CCU failure.

Operator's console

An operator's console installed in the main

control room is so called a man-machine inter

face for operating the linac. The console in

cludes CRT's for information display, trans
parent couch panels and rotary encoders for

parameters input, transient digitizers for pulse

Fig. 10.4 Main operator's console.

wave form data aquisition, interphones and a
switch panel. These are contained in a 5.1 m

long, 1.35 m high and slightly curved steel

cabinet with a rosewood table (see Fig. 10.4).
No alphanumeric character keyboard is

adopted to input control commands in the

ordinary operation, because a keyboard is not

advantageous to operators who are not suf

ficiently trained to handle it; for the control

system maintenance, however, one keyboard is

installed in a flat box under the console table.

It is usually covered with a plate which forms

part of the console table; only when needed, the
keyboard becomes accessible by removing the

cover plate.

The console devices are connected to a

minicomputer MELCOM 70/30 through CAMAC modules
and RS-232C serial communication ports. The
console arrangement is shown in Fig. 10.5. The

numbers in the figure denote the following

devices.

1, 2, 12, 13: 9" TV monitors for beam

profile observation, etc.

3, 4: 9" CRT's for the gun and buncher
status display.

5, 10: 20" colour CRT's with transparent
touch panels utilized to display status

and select equipments or devices of
klystron modulators and beam transport
system.

6, 11: High resolution 20" CRT's for fine
graphics of vacuum, beam transport and
beam monitor systems.

7: A trangent digitizer (SONY/TEKTRONIX
390AD) to observe and analyze pulse wave
forms of rf power transmitted accel

erator guides and of beam intensity
monitors. The maximum sample clock
frequency is 60 MHz. One more transient

digitizer is available.

8, 9: Monitor scopes for the transient

digitizers.



lA: 9" CRT for beam loss monitor.

15: 9" CRT for personnel protection system
monitoring.

16: A message printer.

17, 22: 9" CRT's with transparent couch
panel used for cask selection and

control command input.

18, 23: Track balls for cursor control on

CRT 5 and 6.

19, 2A: 9" CRT's for high speed display of
magnet current, phase shifter, etc.

20, 25: Rotary encoders with a dial for
adjusting magnet current, rf phase, etc.

21: Beam switch panel.

— 5
U

0,P 0, 0I7P 025^

Fig. 10.5 Main operator's console arrangement.
Numbers denote various devices; see

11. SAFETY CONTROL

Safety control system consists of two

systems to assure the (accelerator safety opera

tion and to control personnel access to re
stricted radiation area. Only outline of the

system is described below.

Safety operation control system

The safety interlock system for personnel
protection is quite independent of a machine

control system. The injection of electrons is
permitted only when the interlock system
indicates that the followings are all normal.

(1) All entrance doors to radiation areas.

(2) Emergency-off push buttons. A button Is
provided in the operator's console, and 24 boxes
with a button, a warning light and an audible

alarm are distributed along the accelerator
tunnel and beam switchyard.

(3) Radiation area monitors. These are in
stalled beside the injector building.

(4) Control system of personnel access to the
entry-prohibited radiation area.

(5) Machine protection system from vacuum
failure.

(6) Storage ring.

Personnel access to restricted or prohibited

radiation area

To protect personnel from radiation
hazards, the radiation area in the linac

building is classified into three. The
accelerator tunnel and beam switchyard are

prohibited and contaminated radiation area. The
electron gun room is a restricted and
contaminated radiation area. The klystron

gallery is a restricted and non-contaminated
radiation area in operation time, while entrance

is unrestricted when the machine is shut-down.

Entrance to the contaminated radiation

areas is permitted only for personnel wearing
film budges and an ID (Identification) card with
which the gate can be opened. To come out of
the radiation area, the ID-card must be used to

open the gate, and at the same time the person
nel passing the gate is inspected with radiation
monitors. The entrance to and exit from the

prohibited radiation area, when the machine is
not running, have to be made using the ID card,
and are recorded by the control system. The
interlocks are released only when the control

system indicates that the prohibited areas are
cleared. The entrance doors to the restricted

radiation area can also be opened with the ID

card; the doors, however, are not connected to
the interlock system.

12. OPERATIONS

Performance of the linac was tested by

measuring the final beam energy with the varia

tion of the accelerated beam current. Figure

12.1 shows the beam current waveforms of the

monitors at the beginning (upper) and at the end
of the accelerator (lower). The time difference

between the two pulses is due to the flight time

of the electrons to travel the distance between

the two points and the delay time of the long

cable. Figure 12.2 is the output of a Panofsky-
type beam loss monitor placed along the main

accelerator. When the accelerator is well

tuned, beam loss is very small as shoiro in Fig.

Fig. 12.1 Beam current at the beginning
(upper) and at the end (lower) of
the main accelerator.



Fig. 12.2 Beam loss monitor output in the main

accelerator.

(a) After ajusting the linac.
(b) A profile monitor is inserted
into the beam at the end of the

fourth sector.

12.2(a), and a large loss is seen in Fig.
12.2(b), which is caused by inserting a profile
monitor into the beam at the end of the fourth

sector. The result of the performance test of

the accelerator is shown in Fig. 12.3, where the

beam transport elements, such as focusing coils
and quadrupoles, were readjusted to produce

highest transmission by observing the current
monitors and the beam loss monitor. As is seen

from the figure, the design expectation (2.5
GeV, 50 mA) is completely satisfied. The param
eter is the total rf power; an rf power of 840
MW corresponds on average to 21 MW per klystron,

and 820 MW to the case where one of the

klystrons is off.
Scheduled operation of the injector linac

was started in June, 1982, and has been con

tinued until December, 1983, except long shut

downs from the end of July to the middle of
October, 1982, from the middle of March to the

end of May, and from the end of July to the

middle of October, 1983. Total operation time

of the linac was 1600 hours and klystron on-time

was 2100 hours in FY 1982; those from April to

t = 840 MW

Pt=820 MW

0 100 200 300

Beam current mA

pulse duration 2.5ms

Fig. 12.3 Beam energy versus current. ?'j. is
the total rf power.

November in FY 1983 are 1500 and 1700 hours,

respectively. Energy, energy spread and profile
of the accelerated beam were stable. Long term
stable operation of the linac, however, was

limited by occasional arcing in the high power
klystrons.

Operations and improvements

During the course of scheduled operation
period since June, 1982, the linac has operated
at an energy of 2.5 GeV, peak current from 15 to

50 mA, pulse width 1 psec, and 1 pps pulse
repetition. For the first period when a high
power klystron failure occurred, the replacement
was carried out even when the linac was running.
In this procedure, however, it turned out that a

misoperation caused a vacuum trouble which

forced to stop the machine operation for a long
time. Therefore, the replacement was decided to
be postponed until at least a week long main
tenance, and it became sometimes necessary to
decrease a beam current to raise the energy up
to 2,5 GeV. The energy has been always fixed at
2.5 GeV for user's experiments.

The computer control system has steadily
advanced in both hardwares and softwares. This

made it possible to switch on and off the high
power klystron modulators and to adjust rf phase
shifters from the operator's console in the main

control room. In addition, it became also

possible to perform initial setting of the beam
transport elements and the modulators. This is
useful at the start of the accelerator at the

beginning of every week.

With these advances accelerator tuning time



was appreciably reduced. In the early stage of

operation only the linac was tuned on Tuesday;
from February 1983, however, not only the linac
was tuned, but also the storage ring tuning was
done and the user's experiments were able to

start on the same day.

All of the 160 accelerator guides, the in
jection system, and the beam transport system

operated satisfactorily without any serious
trouble. Both the hardware and software of the

vacuum control system were completed. All of

the gate valves distributed along the beam line
are actuated by signals out of the vacuum inter

lock system. The vacuum system is normally
operated at a pressure less than 10"'* Pa.

The rf drive system has satisfactorily
operated without any serious trouble. This is
due mainly to the stability of both amplitude

and phase in the main booster and sub-booster

amplifiers and to the use of temperature com
pensated coaxial cables. During a week-long

operation period, rf phase adjustments were
almost unnecessary unless the main klystron
voltage was changed. The main modulators have

also worked successfully. There were no down

time of the accelerator due to modulator

failure.

Owing to improvements of the beam moni

toring system and fine tuning of the beam trans

port system, beam spill over the five accel

erator sectors was reduced to 1 - 5 %. Figure

12.4 shows the beam current measured along the
whole accelerator. The beam is usually trans
ported with a betatron oscillation mode of Tr/4

shift. Accelerating characteristics of the
injection system were investigated. About 60 to

70 X of the injected beam was captured and
accelerated in the range of 50 to 800 mA injec

tion current. In addition, a method was devised

to measure the beam bunch width, which showed

that the minimum bunch width was 2 to 3 degrees

when the injector was suitably adjusted. An
example of the measurement results is shown in

Fig. 12.5. A hybrid-type phase detector was
developed to measure the phase difference
between beam-induced and acceleration rf fields.

INJ. 1 2 3 4 5 ECS

Sector Number

Fig. 12.4 Beam current measured along the hole
accelerator.

The rf phase adjustment with this new detector
was more accurately and easily performed com
pared with the conventional method maximizing

the beam energy.

In the waveguide system, two kinds of
trouble were experienced. One was failure of
the ceramic rf windows. Puncture and dielectric

breakdown of the ceramics have been observed in

some windows. The other trouble was a vacuum

leak at some waveguide joints. An aluminum

"Helicoflex" used as a vacuum gasket was cor

roded by water leakage from a cooling channel in
the waveguide.

The major problem with the rf system is

0 (°)
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Img(A)

Fig, 12.5 An example of the beam bunch width

measurement.

Numbar sf H.V. o"/Dav

S 10 15

Fig. 12.6 Total number of times of modulator

H.V.-off per day and the setting
voltage for each modulator.



main klystron failure. In FY 1982, 10 klystrons
had to be replaced by new ones. Details of the
failure are decrease of klystron voltage due to
internal arcing (6 klystrons), puncture of the
output window (3), and gun oscillation (2).
Mean life time ot these failed klystrons was
1600 hrs. For some of these klystrons, it was
found that the copper inner surface of the col

lector had melted. This was caused by the
bombardment of electron beams focused by the
inverse fringing field of the focusing magnet.
Therefore, an ion shield was placed around the

collector to reduce this fringing field. The
average down rate for the modulator voltage due
to klystron arcing was about 3 times/day which
corresponds to one time/20 min. for 41 klys
trons. The total number of tines of modulator

H.V.-off per day is shown in Fig. 12.6 together

with the setting voltage for each modulator.
A preliminary test of a microwave undulator

was performed at the 500 MeV beam extraction

line. In order to simplify the observation of

the radiation, parameters of the undulator and

the beam energy' were selected for the region of

visible radiation. At an rf power of 300 kW

(2856 MHz) and a beam energy range of 100 - 150
MeV, the undulator light in the visible region

was successfully observed.

Accelerating characteristics of the iniection

Test of the accelerated beam character

istics requires the measurements of the beam

current and energy. The measurement of current

is made with four current monitors distributed

along the injection system; the monitors labeled

as 01 to 04 are shown in Fig. 12.7. In addi
tion, some other monitors in the first accel

erator sector were employed to check the

behaviour of the beam after passing the in
jector. The first sector consists of 8

acceleration units, and each unit has 4 accel

erator guides as mentioned before. Two digit

suffixes are used to indicate the position of

the monitor, the first is the sector number and

the second the unit number. The unit number

ML ML PB ML B

Fig. 12.7 Location of the current monitors in
the injection system.

zero is for the one at the beginning of the

sector. Those used are (10), (11), (12), and/or
(15).

The beam energy spectrum is measured with
an energy analyzing magnet, a slit, and a beam

catcher at the end of the injector. The beam is

deflected by the magnet and passes through a
vacuum window of stainless steel foil with a

thickness of 0.1 mm. The slit has a width of 3

mm and is set at 45° with respect to the accel
erator beam axis.

The beam bunch width is of importance

because it is one of the quantities which

determine the final energy spread; however its
accurate measurement is much difficult as com

pared with that of the current and energy. To

do this a somewhat complicated and indirect

method is applied to study more detailed prop

erties of the beam, and described in some detail

later on.

(1) Capture efficiencies at low currents below
100 mA

Accelerating characteristics as a function

of the buncher and prebuncher parameters are

mainly investigated with the injection current

in the range from 30 to 100 mA. The results are

shown in Figs. 12.8 to 12.10. Figure 12.8 shows

the beam transmission measured with current

monitors as a function of the rf power fed to

the buncher, where the rf power fed to the

prebuncher is nearly zero. The ordinate is the

transmission of the current with respect to the
injection current from the gun. The relative

scale of 0.1 in the abscissa corresponds to
about 1 MW. As is seen from the figure, the

beam transmission rapidly increases from about 3

MW, and it becomes approximately constant above

5 m.
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Fig. 12.8 Beam transmission as a function of

the buncher rf power.



A result of similar measurements for the

prebuncher is shown in Fig. 12.9, where the in
jection current is 34 mA and the rf power fed to
the buncher is 8 MW. The scale of 1.0 in the

abscissa corresponds to about 10 kW. Only 1 kW
of an rf power for the prebuncher is necessary.
Figure 12.10 shows the relation of the beam

transmission vs. the rf phase for the pre
buncher. It can be seen from the figure that
the beam transmission does not appreciably
change in the wide region of the rf phase as
expected from the design.

^ CM03
'• CM04

0 0.5 1.0

PREBUNCHER POWER
I

Fig. 12.9 Beam transmission as a function of
the prebuncher rf power.

• CM 03

. CM 04

* CM 15

200' 250-

PREBUNCHER PHASE

Fig. 12.10 Beam transmission as a function of
the prebuncher rf phase.

(2) Capture efficiency at high current

The variation of the beam transmission was

studied with the increase of the injection

current. The results are shown in Figs. 12.11
and 12.12. When the injection current is in

creased, it is usually necessary to readjust the
transport elements to improve beam transmission.

At low currents about 70% of the injected
current is accelerated in good agreement with
the design. When the injection current in

creases the final transmission gradually de

creases, but still remains at a value of about

55 - 60 %.

01 02 03 04 10 11 12

CORE MONITOR

Fig. 12.11 Beam current at various locations in

the injection system.
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Fig. 12.12 Beam,transmission at various loca

tions in the injection system.



(3) Measurement of the beam bunch width

An accurate measurement of the beam bunch

width in electron linear accelerators is dif

ficult because the rf frequency is in GHz
region, and the width is of the order of pico
seconds. A simple method for this measurement
is to estimate the width from the beam energy
spread; however, there are other reasons to

spread the energy, and in fact these are usually
more effective than the finite bunch width.

Therefore, this method is used only to give a
rough upper limit to the bunch width. To over

come the difficulty a method was employed, in
which the bunch width is deduced also from the

energy spread, but the effects of the other

reasons on the spread are made much smaller than

the effect of the width. The beam bunch is

formed and accelerated up to an energy of about
30 MeV in the injector, and after the injector
the width does not almost change. If the bunch

... l.D
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Fig. 12.13 A typical example of the beam bunch
width measurement.

(a) Energy spectrum obtained with
the rf phase of injection system
which coincides with that of the

first sector.

(b) Energy spectrum with the rf
phase of injection system
deviated by 10" from that of the
first sector.

is accelerated after the injector not at the top
of the rf field but at some angles away from the
top, then the bunch may have an energy spread
which is mainly due to the finite width of the
bunch. In addition, if this spread is much

larger than that of the beam at the injector,

the bunch width may be accurately estimated from
the energy spread. The measurement procedure in
this method is as follows:

(a) The injector and the first sector rf
phases are adjusted as accurately as pos

sible, and the energy spectrum of the beam

is measured at the end of the first sector.

(b) The rf phase of the first sector is
deliberately deviated from the phase

adjusted in the procedure (a) by certain
amount and the energy spectrum is measured
again.

(c) The measurements were made not only at
one phase deviation but at two or three

phases to produce more reliable results.

A typical example is shown in Fig. 12.13. In

Fig. 12.13(a) the relative rf phase of injector
is well adjusted to that of the first sector, so

the spectrum is narrow but the bunch width is

difficult to be estimated. In Fig. 12.13(b) the
rf phase of injector is deviated by 10", then
the spectrum spreads to yield information on the

bunch width.

To check the reliability of the method an
experiment is made, in which the bunch widths

are measured at several phase angles by which
the injector rf phase is deviated from the first

sector's. The results are shown in Fig. 12.14.
In principle the width does not depend on the

relative deviation of rf phases; therefore the

fluctuation seen in Fig. 12.14 may be due to

other effects such as rf power fluctuation and

energy analyzing system fluctuation, and indi

cates a limit of the measurement accuracy.

1 -

KLY 01 RF phase(*1
Fig. 12.14 Bunch width as a function of the rf

phase of injection system.



The relation between the bunch width and

the prebuncher and buncher parameters are
investigated, and the results are shown in Figs.
12.15 and 12.16. In Fig. 12.15 the bunch width
is plotted as a function of prebuncher rf power,
where Che buncher rf power is about 7 MW. It is
seen from the figure that the bunch width is

very small, less than 2®, except the case in
which the prebuncher rf power is very small,
where the width becomes larger than 4®. In Fig.
12.16 the relation of Che bunch width vs. the

buncher rf phase is shown, and the width stays
nearly constant in the phase region indicated in
the figure. In these measurements the pre
buncher rf phase is fixed, so that change in the

buncher rf phase is equivalent to the simulta
neous rf phase variation of the prebuncher and

two accelerator guides. Figure 12.16 shows this

variation has little effect on the bunch width.

Another important problem of the bunch

width is its dependence on the injection cur

rent. A result of the measurements of this

problem is shown in Fig. 12.17. It is seen from
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Fig. 12.15 Relation of the bunch width versus

the prebuncher rf power.
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Fig. 12.16 Relation between the bunch width and
the buncher rf phase.

the figure Chat the width does not change in the
injection current region below 150 mA, as ex
pected from the design.

(4) Energy spectrum

Energy spectrum is one of the fundamental
quantities of an accelerator. The energy
spectra are measured with the analyzing system
described before. When the injection current is

varied, transport elements are adjusted to im

prove beam transmission. The results are shown
in Fig. 12.8, where the parameter indicates the
injection current. To show the shape of the
spectra more clearly, the beam current is nor
malized to unity at the peak. Figure 12.19
shows the relation between the energy and accel

erated current; the current is measured with the
monitor CM04. As is seen from the figure, the

energy decreases approximately linearly with the
increase of the current. In Fig. 12.20 the beam

energy spread (FWHM/peak energy) and capture
efficiency are plotted against the injection

current. The capture efficiency, the ratio of
the accelerated current to the injection cur
rent, is about 70% at a low current, and

slightly decreases with the increase of the
injection current. At about 800 mA injection
current, about 500 mA beam is accelerated.

These results are consistent with the data shown

in Fig. 12.12.

The beam energy spread has a tendency to

increase with the increase of injection current

as is seen in Fig. 12.12. A question arises

whether this is really due to the space charge

effect or not. To clear this point the meas

urements were made of the bunch width at high

beam currents. The result is shown in Fig.

12.21. The bunch width seem to increase with

the increase of the injection current.

• 5

100 150

INJECTION CURRENT! mA

Fig. 12.17 Injection current dependence of the
bunch width.
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Fig. 12.18 Energy spectra for various injection
current in the injection system.

The peak of each spectrum is nor
malized to unity.
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Fig. 12.19 Peak energy versus accelerated
current in the injection system.
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Fig. 12.20 Capture efficiency and energy spread
(FWHM) for various injection
currents.
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Fig. 12.21 Bunch width for various injection

currents.
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IV LIGHT SOURCE

1. INTRODUCTION

Preliminary design of the 2.5 GeV electron
storage ring was initiated in 1972 by the high
energy accelerator physicists of the Institute

for Nuclear Study, University of Tokyo, in coop
eration with scientists in the field of crystal
lography. In 1973 the accelerator physicists of
KEK and other institutions joined the design
study group for the storage ring. In 1976, a
budget of 110 million yens was approved to
promote the experimental studies of RF- accel

eration system and ultra-high vacuum system.
Through these design and experimental studies,

the final parameters of the storage ring were
determined in May, 1978, one month after the

establishment of the Photon Factory. Table 1.1
shows the principal parameters of the storage
ring.

The nominal beam energy of the Ring was
chosen as 2.5 GeV. The critical wavelength of
synchrotron radiation from bending sections is

2.98 A. Where the field strength of the bending
magnet is 9.6 kG. However, the magnet system
was designed to have capability of operation at
the energy of 3 GeV, where the critical

wavelength is 1.72 A.

The storage ring has an elliptical shape,
the diameters of which are 68 m (long) and 50 m
(short). There are t;wo long straight sections
of 5 m in length and eight medium straight
sections of 3.55 m. Four of the eight medium
straight sections are occupied by the beam in
jection apparatus and RF accelerating cavities.
The remaining four medium straight sections and
two long straight sections are reserved for new

devices for synchrotron radiation facilities.
In 1983, two straight sections are occupied by a

superconducting vertical wiggler and a permanent

magnet undulator. The vertical wiggler operated
at 60 kG generates radiation with the critical

wavelength of 0.5 A at the beam energy of 2.5
GeV and 0.34 A at 3 GeV.

To maintain the stored beam in good sta
bility is primarily important for the research

work with synchrotron light. Since the central

orbit of the beam is affected by the position

stability of the bending and the quadrupole
magnets, special care was taken to have a good
stability of the storage ring building itself.

The magnets in the storage ring were

aligned in accuracy of 0.1 mm and the currents

of all magnet power supplies were stabilized

better than 2 x 10 including ripples and

drifts. Transistors were used for the control

elements in all of the power supplies of the

magnets instead of thyristors to reduce elec
trical noise which disturbs precise experiments

with synchrotron radiation. When starting the

magnet operation, we usually change the magnet

currents up and down in a prescribed process to
reproduce the hysteresis of the iron poles of
magnets.

As for the RF acceleration system, single-
cell cavity was designed by using the computer
program SUPERFISH, and was tested with a model

cavity in 1979. At present, four single-cell
cavities are driven by two 180 kW klystrons, the
frequency of which is 500 MHz. Stabilities of
both amplitude and phase of the accelerating
field in the cavities are very important to

prevent an unnecessary beam oscillation. By the

aid of feedback electronics, we largely reduced

fluctuation of the cavity field arising from

various sources.

The construction of the storage ring
started in April 1978. From June 1981, magnet

system and RF cavities were installed in the

ring tunnel and their power test continued until
October. Installation of the vacuum chambers

finished at the end of January 1982.

On February 11, 1982, although the vacuum

chamber had been unbaked yet, and moreover its

water cooling system was not operating, the beam

injection started. Test operation of the stor

age ring was continued till March 18. During

the test operation, we obtained many fruitful
results; the Ring stored 6.5 mA at the nominal

energy of 2.5 GeV, where the beam lifetime was

about four minutes. The stored current exceeded

100 mA at the energy of 1.6 GeV with accumu
lating time less than 10 seconds (the injection
rate was 1 Hz). Some studies for the beam

dynamics were made including the correction of

the closed orbit distortion, measurements of the

betatron oscillations, and study of the beam
loading effects on the RF system. The last 30
hours of the total test operation time of 271

hours were dedicated to make test experiments in
X-ray region using synchrotron radiation.

The scheduled operation started on June
1982 for the research work with synchrotron ra
diation and the run 5 was ended on July 23, 1983
as shown in Table 1.2. During this period, the
storage ring was operated for 96 hours per week,
from Tuesday morning to Saturday morning. Total
operating time reached 1782 hours. Machine time

of 995 hours was dedicated to users in this

period. The rest of machine time was used for

the improvement of the storage ring and commis
sioning newly installed apparatus. Efforts have
been devoted to understanding the properties of
the storage ring. The storage currents has been
increased and the beam lifetime has been im

proved. Assembling and commissioning of new
beam channels, including a channel for mon
itoring and diagnosing the stored beam, were

successfully progressed. At present, nine beam
channels are in operation. The most remarkable
thing during this period was that newly inserted
devices, the superconducting vertical wiggler
and the permanent magnet undulator, had come

into operation since February 1983. An



accelerating storage was also tried in June
1983. Energy of beams went up to 3 GeV, al
though the beam lifetime was very short because
of the RF power limit. At an energy of 2.85
GeV, the storage ring could store the beam
current of 104 mA with a lifetime of 45 minutes.

Except for the run 2, ' the Ring was rou
tinely operated at 2.5 GeV in multi-bunch mode.

So far the stored current record is 250 mA.

Although we have experienced many kinds of beam
instabilities, main cause of present current
limit is a heating problem of the vacuum cham
ber. For the routine operation, stored current
is limited to 160 mA. At the present stage, the
beam lifetime of 8'vlO hours is attainable at

beam current of 100 mA with average vacuum
pressure of 1 x io~^ torr. The injection is
scheduled once per several hours, during which
the average stored current exceeded 100 mA. The

beam charging rate is typically 0.5 mA/sec, so
that a typical filling time is S'^'IO minutes.

Various kinds of beam instabilities were

recognized. Because these instabilities some

times disturbed the stable operation of the
storage ring, it is very important to study

properties of the instabilities and to find the

method of practical cure. So far we have

observed two coupled bunch instabilities arising
from cavity higher order mode resonances. Prop
erties of these instabilities are described in

Section 3.2.6.

Vertical pulsation phenomenon was recog
nized in a beam profile monitor, the signal of
which exhibited that beam size blew up vertical
ly then damped with the radiation damping time
and it repeated almost regularly.

Study with partially filled mode operation
started in June 1983 to diminish the regular
pulsation. However, a different kind of verti

cal instability was observed instead. This

instability sometimes caused beam loss during
injection and a practical cure for this
phenomenon will be described in Section 3.2.7.

Table 1.1 Principal parameters of the storage ring

Energy

Mean radius

Radius of curvature

Number of long straight sections
Number of medium straight sections

Focusing order in normal cell

Field strength of the bending magnet
Aperture

Number of quadrupole magnets
Total magnet power
RF frequency

Harmonic number

Synchrotron radiation loss
Radiated power
RF voltage

Synchronous phase

Number of cavities

Average pressure

Lifetime

Injection energy
Energy width of linac
Emittance of injected beam

Injection rate

Injection time

2.5 GeV (maximum 3 GeV)
29.77 m

8.66 m

2

8

FODO

9.6 kC (maximum 12 kG)

70 X 12 mm^

58

1.0 MW (for 2.5 GeV)

500.0 MHz

312

399 keV/rev (without wiggler)
265 kW (with wiggler)
2.1 MV
79c

4

10"^ Torr
10 hr

2.5 GeV

0.2%

0. 02ir mm mrad

1 - 10 Hz

10 rain

Table 1.2 Beam time statistics

Period Total time User's time Machine failure Average current
(hours) (hours) (hours) (mA)

6/2 V 7/17/82 407 185 23 39

10/21 V 12/10/82 274 121 13 53

1/13 'V' 3/5/83 617 356 34 75

6/7 V 7/23/83 484 333 6 86

IV- 2



2. STORAGE RING CONSTRUCTION

2.1 MAGNET

2.1.1 Storage Ring Magnets

(1) In September 1978, the laboratory made
a contract with Hitachi, Ltd. for the fabrica

tion of the bending magnets and their power
supply for the storage ring. Field measurement
on a prototype bending magnet was carried out in

this year. Field strength was measured with the

Rawson-Lush precision rotating coil magnetom
eter. Detailed study on the prototype bending

magnet showed that the integrated field strength
could be made uniform over the transversal

aperture of 180 mm by using the pole end shims
as well as the radial shims adopted on the pole
tips. The thickness and the width of the pole

end shims were determined so as to make the

region with uniform field distribution as wide

as possible at 10 kG, which corresponds to the
electron energy of 2.5 GeV in the storage ring.

In a dipole magnet of conventional design, the
fringe field exhibits the distribution which can
be approximated fairly well by a sextupolar
field. Since the fringe field changes with

field strength due to saturation of pole tip,

the optimum shape of pole end shims depends on
the field strength. In the storage ring,

however, the operating energy is usually
confined within a narrow range, so that the
method of correction of fringe field by pole end

shims is effective in the present case.
Basic parameters of the bending magnet are

shown in Table 2.1.1. The nominal operating
energy of the storage ring is 2.5 GeV, but the

bending magnet and its power supply were de

signed to accommodate the maximum energy of 3

GeV.

Table 2.1.1 Parameters of the storage ring

bending magnet

Number of magnets

Horizontal good field region

Field uniformity

Pole width

Core length

Overall magnet length

Effective magnetic length

Core weight

Coil weight

Assembly weight

170 mm

2 X 10"

270 mm

1.85 m

2.21 m

1.94 m

0.6 ton

Construction of the magnets at Hitachi,
Ltd. proceeded in FY1979 and thirty magnets were
delivered to KEK at the end of March 1980.

Figure 2.1.1 shows a picture of the bending
magnet. Each magnet was tested magnetically by
the aid of the flip coil magnetometer. Figure

2.1.2 shows measured distributions of integrated

field strength in cases with the optimum shims
and without correcting shims. The distribution

is uniform within ±2 >' lO"'* over the transversal
aperture of 180 mm, and the bending magnet can
be regarded as sufficiently "linear" at 2.5 GeV.
At different field strengths, the distribution

is not uniform as shown in Fig. 2.1.2(b). The
maximum operating energy of the storage ring is

limited by the attainable field strength of the
bending magnet. The electron energy of 3 GeV

corresponds to the maximum field strength of 12

kG. When the operation of the storage ring at
higher or lower energy is required, electrons

are accelerated or decelerated slowly by chang

ing the magnetic field strength and other
operating parameters of the storage ring, since

r

Fig. 2.1.1 Bending magnet.

(0) 00 " 9-7 kG

^0(r,jlds/ ^8(o.i)ds

(b) Bg • I l.S k6

o with shimt

A wMhoul thirKt A without (hims

-i 1 gsn' >-
e 10 0 2

Fig. 2.1.2 Transversal distribution of

integrated field strength of
the bending magnet, (a) =
9.7 kG. (b) B^ = 11.5 kG.



electrons are usually injected at 2.5 GeV.
During the acceleration process, the beam size

shrinks to less than 10 mm, so that the beam

travels in a region of good field distribution.

The power supply for the bending magnets is
transistorized and can deliver the maximum

current of 1500 A at 800 V. The stability is
better than 10 The power supply was produced
by Hitachi, Ltd., and delivered to KEK in March

1981 and installed in the power supply building.

(2) A prototype quadrupole magnet for the
storage ring was fabricated by IHI Co., Ltd. in

1978 in order to verify the field properties
calculated by the computer program LINDA. Field

properties with shims were studied using the

prototype magnet.

After computer study by changing the modes

of beam optics, parameters of the quadrupole
magnets and their power supplies were decided.
Five types of magnets are used with different

field strengths and core lengths, and twelve
power supplies are used. The principal param

eters of the magnets are listed in Table 2.1.2.

Constructions of the quadrupole magnets and
their power supplies were ordered to Hitachi,
Ltd., and production began at the beginning of

1980. The first magnet was delivered to KEK at
the end of March 1980, and tested magnetically.

The aim of making this magnet ahead of the rest
was to check appropriateness of the pole tip

design and to decide the optimum shape of the
pole end shims. Since the quadrupole magnets

Table 2.1.2 Parameters of the storage ring

quadrupole magnet

Magnet type i III V

Bore diameter 110 110 110 110 110 mm

Core length 0.5 0.5 1.0 0.6 0.75 m

Max. field

gradient 1.0 1.53 1.15 1.45 1.23 kG/cm

Max. current 530 913 610 628 727 A

Turn nutnber

per pole
23 23 23 23 23

Resistance 31.9 31.9 53.2 36.1 42.6 rSl

Hax. power
dissipation

9.0 26.6 19.8 24.8 22.5 kW

Water flow rate 5.1 15.2 11.3 14.2 12.9 l/min

Attainable k-value

2.5 GeV 0.593 0.918 1.384 1.044 1.104

3 GeV 0.494 0.765 1.153 0.870 0.920 nt-l

required k-value 0.5 0.8 1.6 0.8 0.8 nt-l

Core weight 648 782 1.564 938 1173 kg

Coil weight 100 110 164 112 131 kg

Assembly weight 0.75 0.90 1.73 1.05 1.30 ton

belonging to different groups operate with
different field strength, and also the field
strengths are dependent on the storage ring

optics, the field strengths of the quadrupole
magnets changes with operation conditions. As
the result of measurements, however, the change

in the distribution of the integrated field
gradient with field strength was small, and the

optimum shape could be determined uniquely,
regardless of the operating field. Comparison

of the integrated field gradient with and

without end shims is shown in Fig. 2.1.3. A

picture of the quadrupole magnet is shown in
Fig. 2.1.4. Two power supply units providing
the maximum current of 330 A at 70 V were

delivered to KEK and settled in the power supply

building as shown in Fig. 2.1.5.

All quadrupole magnets for the storage ring

were delivered in March 1981, and magnetically

tested. These magnets fulfill the required
magnetic properties such as the spatial uni

formity and the field deviation among magnets.

(3) Sextupole magnets are used to com
pensate the chromaticity. There are two sex

tupole families; SF and SD. We use 10 SF sex-
tupoles and 12 SD sextupoles. The parameters of
sextupole magnets are listed in Table 2.1.3.

These magnets have air-cooled coils.

The rating of power supplies is 330 V x 3

A. In future, the present sextupoles should be
replaced by more powerful ones by the time of

operating the ring with low-6 configuration.

The sextupole magnets and power supplies

were fabricated in FY1981. Steering dipole

magnets for the orbit correction were also

fabricated in FY1981.

^8'(r,sld5 / \B(o,s)ds

o with shims

& without shims

-a -S -4 -2 0 2 4 6

r (cm)

Fig. 2.1.3 Transversal distributions of

integrated field gradient of the

quadrupole magnet.
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Fig. 2.1.4 Quadrupole magnet.

Installation of main bending and quadrupole
magnets in the storage ring tunnel began on May

15, 1981 and finished by the end of June. After
two month work of tuning and commissioning of
power supplies for the magnets, the whole magnet
system succeeded in operating at the maximum
rated power. After that, upper cores of all

magnets were removed in order to accoraodate the

settlement of vacuum chambers, and finally in
January 1982 the whole system including vacuum

chambers was completed in final form.

2.1.2 Lattice Geometry

The arrangement of bending magnets and
quadrupole magnets in the storage ring is shown

in Fig. 2.1.6. The lattice consists of two

regular arcs and the insertions matched to them.

The lengths of straight sections as well as
bending and quadrupole magnets are shown in Fig.

2.1.7 for one quadrant. The lattice is sym
metric with respect to the x and y axes. There
are eight medium straight sections of 3.75 m and

3.55 m in length, which accomodate the injection

magnets, the accelerating cavities and the

wiggler magnet. Half of them (3.5 m straight
sections) have zero dispersion, since it is

desirable especially at the position of the

accelerating cavities. One of two long straight
sections of 5m in length, which are located at

the centers of the insertions is used for in

stalling a permanent magnet undulator. The ring

magnet arrangement, as shown in Fig. 2.1.7,
contains the long straight section, the achro

matic bend, the straight section with zero

dispersion, the dispersion suppressor and the

normal cells up to the center of the arc, i.e.,

a symmetric point.
The focusing structure of the normal cell

in the regular arc is a FODO configuration. In
this configuration, the beta values at the
quadrupoles F and D are very different, so that
we can act the correction magnets orthogonally.

Fig. 2.1.5 Power supply units of the
quadrupole magnet.

A sextupole and a vertical steering dipole are

located in the short straight section in the

normal cell. In the same straight section is

also located regularly a holding ion pump, which
exhausts gases desorbed at that location where a

vacuum chamber wall is exposed to intense syn

chrotron radiation. The short straight section

downstream of the quadrupole magnet is opened
for general use except for a button type posi

tion monitor which is regularly located there.
Injection kickers, skew quadrupoles, octupoles
and others are placed in this section, as

needed.

2.1.3 Transport Line Magnets

Bending and quadruple magnets for the
transport line from the linear accelerator were

fabricated in FY 1980. Parameters of the trans

port line magnets are listed in Table 2.1.4.

The general layout of the transport line magnets

is shown in Fig. 2.1.8. Electron beam is

launched to the transport line by means of the
first deflecting magnet (PB), by which the beam
is deflected by 5°.

The beam is bent twice in the horizontal

plane by 15° each through two sets of bending
magnets (BHl and BH2). The separation of two
bends is 50 m, and there is a triplet focusing
system in between. This section acts as the

energy analyzing section or the energy defining
slit. In order to make the energy separation
effective, the optics must be chosen such that
the dispersion is the maximum near the triplet
and the beam size is as thin as possible.
Energy spectrum can then be observed by measur
ing the beam profile at this location. Since
the particles with large energy error is lost
after injected into the storage ring, and the
radiation level outside the storage ring should
be kept as low as possible, unwanted particles
have to be stopped inside the transport line
tunnel. For this purpose, the energy defining



Table 2.1.3 Parameters of sexCupole magnet

Number of magnets

Strength of sextupolar field (B")

Radius of inscribed circle

Core length

Overall length of magnet

Core weight

Coil weight

Assembly weight

Number of turns per pole

Maximum current

Current density

Joule loss

28 T/m

70 mm

200 mm

220 mm

95 kg

30 kg

120 kg

120 A/cm

76.5 W

Table 2.1.4 Parameters of transport line magnets

deflection

a) Dlnole
angle

b) Quadrupole

magnetic

length

0.65 m

1.58 m

k = B'£/Bp(m )

-0.043

-0.023

-0.153

0.119

-0.059

0.152

-0.100

0.153

-0.183

0. 145

-0.253

-0.270

0.169

-0.270

0.268

-0.312

0.075

-0.181

0.405

-0.029
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field

strength

11 kG

11 kG

11 kG

11 kG

11 kG

11 kG
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Fig. 2.1.6 Arrangement of the bending and the quadrupole magnets in the storage ring.
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Fig. 2.1.7 Lattice configuration of one quadrant.
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S : Septum magnet

BHjBV : Bending magnet
QA: Q - magnet

PB • Puise Bending magnet

SM : steering magnet

Fig. 2.1.8 Layout of the transport line magnets.

slit, which is composed of water cooled copper
slit, is set at this location.

Since the floor level of the storage ring

enclosure is higher by 3.5 m than the linear
accelerator housing, the beam has to be bent
vertically with dc vertical bends (BVl and BV2).
The separation of two bends is 27 m and the
slope of the transport line here is about 7.5°.
In the rear end of th transport line,, there is a
horizontal dc bend magnet (BH3) to deflect the

beam into the storage ring injection septa.
The vertical translation section starting

from BVl and ending at BV2 is also a dlsper-
sionless bend. The succeeding section including
the horizontal bend BH3, the injection septa and

six quadrupole magnets act as the matching sec
tion of both amplitude and dispersion functions

of the transport line to those of the storage
ring.



2.1.A Injection Magnets

The septum magnets have a silicon steel

core, while the kicker magnets are the air core

type. They are fabricated in FY198I. Their

specifications are described in Table 2.1.5.
The power supplies of the septum magnet and of

the kicker magnet have essentially the same

structure having pulse forming networks (PFN).
The PFN is charged by means of the resonance
charging method and the charging voltage is
regulated by a de-Q'ing circuit. The switches
which are used in the power supply of the septum
magnet to charge and to discharge the PFN are
made of SCR, while for the kicker magnet, Che
switches are thyratrons.

Table 2.1.5 Specifications of the

injection magnet

septum 1

septum 2

kicker 1

kicker 2

kicker 3

kicker 4

beam

deflection

(mrad)

-3.38

magnet

length
(mm)

1500

peak
field

(gauss)
current

8000

6000

4500

6A00

pulse
width

(usec)



2.2 RADIO FREQUENCY SYSTEM

Synchrotron radiation loss in the PF

storage ring with wlggler is 510 keV per turn
for 2.5 GeV electron. The peak cavity voltage
of 2.84 HV is necessary to obtain a reasonable
quantum lifetime. This voltage is provided with
a set of four re-entrant single cell cavities.
Here, the accelerating frequency is 500 MHz.
The standard RF parameters are presented in
Table 2.2.1 for no wiggler operation.

2.2.1 Accelerating Cavities^

A computer study^ was carried out in 1978
to determine the final dimensions of the accel

erating structure. The computer program SUPER-
FISH was used to design the inner structure of

the cavity. The shunt impedance R^j^ of the
cavity was approximately optimized. The cal
culated results were R^^ = 9.87 and the
quality factor Q = 44,000 for each cavity made
of copper. The calculated values are approxi
mately 10% higher than the values of the actual

cavity. The coupling coefficient B of the input

coupler should be 2.0 to minimize the reflected

power. The maximum wall loss is 60 kW for each

cavity.

Model cavities were made of aluminum prior
to making a final design in 1979. The model
cavity was axially symmetric and, thus, corre
sponded to the calculated one. The resonant

frequency and field distribution of the funda

mental (accelerating) mode were in excellent
agreement with the SUPERFISH calculation. Then,

the 120 mmi}> opening was bored for the input

3 0 rH-S Q ES

n- wAkiSniioe

cp

coupler. The coupling coefficient 6=0 to 3.0
was obtained by rotating the coupling loop
situated at 31 mm from the cavity surface. The
opening and the coupling loop reduced the
resonant frequency by 1.0 MHz. This frequency

shift was taken into account in the final design

of the cavity.
The tuner was necessary to make an appro

priate detuning** of the cavity depending upon
the strength of the beam loading. It was also

used to compensate the temperature effect and

the machining inaccuracy. The tuning plunger

with 70 mm diameter inserted into the cavity by

40 ram increased the resonant frequency by 1.3

MHz, which was enough for the above purpose.

The ceramic vacuum window for the input coupler

was situated at the transition unit from the

waveguide to the coaxial line. The similar
structure was used in the 180 kW klystron, and

gave rise to no problem.
The final design of the cavity is shown in

Fig. 2.2.1. Additional two openings were bored

for the higher-order mode damping couplers. The

necessity of the damping couplers is discussed

in Ref. 3.

Fabrication of the accelerating cavities

began in 1979 and completed by the end of

FY1980. Three main components of the cavity
body were machined from OFHC copper separately.

Water cooling channels were milled into each

component and inner surfaces were then machined.

The three components thus prepared were sil

ver-brazed each other. Here, the water cooling
jackets and nickel-coated transition pieces

(stainless steel) were also silver-brazed to the

cavity body. Finally stainless steel vacuum

flanges were helium-arc welded to the transition

WAVreuiot

Fig. 2.2.1 RF Cavity for the KEK-PF electron storage ring. Two openings will be used
for higher-order mode damping couplers.
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Table 2.2.1 RF parameters of the PF storage
ring (no wiggler).

beam energy

oOBencum coopacEton factor

scandard RF frequency

standard revoluclon frequency

harmonic number

number of bunches

shunc impedance of Che fundamencaJ.
mode (four cavlcleg)

unloaded Q-value of Che fundamencal
mode

coupling factor of Che fundamencal
mode

synchrocron radlaclon loss

cavlcy gap volcage

power dlsslpaced In cavities

quaatum llfecime

synchronous phase

half bunch lengch in seconds

half bunch length In radians

radlaclon damping clme of
synchrocroa osclllacion

synchrotron osclllacion frequency

500.105 MHz

1.60290 MHz

pieces. Maximum deviation of the resonant

frequencies arising from the silver-brazing
process was 0.5 MHz and could be well com

pensated with the tuning plunger?

2.2.2 High Power UHF Klystrons^

A prototype 180 kW klystron was constructed

in 1978. Prior to the construction, a computer
study was made to optimize the design parameters
with which we obtained a high conversion effi
ciency of 62.5% at saturated output with a 40
kV, 8A beam power. After critical tests using
the prototype klystron, the final design was
made. The first high power klystron, Toshiba

E3774, was produced in FY1978 and successfully
delivered the designed RF power 180 kW(cw) at

500 MHz. The bandwidth at -0.5 dB was 1 MHz and

the input RF power was 9W at the saturation.
The output power was extracted by a 120 mm(}i

coaxial line and via a ceramic window trans

mitted into a WR-1500 waveguide system.

Contracts were made with the manufacture to

produce two more klystrons of this type in

FY1979 and one in FY198G. The configuration of
the klystron is shown in Fig. 2.2.2 and the

typical designed parameters^ are given in Table
2.2.2. Calculated result of the electron phase
angle as a function of the normalized distance

is presented in Fig. 2.2.3. RF beam current and

the merit figure are also shown in the figure.
Effects of the debunching frequency to the beam

in the drift space are given in Fig. 2.2.4, both
for the calculated and measured cases, where the

merit figure was used as a calculated effi

ciency. The difference between them seems to be

due to the one dimensional analysis.
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Fig. 2.2.2 180 kW UHF klystron.
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Fig. 2.2.3 Electron phase angle. Normalized
RF beam current, and Merit figure
vs Normalized distance.



Table 2.2.2 Designed parameters of E3774

Frequency

Inscanceneous bandwidth
(0.5 dB points)

Beam voltage

Beam current

RF power output (scacuracion)

EffIclency

Gain (saturation)

Gain (P -180 kW)

Overall length 2.5 m

Rf Input Coaxial type N connector

output MR 1500 waveguide

magnetic focusing field 250 Gaus

Collector and body Hater-cooled

425 l/mi

Focusing coll and cathode Air-cooled

Colculaied Efftdency \/
Meostired Efficiency \i /

-20 -10 0 10

DEBUNCHING FREQUENCY (MHzl

Fig. 2.2.4 Efficiency vs Debunching frequency.



2.2.3 Klystron Power Supplies

The first dc power supply for the klystron
beam voltage was constructed in FYI978. The

prototype klystron was tested with this power
supply which could deliver 50 kV, 10 A at

maximum with a voltage ripple of 0.3% peak-to-
peak.

Control of the output voltage (10 - 50 kV)
was made by an automatic voltage regulator (AVR)
which produced the regulated voltage of 0.8-5
kV ac from input line voltage of 5.6 kV, 34i, 50

Hz. The fluctuation of the regulated voltage
did not exceed ±20 V at an output voltage range
of 3.0 - 4.5 kV, with ±5% input voltage unbal
ance.

The klystron beam voltage was produced by a

conventional full wave (124>) bridge circuit with
a solid-state rectifier and a single stage LC
filter.

The output of the beam supply included a
high-speed crowbar®, using three ignitrons
(MI-3200) in series connection, for the protec
tion of the klystron tube. In the event of a

klystron or a UHF fault, the crowbar operated in
a few ysec and could hold the energy dissipation
in the tube down to a few joules. In such a
fault condition a vacuum contactor interrupted
the primary ac power within 100 msec to protect

the rectifier elements etc.

After each turn-off, the AVR automatically
back to the minimum output voltage setting
before the high voltage can be turned on again.
All interlock status are indicated on the front

panel of the control unit. Remote operation and
the status sensing are capable via computer.

REFLECTED

POWER
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POWER s:
IHTLK

—(iwi rtHl—

CIRL

2.2.4 RF Control System'

The RF acceleration system has the fol
lowing functions:
(1) Accumulate 2.5 GeV electrons from Linac;
(2) Compensate the power lost by the radiation;
(3) Give the power to the cavity necessary to
obtain a sufficiently long quantum lifetime.
The role of the control system is to produce RF
field with proper strength in the cavities
having good stability both on the amplitude and

the phase. The field stability is necessary to

keep the beam stable with long life. The stable

beam is required particularly because its syn
chrotron radiation is dedicately used for the
research works. Second important role of the

control system is that make all items of the
complicated system operate safely and smoothly.

The acceleration voltage is provided with
four single cell cavities installed in the two

straight sections in the ring, correspondingly
we have two RF stations. Each contains one

klystron and a low level control system. We

present here an outline of the low level control

system and give a brief description on some
important elements in the system. Figure 2.2.5
shows the block diagram of the low level system,
the outline of which is:

(1) Give a proper phase combination to the
cavities. Phase adjustment was made by an
electronic phase shifter located just before the
feedback loops in each station (STATION PHASE in

Fig. 2.2.5);
(2) Maintain the synchronous phase constant.
The phase of the klystron output must be stable

against various phase changing effects. The

-IS-[

IwiTTzi-fS^Hel-.L h 'c

PHASE STABLE CABLE

CAVITY 3-S-f7Wn-'SKVn

[cavity.TAl.

PHASE STABLE CABLE

2.2.5 Functional diagram of the control system.
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loop is closed by sampling the signal from the
directional coupler (-55 dB) located before the
cavity (KLYSTRON PLL). Phase stable cables,
SFZE 50-7-P, are used as the feedback cables and

phase relations among them at 500 MHz was
trimmed carefully;

(3) Stabilize the klystron output voltage with
an automatic gain control loop (AGC);
(4) Cancel the reactive component induced by the
beam and the effect due to the temperature
change. The tuning control'* is made by the
voltage corresponding to the phase difference
between the input and the sampled signal of the
cavity (TUNER LOOP);
(5) Compensate the beam loaded power (see
Section 2.2.5).

Electrically variable phase shifters were
used as the control elements in the phase lock
loops and to give proper phase in each station.
The phase shifter with wide variable range was
built using varactor diodes employed as the
terminating elements of the hybrid couplers.
Figure 2.2.6 shows the phase response as a func
tion of the control voltage. Figure 2.2.7 is a
polar display at 500 MHz showing 360" phase var
iation with given control voltage of 12 volts.
Insertion loss was about 10 dB and the maximum

rate of phase variation was I deg/100 ns.
Phase detector which produces dc voltage

proportional to the input phase difference

having a wide dynamic range was designed and
built for the phase lock loop and for the cavity
tuning loop. The phase detection range was from
10® to 350° with error smaller than ±1°, and the
sensitivity was 10 mV/deg. The dynamic range of
this phase detector was approximately 70 dB.

INSSHTION
LOSS

CDNTOOL (VOLTSJI

Fig. 2.2.6 Phase and insertion loss as a
function of the control voltage,

Fig. 2.2.7 A polar display on the network
analyzer showing ±180® phase
variation. The control signal
was sin-wave whose peak voltage
was 6V.

2.2.5 Computer Control of the RF System

An automatic operation of the entire RF

system was completed in 1982. Many items of

interface circuits to manage all apparatus were
installed. Softwares were developed for Che
fully automated routines providing following
functions:

(1) Operate the apparatus under normal sequence;
(2) Control the RF power of the klystrons and
feed proper power to the cavities;
(3) Monitor the RF power levels, the vacuum
pressures, etc. and record them. Give warning
or terminate operation if necessary;

(4) Start up the entire system under regular
sequence, when the system tripped off.

As for the correction of the beam loaded

power in the cavities, we had planned the use of

an automatic gain control loop to adjust di
rectly the cavity voltage. Sometimes, however,
this system increased the RF power despite a bad
vacuum condition. Therefore we took the com

puter aided method chat the klystron output
power was brought to a proper value so as to

keep the cavity voltage constant against beam
loading. This value is calculated by reading an
ADC signal from the current monitor every ten
msec. As long as the entire system is working
correctly, all cavity voltages result in approx
imately equal value and are maintained constant
at any beam current. At any increment of the

klystron power, the computer carefully increases
while monitoring the status particularly the
vacuum pressures in the cavities.

2.2.6 Higher-Order Mode Resonances^^ of Che
Accelerating Cavity

It is well known that the bunched beam

instabilities can be driven by cavity-like
objects. The possible beam instabilities for
the PF storage ring were discussed by Takata?
It was expected that the low-Q component of the
cavity and ring impedances are small enough to
store the designed beam current of 500 mA for
the multi-bunch operation. However, serious in-



stabilities of the coupled bunch oscillations
may arise from the high-Q Impedances in the
cavity. Thus the higher-order modes in the
accelerating cavity were studied by using the
model cavity.

Resonant modes possible in an axially
symmetric cavity are designated by TMO, TEO and
HEM \) ( V ^ 1). The TMO modes can cause the

longitudinal instabilities. The transverse
coupling impedance defined by^''

p+d/2
(t + V X B)x ej^^dz

Zx = lim j -d/2

has been widely used in the studies of the

transverse bunched beam instabilities. Where k

is the wave number oj/c. The deflecting mode is
excited by the beam current I displaced from the

equilibrium orbit by an infinitesimal amount A.
Then eZx • lA is a transverse momentum impulse
received by a relativistic electron transversing
the cavity of the length d.

Fifteen resonances were observed up to 1300
MHz, and mode assignments were made for all of
the resonances. Field distribution were meas

ured for the TMO and HEMl modes with a technique
developed by Maier and Slater. The measured

data were used to determine the shunt impedances
for the TMO modes and the transverse coupling

impedances for HEMl modes. The procedure
is detailed in Ref. 3. The results are listed

in Table 2.2.3. The present experimental
results for the TMO modes were in excellent

agreement with the SUPERFISH calculation.
The growth rates of the longitudinal and

transverse coupled bunch oscillations were
estimated from the present experimental results
(Table 2.2.4). The estimated growth rates for
observed resonances were faster than the radia

tion damping rates. Thus it is necessary to

develop a device to avoid the instabilities.

Two openings were prepared in the cavity to damp
the higher-order mode resonances (see Fig.
2.2.1). Coupling loops and antennas were tested
in the model cavity. Details of this test is

presented in Ref. 9.

2.2.7 Cavity Powers and Phases

First beam trial for the RF acceleration

began on March 5, 1982, with an electron energy

of 1.6 GeV. A beam current of 5 mA was stored

on the same day. During 1982 a stored current
of 250 mA at 2.5 GeV was achieved with the

multi-bunch mode. We present here an example of
operational powers and phases actually given in
the cavities which exhibits how the control

system works. Measured RF powers are plotted in

Fig. 2.2.8 as a function of the stored beam

current. Solid circles are the klystron output

power Pg which we measured with the power meter

Table 2.2.3 Observed resonant frequencies, Q-values and coupling impedances of the KEK-PF

cavity. Comparison is made with the calculation by SUPERFISH. The Q~values
expected for the copper-mode cavity are calculated by using the ratio

^calc ^"^exp fundamental mode. Units of impedances are and n/m
for TMO and HEMl modes, respectively.

Mode FrequfiDcy

Asilgnmenc Exp. C«ic.

TMCH- 499 .3 499.7

TOO+ 756.4 758.9

TH(H- 1032.2 1032.6

TMO+ 1299.9 1300.0

TEO- 979.4

IIEMI- 689.0

IIEHi-f 829.3

IIEMI- 1070.0

UEH1 + 1137.9

IIEKl- 1245.0

« > 2 862.0

1060.4

1094.6

1269.4

1293.2

23,000 ('^4.000) 44,000

19,000 37,000 37,000

17,000 34,000 36.000

SB.000 112.000 97.000

43.000 83.000

23.000 43,000

29.000 36.000

21.000 40,000

23,000 43,000

49.000 93,000

27,000 53.000

29,000 57,000

24.000 47,000

21,000 41,000

36,000 111,000

rv- 15

it/q ((] or n/m) n

Exp. Calc. (MO or HO/m)

220 t 6 222 9.67

62 t 2 81 3.02

0.34 i 0.11 0.19 0.01

10.9 1 0.8 12.0 1.16

< 22

207 t 33

666 t 31

6 1 3

< 34

<1

12 t 2

27 t 1

0.3 t 0.2

<3



Table 2.2.4 Elatios of the growth-rates of the bunched beam instabilities

to the radiation damping rates.

Frequency (MHz)

1052.2

1299.9

1070.8

1137.9

1245.0

attached to the directional coupler just after

the klystron output port. Open circules are the

cavity dissipation power Pc obtained from the
pick-up signals of four cavities. These values
are all calibrated with the temperature raises

of the cooling water. The curves indicated 1.0

in the figure are the calculated values with a
given quantum lifetime of 4 days. The values
with 1.1 mean the case that the Pc is increased

by 10% from the power of 1.0. In both cases the

Pc's were kept constant against the beam load
ing. The deviation of the cavity voltages among
four cavities were all properly given within

±1%.

Because the acceleration phase is about

80", the phase deviation of 1" among cavities
gives 10% difference of the beam loading in the

cavities. Measuring the beam loaded power of

each cavity, we found that the phase deviations
were within ±1.5".

2.2.8 Damping Time of the Coherent Synchrotron
Oscillation and its Frequency^^

As mentioned in the previous section the

cavity power Pc was controlled to be approxi

mately constant at any beam current, and the
tuner control loop automatically compensated the
reactive component of the beam induced field in

the cavity. Under this condition, we excited an
weak beam phase oscillation by applying an
external perturbation to the accelerating
cavities. Then, we observed the beam response

on the signal from the position monitor. Thus,
we measured the damping time constant Tg of the
coherent synchrotron oscillation (mode )j=0) and
also its frequency fg.

Growth-rate (m ) Am t
s e

Am or Am or Am t,

o 100 j-

STORED BEAM CURRENT(mAJ

Fig. 2.2.8 The klystron power Pg and the
power P^ as a function of the
stored beam current.
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Data of the are presented in Fig. 2.2.9
as a function of the stored current at a beam

energy of 2.5 GeV. Here, the cavity power Pc
was 90 kW always. Measurement was also made at

2.3 GeV. In this case, the klystron power Pg
was kept constant. Therefore, the cavity power
Pc changed with the stored current. Observed

damping in both cases was much stronger than the
Robinson damping which takes into account only
the impedance of the cavity fundamental mode
with detuning effect. Observed is shown in

Fig. 2.2.10 at E = 2.5 GeV with calculated

curves using the Robinson damping mechanism.
For further details read Ref. 12.
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Testing a higher-order mode dumper.
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Fig. 2.2.9 Observed values of the damping
time Tg of the mode y = 0; E =
2.5 GeV and V^ = 1.73 MV. Solid
curves represent the calculated

damping times by the cavity fun
damental mode with the radiation

damping. Dashed curves are the
dampings including a model im

pedance at 2.0 GHz.
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Fig. 2.2.10 Observed values of the synchro
tron frequency f^ at E = 2.5 GeV
and V^ » 1.73 MV. A solid curve
indicates the expected value from
the effects of the cavity funda
mental mode. A dashed curve is

the combined effect with the

2.0 GHz resonance.



2.3 VACUUM

2.3.1 Bending Magnet Ducts

In April of 1978, the fundamental designing
of the vacuum system for the 2.5 GeV electron
storage ring was started. In designing the
vacuum duct, we chose aluminum alloy as the main
material of the beam duct because of its high
thermal conductivity and high versatility in
manufacturing the duct by extrusion method. The
tube of the duct for the bending magnet sections
(B-duct) was made of aluminum alloy A6063-T1.
The cross section of the tube is shown in Fig.
2.3.1. The tube had additional space for a
distributed ion pump (DIP) and a cooling water
passage. After an extrusion and cutting pro
cess, each tube was bent with a radius of 8.66 m

at the center of the beam space of the tube so
as to fit the beam orbit in the bending magnet
section. The accuracy of the tube was good
enough. The errors in dimension were within the

tolerance of ±0.2 mm in cross section and ±1 mm

in curvature, respectively.

Fig. 2.3.1 Vacuum chamber of the bending
magnet with argon discharge

cleaning electrodes as shown

by two dots.

We prepared several kinds of DIP electrode

units with different cell diameter and made

performance tests for each unit. It was

concluded that the cells of 14 mm diameter was

the best one. Four units of the DIP electrodes

were connected with each other as train and pre-

assembled before insertion into the tube. For

separation of the DIP unit from the beam space,

a plate with many holes which was composed of

the side wall of the DIP unit was inserted along

the grooves in the tube. The necessary numbers

of the DIP electrode unit with same cell size

were manufactured by the end of FY1978.

A prototype of the B-duct was manufactured

in 1979. Both ends of the tube had shape

transition pieces from the cross section of the
B-tube to the Q-tube. Stainless steel com

ponents were mounted on the aluminum tube by the

plate and weld method. The light exit port was

welded on the B-tube by the electron beam

welding technique in order to avoid thermal
distortion generated in TIG method. The crotch

between the light exit port and the beam tube is

protected by a replaceable synchrotron radiation

absorber which was set in front of the crotch

and cooled by water. This replaceable absorber

can make restriction free both selection of

absorber materials and manufacturing the crotch.
So we adopted copper as a absorber material.

In 1980, twenty vacuum ducts for bending

magnet sections were manufactured. Sixteen

ducts had a standard light exit port. The exit
port width is 80 ram and it corresponds to 40
mrad divergence for synchrotron radiation. Four

ducts had no light exit port and applied to in
jection magnet region.

In 1981, four kinds of B-ducts were manu

factured. The first of them had a light exit

port which has a wide aperture of 53 mm in

vertical direction. Two ducts of this kind are

used to transmit sjmchrotron radiation generated

in the vertical wiggler and in the undulator,

respectively. The second has a wide aperture of

188 mm in horizontal direction and will be used

for a horizontal wiggler. The third is four

ducts with standard light exit port. The forth
is a duct with no light exit port.

2.3.2 Quadrupole Magnet Ducts and Other Ducts

In 1979, designing of the duct for the
quadrupole and sextupole magnet sections
(Q-duct) was started. The connecting position
between the B-duct and the Q-duct is irradiated

by synchrotron radiation as well as in the

B-duct, so any connecting flanges could not be
adopted at the position. We decide welding on
site of both kinds of the ducts by using dia
phragm welded on the end of both B and Q ducts.
The main material of the Q-duct was aluminum

alloy A6063T-5. The cross section of the tube

was modified octagon resembled ellipse, and

cooling water passage and groove for the heaters
were integrated. As in baking process ducts of
the whole ring will expand in 55 60 cm in

circumference, the number of necessary bellows-
were about 100. Aluminum bellows were just

developed but, at that time, welding of them was
very difficult on the aluminum tube. The

adopted bellows were made of stainless steel

SUS-316L by pressure forming method. The aper
ture of the bellows were same as the aperture of
the Q-tube, and the connecting flanges had same
opening cross section, because of minimizing RF
impedance, Franges as well as the bellows were

made of stainless steel because commercially
available vacuum components have stainless steel
flanges. We tested transition materials between

aluminum alloy and stainless steel. First one
was made by plate and weld technique, second was
exploding clad and third was roll clad.

The Q-ducts were also manufactured in 1980.

The upstream end of the ducts to be connected to

tbe B—ducts had an aluminum diaphragm for
welding on site. Exhaust ports arranged on the
Q-duct had slits so as to decrease RF power
excited by bunched beam. Franges and bellows



made by stainless steel were welded by using
exploding clad. All of the position monitors
were built in the duct by welding.

All of the vacuum ducts for the beam

transport system were manufactured in 1980. The

ducts and chambers for bending magnet sections
were made of stainless steel (SUS 304).

2.3.3 Pumping System and Operation

In 1981, five roughing pump stations and
ducts in long and middle field-free-sections
were also manufactured. The roughing pump
stations consists of a rotary pump, a turbo-
molecular pump, a pneumatic gate valve, an angle
valve and a manifold chamber. The chamber is

coaxial in structure; the outer tube has six
flanges for the beam ducts, pumps and vacuum
gauges. The inner tube has a cross section

similar to the ordinary vacuum duct in the field

free sections to prevent the generation of RF
powers excited by bunched beam. To evacuate
inside of the inner tube, it has 72 open slits
along the beam orbit. The effective pumping
speed at the roughing pump station was estimated

to be 140 £/s. Four chambers for the kicker

magnets and two chambers for the septum magnets
were also manufactured.

A sputter ion pump controller was developed
in 1980. It could satisfy the requirements of
compactness, remote control with degital I/O and
electric characteristics. An ionization gauge
controller was developed. It consists of power
supply, emission controller, auto range head
amplifier and local command box. The last

should be replaced by multiplexer in practical
use.

Before the installation of the ducts, bar

heaters were set in the groove on the side of

the ducts and the ducts were wrapped with
aluminum foils and aluminized-embossed Kapton
films for baking of the ducts in autumn of 1981.

Upper parts of the bending, the quadrupole and
the sextapole magnets were removed when vacuum

ducts were assembled on the magnet poles. After
setting the ducts, the B-ducts and Q-ducts were

welded together through the pre-welded aluminum

diaphragm. Leak test for the ducts was ended
before the removed part of the magnet set on the

correct position. Sputter ion pumps and vacuum

gauges were mounted on the duct. The other
ducts and chambers were set in the ring. On the

end of January in 1982, leak test for the whole
rings finished and the Ring was evacuated by
roughing pump only. Cold cathode gauges newly
developed were mounted on the roughing pump
stations and middle points between the pumping

stations. The first beam for the Ring from the

Linac was stored in February 1982. Pressure

burst was caused by synchrotron radiation and by
lost beam colliding with walls of the vacuum
ducts. Pressure rose up to by two orders of
magnitude.

In spring shut down in 1982, we set syn
chrotron radiation absorbers for the crotch.

This prototype absorber was copper place brazed
on cooling Cube made of stainless steel. This
absorber is simple and practically available in
stored current of 250 mA. After we accumulate

experiences of erosion of the aluminum duct

caused by water quality, we will re-design the
absorber as second version. Vie baked the whole

ring in which aluminum ducts were baked at 150°C
or lower and stainless steel components baked at
250®C or higher. Expanding ducts in baking

process come back to be correct position as to

be expected. In June and July operation, beam

energy was 2.2 GeV and the pressure gradually
decreased. We tried argon glow discharge

cleaning (ArGDC) of the whole ring ducts in
summer. In autumn run, the machine was operated

at 2.5 GeV. The pressure change is shown in

Fig. 2.3.2, where the pressure is normalized by
the stored current and abscissa shows integral

stored current. The ArGDC effect is obvious in

lower power operation (1.3 watt/mrad on Che duct

wall at 10 mA) and obscure in higher power
operation (10 watt/mrad at 80 mA or more).

In this run, beam lifetime abruptly de

creased while pressure measured by the gauge

continuously decreased. This phenomena kept
occurring through the run. In the end of the

winter run in 1983, this abnormal decrease of

the beam lifetime could be diminished by appli

cation of negative potential on the electrode

for the ArGDC which was mounted on the sepa

ration plate of the DIP. The reason could not

be understood correctly but the beam lifetime

was improved considerably without abrupt de

crease (Section 3.2.5).

In spring shut down in 1983, we set the

titanium getters in the neck of the pumping port

of the Q-ducts. Baking power in B-ducts was
increased by additional heaters. The increased

pumping speed and reduction of outgassing rate

improved pressures in the beam operation and the
beam lifetime increased to 8 hours in 100 mA

storaged.

ifii^

Installing the bending magnet duct.
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2.4 BEAM CHANNEL

2.4.1 General Description

The front end of each beam channel, which
is located inside the shielding wall, was
designed to use both vacuum ultra violet (VUV)

and X-ray parts of synchrotron radiation (SR)
for many fields of science and technology. The
front end must meet the following requirements;
(1) sufficient horizontal aperture of synchro
tron radiation to make several experiments
simultaneously, (2) protection of the storage
ring vacuum against inrush of air or pollution

with gaseous materials caused by an inadvertent
downstream operation, (3) protection of per
sonnel from radiation hazards and (4) bridge the
possible pressure difference between the ultra

high vacuum of the storage ring and a variety of
pressure of experimental apparatus.

The design study of the front end was made

in FY1978 with collaboration from the beam

channel working group (leader, T. Ishii). The

source points for beam lines from normal bending
magnets were chosen to be 3.93® upstream from
the center lines of bending magnet blocks.

Because of spatial limitations arising from an
adjacent quadrupole magnet on the straight
section in the storage ring, roost of the front

ends were designed to extract synchrotron
radiation of 40 mrad in horizontal aperture at

the exit port. The PF-ring has 24 beam exit
ports in all. Until now seven beam lines (BLl,
BL4, BLIO, BLll, BLI2, BLiS and BL21) from
normal bending magnets and a beam line for an
undulator (BL2) have been in operation. The

front end for the vertical wiggler line (BH4)
has been installed. The working group joined in
installation of the front end for each beam

channel.

Figure 2.4.1 shows a typical layout of a
front end} The vacuum protection system con
sists of a fast closing valve (FCV) and an
acoustic delay line (ADL) together with an
pneumatic isolation valve. A beam shutter is
installed for the purpose of personnel protec

tion against radiation hazards. A water-cooled
light absorber serves for protection of the beam
shutter and the valves from overheating due to

intense radiation. These protection components

are sequentially controlled with an interlock
system. A manual valve, which is normally kept

open, is necessary for venting the front end
without breaking the storage ring vacuum. The

vacuum in the front end is to be kept in the
same order (10"^*^ to 10~® Torr) as that of the
storage ring. All components on the front end,
made of stainless steel and copper, were chemi

cally cleaned before installation. They are

bakable up to 250®C. A 170 i/s turbomolecular
pump is used for each front end for rough

pumping during bakeout. Four 110 l/s triode ion
pumps and two titanium sublimation pumps are

FRONT END OF BEAM LINE

iptHICS
/'AS'

rn Kt-A-LlCS .STOLXtJiON

——^"5^—hib't-® 11 (ih-* •'"in——e -e-^-O I TRAN5ITIW !ue,
♦Q'HI (km s-iAJE"

aRJEL^WTiC VALVE FAST ClO§ir|g \ALV|
nf .^COg^TlC CCLfit

I I f LiWZ
I PNCUAATIC

CM J'CJTTER fuGE { 5 valve

ssffsr -Eiil 01- -

Fig. 2.4.1 Schematic layout of the front end of a Photon Factory beam line.
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installed for the main pumping.
In the VUV beam lines the front end is

split into three or four branch lines by de
flecting mirrors. In the X-ray lines beryllium
window assemblies with different sizes are

attached at the downstream termination of the

front end. Since many masks and diaphragms are
inserted into the optical path of the front end,
synchrotron radiation of 30 mrad in horizontal

aperture is finally supplied to the experimental
area through 12" beam pipes with 14" conflat
flanges. This aperture is sufficient for three
or four branch lines.

2.4.2 Construction of Front End Components

The acoustic delay line (ADL) is used to
delay the rapid propagation of a pressure front
caused by the rupture of a beryllium window or
an inadvertent downstream operation in a beam
line. The present ADL is a stainless steel tube

31 cm In diameter and 200 cm in length loaded
with an array of nine conical diaphragms each
having a rectangular aperture. Prior to practi
cal installation, the performance of the ADL was
tested in FY 1979. A gas reservoir of 80 liter
was connected to the 151 liter ADL. N2 gas or
air in the reservior was quickly introduced

through a fast electromagnetic valve. Pres

sure-rise time was measured at the front, middle

and end ports of the ADL using Schulz gauges.
Figure 2.4.2 shows the transit (delay) time in
an ADL with an aperture of 15 mm * 55 mm as a

function of the pressure in the reservoir.

Here, the transit time is defined as the time

required for the pressure front of 1 x 10"^ Torr
to pass from the front port to the middle (the

lower curve) or the end (the upper curve) port
of the ADL. The result for air is almost the

same as that for N2 gas. The curves obtained
show remarkable dependence on the pressure in
the reservior. The transit time at 760 Torr is

160 msec at the end of the ADL. At the middle

port, it is 27 msec. Measurements were also

performed on an ADL with a wide aperture of 15

mm X 120 mm. In this case, the transit time at

ACOUSTIC DELAY LINE

3 DryN2
A Air

PRESSURE IN RESERVOIR <Torr)

Fig. 2.4.2 Pressure dependence of the transit
(delay) time in the acoustic delay
line.

760 Torr was 94 msec. Similar measurements were

made for N21 Ar and He gas, and various pressure
fronts. With this type of the ADL, the transit
time is long enough to actuate the FCV before

the pressure front reaches the storage ring

doughnut. The final dimensions of the ADL were

determined in such a way that a transit time

greater than 40 msec can be expected through the
whole beam line on the basis of the present and
related data.

The fast closing valve (FCV) in which the

driving force is obtained from compressed air
instead of a spring mechanism was designed and
fabricated in FY1980. Figure 2.4.3 shows an

assembly drawing of the present FCV. A 140 mm *

17 mm aperture was chosen to provide sufficient

clearance for a diverging 35 mrad of synchrotron
radiation. The valve is UHV-compatible and

bakable up to 250^0. The length between the
side flanges is 330 mm and a stroke of the valve

plate is 25 mm. The major structure of the FCV,
except for the actuator, is similar to that con

structed at NSLS. An air cylinder with two in
lets indicated as (A) and (B) in the figure is
mounted on the valve chamber. In the closed

position, the upper part of the cylinder is
filled from (A) with air compressed to 4 atms.
The piston is pressed onto the shock absorber of

polyurethane rubber at the bottom of the cyl

inder. To open the valve from the closed state,
air compressed to 5.5 atms is introduced from

(B) into the lower part. By properly setting
the pressure difference between the sides of the

piston, the valve plate can be lifted to the
open position. Closing the valve is accom

plished by rapid release of the compressed air
from the lower part of the cylinder using an
electromagnetic cock. The total closing time
was measured to be 40 msec with the inclusion of

trigger response time.

Stnchhotron

HAOIflTION

Fig. 2.4.3 Schematic diagram of the fast

closing valve.

The light absorber intercepts a synchrotron
radiation beam before the valves and the beam

shutter are closed. Since it receives high
power of an intense photon flux, it is made of a

copper rod and is directly cooled with water



flowing the inside. The absorber assembly,
mounted on a vacuum chamber, is driven by an air
cylinder. Because of the requirement for a
highly reliable motion, the actuating system was
designed to remove fine dusts in the compressed
air by using a series of two filters.

The safety beam shutter stops high energy
radiation caused by a beam loss during injec
tion. A 250 mm wide * 55 mm high 400 mm thick
stainless steel block is used as a beam stopper.

2.4.3 Beam Splitting Mirror

Reflectance spectra and angular distribu
tions of scattered light of various test mirrors

were measured using synchrotron radiation from

400 MeV electron storage ring at ISSP, Universi
ty of Tokyo, in the autumn of FY 1980. The

mirror materials were chemical vapor deposited
(CVD) SiC, Si, Cu, fused quartz, zerodur, pyrex
and stainless steel. The reflecting surface was
finished by different methods such as optical
polishing, lapping, diamond turning-lathe

machining and elastic emission machining. The
measured spectra gave useful information for the

design of beam splitting mirrors and other
optical elements which require high reflectivity
and low light scattering in the VUV region.
Figure 2.4.4 shows the reflectance spectra of

the small SiC mirror for S-polarized light. The

spectra exhibit high reflectance, having a
rather flat profile on the long wavelength side

of the Si 2p threshold. The result of the

measurement led us to use CVD-SiC mirrors as

100 200 300 400

WAVE LENGTH lAI

Fig. 2.4.4 Reflectance spectra at various

angles of incidence for CVD-SiC.

beam splitters on the VUV beam lines. Planar
mirrors as large as 400 170 40 tmn^ have been
used in order to split synchrotron radiation

into the grasshopper and constant deviation
monochromators. Another flat mirror 250 * 100

40 mm^ in size has been utilized as a
prereflector for a Seya-Namioka monochromator of
a vertical dispersion type.

2.4.4 Beryllium Window

There are several kinds of methods for

joining a thin beryllium foil to a frame. We
examined both the electron beam braze-welding

and direct electron beam welding. Because of
reliability, the former method was employed. To

join a cleaned beryllium foil to a copper frame,
a filler of silver-based alloy was placed in

between. The assembled frame was heated by
electron beams in a special vacuum chamber until
the filler melted. The electron gun was operat

ed typically at 5 kV and 20 mA.
Three kinds of windows, with different

apertures, were prepared for the X-ray beam
lines in FY 1981. Figure 2.4.5 shows the window

assembly for an X-ray beam up to 6 mrad in
horizontal aperture. The beryllium foils are
0.2 mm in thickness. The window area is 64 mm

in width and 12 mm in height. In order to with-

Fig. 2.4.5 Schematic diagram of the double
beryllium window assembly.

stand both the heat load caused by synchrotron

radiation and the pressure difference between

the front end vacuum and experimental apparatus,
the double-beryllium window type was adopted.
The upstream window is attached to the 6" flange

of the beam splitting separation chamber and
faces an UHV environment. The cross-shaped pipe

is evacuated with a 60 l/s ion pump to 10"^
Torr, independent of the beam line. The temper
ature rise of the window is estimated to be

at the center when the storage ring is
operated at 500 mA and 2.5 GeV? The beam pipes
from the downstream windows to experimental

apparatus are filled with purified He at 760
Torr. Hence, the downstream window has to bear

the He pressure. On the other hand, it is
exposed to small thermal loads because the

upstream window absorbs about half of the total

power of synchrotorn radiation.

2.4.5 Beam Line Commissioning

In the end of FY 1981, the front end of the

beam line 11 (BLll) planned for solid state
spectroscopy in the VUV and soft X-ray regions
came into operation. It was tentatively used
for beam monitoring during the test operation of
the storage ring. The front end was evacuated

down to 10"^ Torr without baking by three 270
l/s turbomolecular pumps in this period. A
small silicon carbide (SiC) mirror and a thin

beryllium window were installed in a separation
chamber to observe the visible and the X-ray
parts of synchrotron radiation, respectively.



The visible light reflected by the SiC mirror
was monitored by a photoraultiplier and a TV

camera. Signals from the photomultiplier gave
useful information on the ring operation espe
cially when a stored current was small at the

initial stage of the test operation.
Even when the storage ring was operated at

an energy of 1.7 GeV with the stored current of

10 mA, the beryllium window transmitted X-rays
intense enough to take Laue patterns from a
silicon (111) single crystal.

In the beginning of FY1982, four beam
lines, BLIO, BLll, BL12 and BL15 were completed.
The front ends were evacuated down to an average
pressure of 5 * 10"^*^ Torr without an electron
beam in the storage ring. This ultra high
vacuum was attained by baking at an average

temperature of 250''C for about 30 hours. BLll
and BL12 are for VUV experiments. The front end

for BLll is split into four branch lines,
equipped with a Seya-Namioka, a grasshopper, a
constant deviation and a two-crystal monochro-
mator. The front end for another VUV beam line

(BL12) is split into three branch lines,
equipped with a Seya-Namioka, a 6 m normal

incidence and a 10 m grazing incidence monochro-
mator. BLIO and BL15 are exclusively used for
X-ray experiments such as, structure analysis,

EXAFS, X-ray topography and so on. Three kinds
of double beryllium window assemblies with

different apertures are connected at the down
stream termination of each front end to isolate

X-ray experimental apparatus from the ultra-high
vacuum of the front end. They are able to
provide synchrotron radiation of 2, 4.5 and 6

mrad in horizontal aperture to experimental
stations. Each beryllium foil is 0.2 mm thick.
Beam pipes on the branch lines are filled with

purified helium at 760 Torr to protect the
beryllium foil against oxidization and to avoid

absorption of X-ray by air. Temperature rise of
the water-cooled beryllium window flame was by
only 20 degrees with the stored beam current of

180 mA at 2.5 GeV.

In the first half of FY19a3, the front ends

of further four beam lines (BLl, BL2, BL4 and

BL14) were installed. BLl was constructed as a

joint work between the Photon Factory and the

Electrical Communication Laboratory, Nippon
Telegraph and Telephone Public Corporation. BL4

is the third X-ray beam line from a normal

bending magnet. Three double beryllium window
assemblies with horizontal apertures of 3, 6 and

6 mrad are connected at the downstream termina

tion of the front end. Unlike in BLIO and BL15,

the branch beam shutters as well as the front

end are installed inside the shielding wall,
which gives the advantage that a shielding hutch

inclosing the branch beam shutters is unnec
essary anjrmore. BL2 is a beam line for an

undulator installed in the long straight section

between the bending magnets B1 and B2. BL14 is

a beam line for a vertical wiggler installed in

the medium straight section between the bending
magnets B13 and B14. Details of the undulator
with the inclusion of the beam line and the

wiggler itself are described in another sec
tions .

References

1) S. Sato, T. Koide, Y. Morioka, T. Ishii, H.

Sugawara and I. Nagakura: Nucl. Instr. and
Meth. 208 (1983) 31.

2) I. Nagakura: KEK 81-17 (1982) (in Japanese).

hJl P -jk£i\

Mi
i,

\ . •:

View of front ends installed within

the ring tunnel looking downstream.



2.5 CONTROL AND BEAM MONITORS

2.5.1 Control System

The computer network system controls the
electron storage ring along with its injection
line from the Linac. The network consists of a

library computer (FACOM M-200) and several mini

computers (AICOM C-6). These mini-computers
have been involved in various tasks such as

setting magnet current, collecting status data

of vacuum system, testing and controlling the RF
system, taking orbit data with beam position

monitors and regulating the interlock monitors.
Logging data from each mini-computer are sent to

the data base in the library computer.
Figure 2.5.1 shows a schematic diagram of

the on-line network system. The control lan

guage, PFO-BASIC, is developed to cover most of
required functions. It is based on an extended

BASIC and has additional features such as

network handling, real time processing commands

and CAMAC drivers. The CAMAC system interfaces

between computer and instruments: accelerator

control devices, computer peripherals and net

work communication circuits.

The on-line software protocol, PFX has been

developed for communication within the network.

N:N communication is possible using PFO-BASIC.

Besides the on-line data handling, the library

computer has been used for off-line data pro

cessing and general scientific computation via
its TSS terminals.

(110 ch)

^LIBRARY
624B

FEP; front end
processor

EXC: message
exchanger

?77X'. CAMAC

MAG VAC SAFETY

Fig. 2.5.1 On-line network system.

2.5.2 Beam Monitors

The beam monitors listed in Table 2.5.1 are

currently serving the storage ring and its in
jection line. All of them are designed so as to
be bakable in either high or ultra-high vacuum.
Their output signals are first collected in one
monitor station where some of them are prepro-

cessed before being sent to the control room.
The connection between the monitor station and

the control room is made with either optical
fibers or direct hardwiring respectively for

digital or analog signals.

Table 2.5.1 Beam monitors.

BEAM MONITOR UNIT NO. OF UNIT

INJECTION LINE

(1) Current transformer
(2) Profile screen

(3) Multiwire SEM

STORAGE RING

(1) Position monitor
(2) Fast current transformer
(3) DC current transformer
(4) Synchrotron light monitor for

a. Full profile image
b. Projected profile
c. Tune parameters
d. Bunch structure

(5) Loss monitor

(1) In the injection line, the beam mon

itors are sealed inside the vacuum chamber which

extends over 150 meters from the switchyard to

the Ring. Beam current is measured with current
transformers at all the bending points of the

line. Each current transformer (CT) has a

winding of 25 turns on a toroidal core made of

permalloy tapes and a set pf damping resistors
silver-soldered on the wire for compensation of

the pulse shape. All the CT's are insulated
with glass tapes which were baked in the vacuum
and everything is enclosed inside the vacuum

chamber. The signals from the CT's are fed to
local amplifiers and the output signals are

transmitted to the control room.

Beam profile is observed with fluorescent
screens inserted in the beam line. Each profile
screen is made of a chromium-doped alumina

plate, which is commercially available
(Demarquest Co., France). The plate is highly
radiation-resistant and the sensitivity is in
the range of 10^^ electrons cm~^ pps. It has
been one and half years since this type of
screen was introduced early in 1982. We have

not yet seen any apparent deterioration of the

quality. Four fiducial marks are pierced on the
plate to be referred to in measuring beam sizes
and positions. Figure 2.5.2 is a photo taken on
a TV screen and gives a beam image with the sur
rounding marks. Each mark is 10 mm from the

20 mm'

Fig. 2.5.2 Beam profile screen in the

injection line.



center. Upon the operator's request at a touch-
panel on the console, a profile screen is driven
into position and a monitor TV displays the beam
image sent from the corresponding camera in the
line.

For obtaining finer energy resolution,
multiwire secondary emission monitors (SEM) are
used. Each SEM consists of a wire frame and its

driving mechanism. The wire frame is made of
ceramic and has gold-plated tungsten wires
stretched across in both horizontal and vertical

directions. Four SEM's are inserted in the

energy analyzer section which is composed of two
bending magnets in the front and the rear end
with a triplet in the middle. At the dispersion
maximum, the beam energy is defined with the two
SEM's and a slit between them.

In the injection mode, the electron beam is
sequentially guided through the beam line mainly
by using the profile screens and the current

transformers. The injection efficiency is ad
justed by watching the ratio of beam current in
the septum region to that coming from the Linac.
In Fig. 2.5.3, the beam current in the line is

shown for two transformers, one (CTI) at the
upstream end and the other (CT7) at the down

stream end. Beam filling time often varies

widely from a few to tens of minutes depending
on the matching of the beam phase space to the
acceptance phase space. This can be seen when

the beam pulse shape at the downstream end of

the line differs appreciably from that orig
inated from the Linac. This results when some

part of the beam is trimmed away by the energy
analyzer due to the energy spread. The linac

control is then fed back information on the beam

position and pulse shape in order to minimize
the energy spread. The multiwire SEM's combined

with a beam slit are used to define the beam

energy with finer resolution.

Fig. 2.5.3 Incoming beam current observed
at two points, (CTI and CT7).

(2) In the Storage Ring, all the beam mon
itors are required to allow the same beam clear
ance as other parts of the Ring as to be non

destructive to maintain long beam lifetime.

Beam position is measured with position monitors

which are placed with almost all of the quadru-

pole magnets. Each beam position monitor is

Electrode
housing.

VacuLin secUed

BNC

Vacuum

chamber

Fig. 2.5.4 Structure of beam position monitor.

composed of six disk-shaped electrostatic elec

trodes that are directly mounted in the vacuum
chamber. Figure 2.5.4 shows the structure.

Each 30 mm diameter electrode is enclosed in its

housing with a vacuum tight connector. The

housing is then joined with the chamber by
welding. Each position monitor was checked on

the calibration bench before its body chamber

was mounted to the quadrupole magnet. The

calibration bench assembly includes a computer-
controlled probe and a precisely-machined stand

to support the monitor chamber. The location of
the electrical axis was measured with respect to

the mechanical axis by scanning the probe inside
the chamber. After calibration, each chamber

was fastened to its support which had been fixed
within a precision of 50 p to the corresponding
quadrupole magnet. Figure 2.5.5 shows the
signal processing system of the position

monitors. Six electrode signals from one posi
tion monitor are serially switched with a

coaxial switch and sent through one cable to a
substation. Eight substations are distributed

along the underpath below the Ring. One substa
tion handles six position monitors with another

switching stage. Each substation has a set of
amplifiers and detectors which produce a DC

output for each switching position. As the
coaxial switch controller chooses an electrode,

the corresponding DC signal is fed to an ADC
which supplies the digitized value of the signal
to the data-processing computer through an
optical link.
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Fig. 2.5.5 Signal processing system for
beam position monitor.

The stored beam current is observed with

two types of current transformers: one for fast

ring current (RCT) and another for DC current
(DCCT). The RCT picks up fast components of
beam current in the frequency range between 0.3

MHz and 3 MHz and presents the beam filling

structure over the ring. It is installed in the

first long straight section and is most useful
for observation of the initial beam circulation.

The DCCT measures the average beam current over

a range between 0.5 mA and 500 inA. The elec
tronic circuitry of the DCCT is a composite of a
magnetic modulator and an active L/R integrator.
It is installed in the long straight section.

Beam spill losses from the Ring are detect

TO

STREAK
CAMERA

PHOTODIOOE- ARRAYS FOR HOR. AND VER.
BEAM PROFILE

NO FILTERS

ed with a string of ionization chambers around

the whole circumference. The ionization chamber

Is made of a coaxial cable filled with air as

the working gas. If the beam is not steered
correctly or drifts; e.g., say near the septum

region, the loss monitor there presents a peak

while other places are rather quiet. Figure

2.5.6 gives such a case when there were large

losses at the injection point.

1 f 33
inj. point

Fig. 2.5.6 Beam loss distribution around
the ring.

Synchrotron radiation is extracted through

a light port at one bending section, B2L, for

observation of the beam profile, tune par

ameters, and bunch structure. Figure 2.5.7
shows the layout of the observation optical

system. The synchrotron light is first re-

o

e ORBIT
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Fig. 2.5.7 Optical observation system.



fleeted dovm with a water-cooled copper mirror
mounted in the vacuum; then it is transported to
an optics table in the basement below the Ring.
There, the light beam is split and focused on
four kinds of detectors: a TV camera, two linear
photodiodes, a quadrature fast photodiode and a
streak camera.

In the storage mode, the electron beam
having turned around more than half the circum

ference induces at the RCT a periodic signal
which assures initial beam filling in the Ring.
Figure 2.5.8 is an example of the RCT signal
during a beam filling period.

2nd turn

^Ist turn

Fig. 2.5.8 Beam beginning to turn around

the Ring observed with the RCT.

Once the beam current reaches about 0.5 mA

or more, the DCCT becomes useful in watching the
beam stacking at the incoming linac pulse rate.
In Fig. 2.5.9 a record of beam stacking is
shown. On a console display, the beam current
is plotted against time in minutes so that one
can grasp the overall characteristics of the

stored beam as well as the beam lifetime. The

DC current signal is also distributed to other

systems of the Ring. For instance, an RF
feedback loop controls the power input to the
cavities in relation to the variation of the

beam current.

0 15 30

TIME Csec)

Fig. 2.5.9 DCCT signal vs time during
injection period.

With the beam current in the same range as

for the DCCT, the position monitor produces a
signal sufficient for the data-acquisition
system. Both horizontal and vertical beam

positions are measured throughout the Ring and

the position data are provided for closed-orbit

correction. Figure 2.5.10 is a set of orbit

position data taken after orbit corrections were

made twice.

HORIZONTAL 83/10/19 18sa9!07

16 20 24 28 3P 36 40 44

VERTICAL

12 16 20 24 28 32 36 4^ 44

Fig. 2.5.10 Beam orbit measured with the
position monitors.

The tune parameters are measured by ex

citing the beam with a magnetic field created by
a set of four current rods placed parallel to
the chamber axis (RF knock-out technique). The
beam is swung in either horizontal or vertical

direction. The beam oscillation is observed in

the synchrotron light port with a quadrature
photodiode. Either horizontal or vertical pairs

of the photodiode cells produces the difference

signal corresponding to the direction of the
beam oscillation. Figure 2.5.11 shows the

output of the quadrature diode. The beam was
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Fig. 2.5.11 Beam oscillating at a tuning
frequency. Upper trace: External

excitation signal. Lower trace:
Beam oscillation detected with the

quadrature photodiode.



forced to oscillate by the signals supplied to
the rods from a generator. Figure 2.5.12 shows
the results of a Fourier analysis for the tune
parameters. It was taken by a transient record
er which stored and analyzed the wave compo
nents.

NU(H}= .420134

673.475kHz
frequency(channel)

Fig. 2.5.12 Tuning frequency components given
as a result of a Fourier analysis.

Transverse beam oscillation are observed

with the detectors on the optics table. The two
linear photodiodes present a beam profile pro
jected on the horizontal and vertical planes.
The beam size is obtained from this profile and
one can measure the size to an accuracy of 0.2
mm. When the beam cross section becomes un

stable, the projected profile monitor data can
be analyzed to provide information on the fre
quency of the oscillation. Figure 2.5.13 shows
the beam profile projected on the horizontal
plane. Some more detailed discussion on this

type of instability is given in another section
of this report.

Fig. 2.5.13 Beam profile projected on the
vertical linear photodiode

(0.18 mm/bin).

The data taken by the beam monitors is
handled locally by a system with a mini-computer

and three auxiliary processors. The M200
library computer receives data for its data-base
from the local system. The orbit position data
may be displayed graphically or be transferred
to other computers for further use such as in
orbit correction or statistical analysis of

orbit deviations.

Button type beam position monitor.

Fluorescent screen profile monitor
in the vacuum duct.
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3. OPERATION

3.1 INJECTION

The injection is performed by the aid of
two septum magnets (Sp S2) and four kicker
magnets (Kj^ K^). The location for these
magnets is shown in Fig. 3.1.1. The electron
beam coming from the linear accelerator is de

flected by two septum magnets in an angle of 12®
and injected into the storage ring. The posi

tion of electrons at the exit of the septum
magnet is 36.5 nnn apart from the central orbit

of the ring, and the direction comes across with

an angle of -h mrad to the central orbit. As

the phase advance of horizontal betatron oscil

lation per revolution is about Tr/2, after four
revolution the phase of the injected electron

returns to the initial phase of injection. In

order to avoid the injected electrons hit on the
septum magnet, the equilibrium orbit is dis
torted by four kickers toward the septum to form

a local orbit bump. Kickers are excited in a
rectangular shape wave of 6 us in duration with
the fall time less than 2.4 us. It is necessary

for the orbit deformation to return to zero

before the phase of betatron oscillation goes
back the initial value. The fall time of 2.4 us

corresponds to time duration of four turns. In

addition to the above mentioned pulsed bump, so
called "dc bump" is used to reduce the required
power for the kickers. In order to form the
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local "dc bump", the magnetic fields of ring
bending magnets B25, B26, B27 and B28, shown in
Fig. 3.1.1, are modified by changing the current
of their auxiliary windings. The "dc bump"
shifts the closed orbit to the septum magnet by

9 mm, while the pulsed bump shifts by 14 mm.

Injection area.
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Fig. 3.1.1 Location of storage ring components.



3.2 STORED BEAM BEHAVIOUR

General description on the PF storage ring
can be found in Ref. 1. Here, in Table 3.2.1

the general parameters of the storage ring are
presented. The beam parameters for the various
optics are listed in Table 3.2.2. So far, only
the optics No.5 has been used for the storage
ring operation and the betatron functions of

this optics are shown in Fig. 3.2.1. The loca
tion of various machine components in the
storage ring is presented in Fig. 3.1.1.

Sections 3.2.1 - 3.2.6 are fully based on
Ref. 2. In Section 3.2.7, we will describe

briefly the coupled bunch instabilities observed

in this ring. Readers who want to know further

details should read Refs. 3 and 4.

Until June 1983 the storage ring had been

operated with only the mode that all 312 buckets
were almost uniformly filled. Studies with

partially filled mode were carried out in the
June-July run in 1983. The result is presented

in Ref. 5 and summarized in Section 3.2.8.

Table 3.2.1 General parameters of storage

ring.

Energy

Intensity

radius

Radius of curvature

field strength of bend magnet

Length of bend magnet core

Number of bend magnets

Length of quid magnet core

Number of quad magnets

Rf frequency

Harmonic number

Synchrotron radiation loss
(without Higgler]

RF voltsge

Table 3.2.2 Beam parameters.

optics no. f1 12 f3 14 fS

Horizontal Tune 6.25 7.25 7.25 7.25 5.25

Vertical Tune
"y

5.25 5.25 5.25 3.25 4.25

Momentum Compaction Factor a 0.0348 0.0348 0.0348 0.0169 0.0399

Horizontal Natural Chrocnatlcity tx -8.721 -11.652 -20.683 -15.046 -6.560

Vertical Natural Chromatlclty V -6.312 -8.346 -11.831 -6.983 -4.691

Horizontal Damping Time [msec] 8.662 8.862 8.882 8.303 9.061

Vertical Damping Time Ty [msec] 7.819 7.819 7.819 7.819 7.819

Longitudinal Damping Time [msec] 3.669 3.689 3.669 3.799 3.659

Energy Spread 0.71.10*^ 0.71x10"^ 0.71x10'^ 0.72x10*^ 0.70x10"

Half Longitudinal Length Oj [ca] 1.940 1.940 1.940 1.374 2.068

Synchrotron Tune 0.0378 0.0378 0.0378 0.0263 0.0404

Synchrotron Frequency fj [kHz] 60.50 60.50 60.50 42.22 64.75

RF Bucket Height 5.95x10'̂ 5.95x10'̂ 5.95x10"^ 13.53x10'̂ 5.56x10"-

Horizontal Em1ttance(zero coupl1ng)cj,[«tn mrad] 0.41011 0.392ii 0.400b 0.177b 0.539b

Horizontal £mitt8nce(ful1 coupling )c^[mm mrad] 0.205b 0.196b 0.199f 0.088b 0.269b

Vertical Eniittance(full coupling) Cy[inn mrad] 0.20511 0.196b 0.199b 0.086b 0.269b

2.5 GeV

500 mA (1.95 « lo'^e"

29.77 m

6.66 m

9.63 kG

1.85 m

26

0.5 • 1.0 m

56

499.99 MHi

312

400 keV/turn

3.2.1 Energy and Current of the Stored Electron
Beam

The storage ring was operated at the energy
of 2.2 GeV for the most of time in June to July
1982. From the last week of this period the

storage ring has been routinely operated at the
design energy of 2.5 GeV.

The magnet system is capable of raising up
to 3 GeV by ramping after the beam is stacked.

The first acceleration test was made in June

1983. All magnet currents were changed in
unison with the bending magnet. Since the

saturation effect in each magnet is different
from each other, the tracking program must take
account of this. The most important operating
parameter is the betatron frequency. If the
betatron frequency changes and crosses a reso
nance line, the beam must be lost. Therefore,

the tracking program is composed of a sec of
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Fig. 3.2.1 Betatron functions•for one quadrant (optics No.5).

magnet currents which are assigned for every 0.1
GeV, and all currents change from the previous

values to the next assigned values by the aid of
control computer AICOM C6.

At present, however, the RF power is fed to
four single cell cavities from two klystrons,

and the sufficient quantum lifetime cannot be
expected at 3 GeV. In actuality, the beam decay

was very fast at 3 GeV. As a matter of prac

tice, the usable energy for the time being is

2.85 GeV, at which the lifetime was A5 minutes

with 100 mA.

3.2.2 Closed Orbit Distortion and Correction

Stability of the closed orbit is primarily

important in the operation of the synchrotron
radiation sources. In order to sustain the

stability of the orbit, the position of quadru-

pole magnets should be stable, which means that
the stability of the storage ring enclosure or

ground must be maintained. Displacement of a
quadrupole magnet by 0.1 mm results in the orbit
deformation of the order of 1 nrai. Actually the

ground stability is not satisfactory at present,
because big civil engineering work for the

TRISTAN project is under way in the neightbour-
hood of the storage ring (1983). Therefore, we
must make the closed orbit correction as often

as necessary.

The expected maximum closed orbit distor

tions are ±15 mm in the horizontal plane and ±10
mm in the vertical plane. The aperture of

vacuum chamber was determined by taking account

of these values. The measured closed orbit

distortions were within ±6 mm in the horizontal

plane and ±4 mm in the vertical plane (Fig.

3.2.2). The horizontal closed orbit distortion

was due to both the misalignment of quadrupole
magnets and the field error in bending magnets.

Actually, the measured vertical orbit distortion
could be quite well reproduced by the computer

simulation with measured alignment errors of

quadrupole magnets.

We have 28 horizontal orbit correctors and

42 vertical orbit correctors in the storage
ring. According to the computer simulation, we

can correct the orbit deformation within ±1 mm,

assuming the reading error in position monitor

of ±0.1 mm. Actually, we achieved the correc
tion error within ±1 mm and ±0.5 mm in the hori

zontal and the vertical planes, respectively
(Fig. 3.2.2). Three iteration processes were
adequate, or in other words further iterations

could not improve the closed orbit. In the case

of the horizontal plane, the RF frequency was
included as an adjusting parameter. It is
interesting to note that the optimum RF fre-
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3.2.2 Closed orbit distortions,

uncorrected and corrected.

quency was correlated with ambient temperature,
which indicates the corresponding deformation of
the storage ring enclosure.

As seen in Fig. 3.2.3, the average closed
orbit was shifted inside by about 0.5 mm, when

the injection orbit bump was produced by 7 mm at
the location of the injection septum magnet.
This is quite natural because the RF frequency
was constant. The standard deviation of resolu

tion of the position monitor was 0.1 mm.

To insure the reproducibility of the orbit,
we usually initialized the magnet system in
prior to the routine operation, and eliminated
error fields due to the hysteresis effect.
Magnets for the beam transport line were also

initialized. It was practically very important

that the initialization procedures made the

setting of machine parameters reproducible and
shortened the tune-up time of the storage ring
at the beginning of the weekly operation cycle.

3.2.3 Resonance Mapping Measurements and
Chromaticities

Resonance mapping measurements were made to

verify the performance of the storage ring and
to identify the dangerous resonances as well as

to find the proper operating region in the tune
diagram. The betatron tune diagram was surveyed
by variation of a particular quadrupole magnet
current with currents of other magnets constant.

Explored lines are shown in Fig. 3.2.4. Ob
served resonance lines are shown in Fig. 3.2.5.

(1) Integer resonance
Exploration of integer resonances is usu

ally not easy because the closed orbit distor

tion may be enhanced near the integer resonance.
As the tune is shifted toward the integer reso
nance, considerable closed orbit distortion

arises and eventually the beam is lost. Deter-

HORIZONTAL G3/10/19 mftsms

28 3^ 36 40 44

VERTICAL

24 20 32 ^36 4

Fig. 3.2.3 Corrected closed orbit distortion

but with the injection dc bump
excited.

A

5.0 5.1 5.2 5.3 5.4 5.5

A . B Nov. 12, 1982

C-F Nov. 17, 1982
G Mar. 3, 1983

Fig. 3.2.4 Operating lines searched for the
resonance mapping.

mination of the stopband width of the integer
resonance could not be possible unless the

closed orbit was corrected properly, but this is
very time-consuming. For this reason, the hori

zontal integer resonance has not been fully
explored.

As for the vertical integer resonance Vy =
4.0, the line (G) was explored by changing a QD
quadrupole magnet current. The beam was com
pletely lost near Vy = 4.085, which is between
the second and the third synchrobetatron satel
lites of the resonance. It could be recognized



by observing the beam profile that the beam loss
was due to the closed orbit distortion, not due
to the resonance itself. We have also observed

the beam blow-up at the satellites v - mv^
(m < 4). The beam was partially lost on these
satellites in the March (1983) experiment, while
no beam loss was observed in the November (1982)
experiment. The reason is clearly due to the
vertical aperture of the ring. Since January
1983, a small aperture vacuum chamber with the
full height of 21 mm has been inserted in the
north long straight section for installation of
the multipole undulator. On the contrary, the
original vertical aperture was 50 mo. Even in
March, we have not observed any beam blow-up at
the fifth satellite.

(2) Second order resonance

2-1) Half-integral resonances = 5.5
and Vy = 4.5

Half-integral resonances were observed at

= 5.5 and = 4.5. The first and the second

satellites of = 5.5 were also observed. On

these satellites we observed the horizontal beam

blow-up which was stronger on the first satel

lite than on the second one. The width of the

resonance was less than 0.004. The satellite of

the half-integral resonance = 4.5 was not

observed.

2-2) Coupling resonance v„ ~ v,, = 1 This
resonance is caused by the skew-quadrupole field
which mainly arises from the roll error of ring

quadrupole magnets. The beam was enlarged in
the vertical direction, but the beam loss was

not observed in the November experiment. In the

March run, however, the lifetime became short on

the coupling resonance, because of the smaller

vertical aperture as mentioned above. We

observed the first satellites on both sides of

the resonance, i.e.,

Vj, - Vy ± Vg = 1. The beam again enlarged just
as observed at v - v = 1.

X y

(3) Third order resonance

3-1) 3v^ = 16
This resonance is caused by sextupole field

component involved mainly in the bending mag
nets. Sextupole magnets for the chromaticity

correction were not operating in the experiment
of resonance mapping. This is a structural
resonance whose space harmonic (p = 16) is a
multiple of the ring periodicity. The beam
should be unstable on this resonance, but

actually the horizontal blow-up of the beam

repeated once per 2.5 seconds and no beam loss

was observed. Since the ring magnet power
supplies have been affected by a line voltage

fluctuation due to the pulsed operation of the

power supplies of 12 GeV proton synchrotron of
our laboratory, the operating point crossed the
resonance periodically. Therefore, the beam

repeated blow-up and shrinkage in accordance

ai/y '13

1 /

/

/r/
-I—
-.1 .\JJ.

4.0 I
5.0 51 5

Fig. 3.2.5 Resonance lines blow third order

in the region of the actual oper
ating point. Observed synchro-

betatron resonance are shown.

with the resonance crossing. The observed width
of the unstable region was less than 0.001,

including the fluctuation of magnetic fields of
the ring magnets.

The first satellites of this resonance were

observed at 3v^ ± v_ =16, which was associated
X &

with beam blow-up.

3-2) V + 2v^ = 14
This is again a structural resonance caused

by the normal sextupole fields. There were no
clear indication of existence of the resonance.

3-3) 2Vy + Vy = 15
Not observed.

3-4) 3Vy = 13
This is a non-structural resonance caused

by the skew-sextupole fields. No beam blow-up
has been usually observed, but with application
of RF knock-out the beam can be blown up.

(4) Other higher order resonances
Resonances higher than the third have not

observed yet.

We have not yet understood any particular
mechanism of generating the synchrobetatron
resonances. Further study on this problem has
to be continued.

The chromaticity is defined as the varia
tion of the betatron frequency with energy of
stored electrons:
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The chromaticlty was measured by the corre
sponding tune shift as the RF frequency was
changed. The results of measurements are shown

in Fig. 3.2.6. The measured values are in good
agreement with Che design values as shown in the
following.

Experimental Designed

The chromaticity arises in the first order

approximation from the energy dependence of
focusing force of quadrupole magnets and the
sextupole fields at the azimuthal positions of
non-zero dispersion. Adversely speaking, it can
be compensated with correcting sextupole mag
nets. In the Photon Factory, there are 22
sextupole magnets as shown in Fig. 3.1.1. Each
sextupole magnet is 22 cm long and the strength

Bjjjax ~ G/cm^. We have been able to inject
beams and store them without excitation of

sextupole magnets so far.

0.5 AE/EOU 1.0

-200

Fig. 3.2.6 Natural chromaticities.

3.2.4 Variation of Betatron Frequencies with
Stored Beam Current

The betatron frequency was measured by the
RF knock-out technique in which the beam was
oscillated in transverse directions by a magnet

ic deflector. If its frequency coincide with

^r' y fractional part ofthe'̂ etatron frequency and f^, is the revolution
frequency, the coherent motion of the center of

charge is excited and the transverse beam size

grows. The response of the beam can be detected

by various ways, although, we are still now in a
preliminary stage in this respect. In the

measurements made in July and November 1982, a
synchrotron radiation profile monitor using TV

camera was used to observe beam growth when RF

knock-out was applied. Visual inspection of the
beam growth threshold is necessarily ambiguous,
and the tune spread thus measured may suffer
from appreciable uncertainty.

As seen in Fig. 3.2.7, Che betatron tunes

increased with Che stored current. Generally,

it became rather difficult at high current to

identify the occurrence of beam fluctuation by
the RF knock-out, so we usually gave a high
knock-out field for the high beam current. This

might introduce an error in the measurement of
tune spread. In spite of this, we conclude,

although preliminary that the tune spread was
larger at high current, and the tune shift had a

positive tendency with the stored current.

A new profile monitor using a photo-diode
array has been working since January 1983. Both
the horizontal and the vertical profiles are
displayed on CRT separately. The signal of the
bin at the maximum height corresponds to the
peak particle density and is related to the
transverse beam size. In February - March

(1983) experiments, this profile monitors were
used as a measure of the beam blow-up. Results
are shown in Figs. 3.2.7 and 3.2.8. The
betatron tunes for both planes were almost

independent of the stored current for the March

measurement (Fig. 3.2.8). The situations
differed from the February run were that the
distributed ion pumps were working and a nega-

F6l).25,l9e3 20''50"

> 1 I 1 I I* ' ' M I I I I I 1 I

Stored current (mA)

7 Current dependent tune shift
measured at February 25, 1983,

when the distributed ion pumps
were all off.
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Fig. 3-2.8 Current dependent tune shift

measured at March 3, 1983, when

the distributed ion pumps were

all on and -400 V was applied on

the cleaning electrode.

tive potential of 400 volts were applied to the

wire electrodes stretched in the vacuum chambers

for the argon discharge cleaning. Effects of
this potential on the beam lifetime and also on

the instabilities will be described in the

Sections 3.2.4 and 3.2.6, respectively. Since

the knowledge of the tune spread related to the
machine parameters is important to clarify the

origin of the instabilities, further studies

will be continued on this respect.

3.2.5 Lifetime of the Stored Electron Beam

The lifetime of the stored beam was mainly
determined by the residual gas pressure. During

the June - July run in 1982, the beam lifetime

was still very short due to enormous outgassing

from the chamber walls in the presence of high
stored beam currents. As indicated in Fig.

3.2.9, however, the beam-cleaning effect by
synchrotron radiation was effective, and the

pressure with beam was improved with increasing
the integrated beam current. At the end of the

run, the beam lifetime of 30 minute was attain

able at the beam current of 100 mA, where the

residual gas pressure was 1 * 10"^ Torr. During
this run, the distributed ion pumps had not been
operated yet. Only the sputter ion pumps were

brought into operation.
During the summer shutdown (1982), both a

bakeout of the vacuum chamber at ISO^C for 2

days and an argon discharge cleaning for 3 hours

were performed. With these procedures, as can

I IxlO®
tA O
lA O

0.4 0.60.8 I 4 6 6 10 20 40

Integrated beom current (amp-hour)

Fig. 3.2.9 Beam lifetime improvement as a

function of stored beam current.

be seen in Fig. 3.2.9, the beam cleaning effect

was accelerated and the beam lifetime has been

steadily improved as the residual pressure de

creased. According to our experience, however,

the beam lifetime sometimes decreased gradually,

or even dropped suddenly to half of its previous
level. The beam lifetime exhibited an abnormal

behavior in which the lifetime was not simply
dependent on the inverse gross vacuum pressure.

The pressure itself was not good yet because of
insufficient beam scouring effects, since it was

not so long after the autumn run started (1982).

As shown in Fig. 3.2.10, we experienced abnormal
decrease of the beam lifetime throughout the

autumn run. We here summarize the character

istic features on the lifetime during this
period.

(1) The abnormal decrease of lifetime was

observed, having no connection with the operat
ing point.

(2) When the distributed ion pumps were in
operation, the lifetime deterioration proceeded
once it began.

(3) The lifetime deterioration was observed

also when the distributed ion pumps were not
working. But it tended to recover after the

sudden drop of the lifetime.

(4) Sudden drop of the lifetime was also
observed at the moment that the distributed ion

pumps were brought into operation. Tum-on and

turn-off of the sputter ion pumps did not affect
the lifetime.

(5) The lifetime was recovered by the weak RF
knock-out. After the RF knock-out was turned

off, the lifetime decreased gradually and then
dropped suddenly by a half of the value.

(6) At very low current below 1 mA, the bad
lifetime suddenly recovered without any external
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Fig. 3.2.10 Current dependent beam lifetime.

disturbance.

In Che January - March run (1983), the

lifetime was improved, and it reached 150
minutes at ICQ mA even when the distributed ion

pumps did not operate. The pressure at 0 mA was

5 * 10"^^ Torr. A remarkable thing recognized
in this period was that the abnormal behavior of

the lifetime could be cured by applying negative

potential of several hundred volts to the elec
trodes for the argon discharge cleaning. Con

sequently, the lifetime was improved consider
ably and became reproducible. By this method,
the lifetime was 3.5 hours at 100 mA and the

residual pressure was A 10~® Torr. Figure
3.2.11 shows the behaviour of the beam lifetime

as a function of the stored current for various

vacuum pressure conditions.

3.2.6 Increase of Transverse Beam Size

we have measured the transverse beam size

by the profile monitor consisting of a photo-
diode array which detects synchrotron radiation.
The radiation port in the bending magnet B21 was
designed for Che monitoring use only. With a
mirror made of copper, light was reflected down
to the service yard just under the storage ring
enclosure and split into several lines by the
aid of pellicles. Light of each line was

111 DIP off

12) DIP on
lo'Dnormol cose)

(31 DIP on with -400V
lo cleaning electrodes

0 ^ 50 100 150

Stored current (mA)

Fig. 3.2.11 Beam lifetime vs. stored beam

current for three different

vacuum conditions.

focused on the photodiode array or a TV camera.

The photodiode array consists of 35 segments of
silicon photodiodes, each of which is 1 ram in
width and 4.5 mm in height. We used two photo

diode arrays; the one for the horizontal profile
and the other for the vertical profile. The
calibration of magnification of the optical
system was made with a laser beam alignment
device mounted on a slide movable in two direc

tions. Results were 1.0 mm/bin in the hori

zontal plane and 0.18 mm/bin in the vertical
plane.

As indicated in Fig. 3.2.12 the beam size
increased with the stored beam current. These

values corresponded to the "stationary" beam
sizes which must be superimposed by the effect
of the time fluctuation of the beam profile for
the real beam, as will be described in the sub

sequent sections. We have not yet been able to

identify any particular mechanism of blow-up,

but we may assume that the incoherent effects
arising from the accumulation of ions inside the

electron beam lead to the increase of transverse

beam size. The experimental result that the

relative blow-up ratio was larger for the

vertical profile than for the horizontal one

seems to be consistent with this assumption.

The space charge force is stronger in the
vertical direction because of the smaller beam

height.

3.2.7 Beam Instabilities

Longitudinal and transverse coupled bunch

instabilities were observed. The frequency
spectra of the position monitor signal gave

specific peaks that clearly indicated the
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Fig. 3.2.12 Beam size as a function of

stored beam current.

bunches oscillating in a correlated way. Meas
ured frequency relations of these peaks exhi
bited chat both instabilities were induced by
the higher-order mode resonances of the accel

erating cavities.

Different kind of instability was observed
as a vertical pulsation in the beam profile
monitor. Study was carried out to understand

the mechanism of the vertical instability,
although, it is not fully understood yet.
Characteristics of this instability is described
in this section and also in the next section.

(1) The longitudinal coupled bunch inst
ability accompanied no beam loss at least up to
250 mA. A typical frequency spectrum of the
beam signal is shown in Fig. 3.2.13. Marks a-h
in the figure denote the peaks arising from the and shown as a function of the stored current in
coupled bunch oscillation. The measured fre- Fig. 3.2.15. The oscillation amplitude grows

quencies of these peaks are all written in the rapidly with the current but the growth stops at
form 60 mA. The saturated amplitude is approxi

mately 0.045 rad. When the current is as high

f" _ = nBf_ ± (uf_ + f«c^) (3.1) as the amplitude saturates, we have observed
broadening of the peaks fjj in the beam spec-

where n is zero or positive integer, B the bunch trum as shown in Fig. 3.2.16. At the same time.

Fig. 3.2.13 An example of the beam spectrum

at I = 46 mA and f^p = 500.08 MHz,
The center frequency and scan
width are 1000 MHz and 200

MHz/division, respectively.

number 312, f^. the revolution frequency. Here,
the mode number of oscillation u = 161 and

s 56 kHz which corresponds to the synchrotron

oscillation frequency. Figure 3.2.lA shows the
spectra around'the peaks c and d with frequency
markers, which were used for the frequency meas

urements. Here, the scan width is 50 kHz/div.

As described in the section 2.2.6, TMOll

mode near 758 MHz has the highest shunt imped
ance among the higher-order modes. The measured
frequency of the peak d was

fj = 758.23 MHz

where the operated RF frequency was 500.105 MHz.

The frequency f^^ is written in the form f^ =

^ij=161 n=l' very close to the frequency
of the TMOll-like mode. Noting that the imped
ance corresponding to the f^ „ excites the

M ♦ n

longitudinal oscillation, the high impedance of
the TMOll-like mode in the cavities probably

excited the observed longitudinal coupled bunch

oscillation.

We have studied the current dependence of
the oscillation amplitude by comparing the

amplitude of jj=l of the spec
trum with that of the fj^ component. Here, we
have used the signal from the vertical electrode
of the beam position monitor. The oscillation

amplitude in radians is given by

(1 4, )2 ^/amplitude of
^ ° \ amplitude of f

er c marker 473f^

Fig. 3.2.14 The beam spectra at I = 72 mA and

fj^p " 500.08 MHz. Frequencies of
markers are 741.90 MHz and 758.00

MHz for a) and b), respectively.
The scan width is 50 kHz/division.
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Fig. 3.2.15 Current dependence of the amplitude
of the longitudinal coupled bunch
oscillation.

we have observed an oscillation in the horizon

tal beam profile monitor as also presented in
Fig. 3.2.16. The frequencies of the oscillation
in the profile depended on the beam current
(Fig. 3.2.17) ranging from 200 Hz to 300 Hz. It
is seen in Fig. 3.2.16 that the oscillation of

profile was always associated with the broaden

ing of the peak in the spectrum.
Furthermore, at a high current the ampli

tude of the beam profile oscillation increased
with the stored current (Fig. 3.2.18). There
fore, the profile oscillation is probably a
result of the amplitude modulation of the longi
tudinal coupled bunch oscillation.

The frequency dependence of the threshold
current was studied. Here, we define the

threshold current of the longitudinal coupled
bunch oscillation as a current above which the

oscillation peaks are observed in the beam

spectrum. In order to measure the frequency
^ dependence of the threshold I^h' varied

the acceleration frequency since the varia
tion of the f^p gives rise to the change of the
f^ The relation is approximately given by

M • n

For further details of this discussion, see Ref.

3. Observed threshold currents are plotted in

Fig. 3.2.19 by varing the fpj.. The solid curve
is the threshold current calculated from

Ith = (£j_„) (3.2)
where C is a constant. Here, Z is the longi

tudinal coupling impedance which is summed over
the TMGll-like mode of four cavities. The
numbers in the figure denote the cavity numbers.
Adjusted parameters in the calculation are C and
the resonant frequencies f^ (a=l,2,3,A) of
TMOll-like mode. The frequencies thus obtained
are all approximately same as those estimated

b) l!i9ffiS9S!! I tfi-Eihi
••HilBiESaSSiHiiB .^Q"kj ..

Fig. 3.2.16 Beam profiles at left and beam

spectra at right.; The beam profiles are

shown in 10 ms/division. The beam spectra
are shown together with markers at 758.215

MHz (fpp = 500.105 MHz). The scan width is
2 kHz/division and the band width is 0.1 kHz.

a) I = 93 mA, b) I = 75 mA, c) I = 73 mA.
The broadening of the peak at n=l ~
758.228 MHz is associated with the oscillation

of the beam profile.

Feb. 9-10. 1903

30 too ISO

Stored beam curranl 1mA)

Fig. 3.2.17 Frequency of the horizontal

beam profile variation as a function of
stored beam.

S 0.05

100 ISO

stored current ImA)

Fig. 3.2.18 Relative amplitude of hori
zontal blow-up as a function of the
stored beam current.
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Fig. 3.2.19 RF frequency dependence of the

threshold current above which the

longitudinal coupled bunch oscil
lation is observed. The scale of

the horizontal axis is also shown

in terms of Arrows represent

the resonant frequencies of the

TMOll-like mode of the four cav

ities at ft>i? = 500.105 MHz.

from the measured values with low power. Thus
the result is well described in terms of the

•frequency dependence of the TMOlI-like mode

impedance.

(2) The horizontal coupled bunch inst
ability was first observed during beam injection
on July 1, 1982. The beam was injected to the

ring once a second at an accumulation rate of

about 0.5 mA/sec. The stored current increased

to about 20 mA and then suddenly dropped by I

10 mA, accompanying horizontal beam blow-up
which was seen on the beam profile monitor. We
could not get rid of this limit, unless the

horizontal betatron tune was shifted or the

cavity power changed, although the reason was
not understood yet at that time. It was also
found during the study of the lattice resonance

mapping that the horizontal beam size was

enlarged and oscillated at some values of the

horizontal betatron tune.

After intensive study with the spectrum

analyzer we definitely assigned this instability

as a transverse coupled bunch instability
arising from a high transverse coupling imped

ance of the RF accelerating cavities. Here the

resonance is a HEMl mode whose resonant fre

quency is 1070 MHz and transverse coupling

impedance is 27 MJ^/m (see Section 2.2.6).
A frequency spectrum of the beam signal,

which we cook a signal from a horizontal elec
trode of the beam position monitor, exhibited
the peaks that characterized the coupled motion

of the bunches as indicated peaks a-h in Fig.

t t > + t t + t

a be de fg h

Fig. 3.2.20 A frequency spectrum of the un
stable beam. The center frequency

is about 1000 MHz and the scan

width is 200 MHz/division.

3.2.20. The peaks a-h always appeared, when the

instability was observed on the profile monitor.
The measured frequencies of the peaks were all

written by the relation (3.1), where the mode
number p = 268 and fggj. = 0.A08 MHz. On the
other hand by means of the RF knock-out method,

we measured the frequency fg^ = Sv^'f^ where 6v^
is a fractional part of the horizontal tune.
The result was 0.408 MHz, which was in excellent

agreement with ^qsc* Thus we concluded Chat the
instability Is associated with the horizontal
coupled bunch oscillation of the mode p = 268.

In Section 2.2.6 we described about the

measured resonant frequencies and the coupling

impedances of the higher-order modes for the

model cavity. It should be noted that the HEMl
mode at 1070 MHz has the highest transverse
coupling impedance. This frequency is close to

the frequency of the peak e:

fg = 1070.329 MHz
= 3 Bfj. - (268fj. + 0.409 MHz)

" ^p=268,n=3 •

Note that an amplitude of the coupled bunch
oscillation grows when impedance of f~ „ is

I p yH
larger than that of f^ in transverse case.
Thus we concluded that the instability arises
from the impedance of HEMl mode at 1070 MHz.

Threshold current 1^^^ defined as an accu
mulation limit at the beam injection was studied
by varing the horizontal tune. The result is

plotted as a function of the horizontal tune

or the fgj^ in Fig. 3.2.21. The measurement was
also made at a quite different value of the
vertical tune v^, and the result is also shown
in the figure, it is seen that no vertical tune

dependence was observed for the threshold

current which on the contrary was strongly de
pendent upon the horizontal tune v^. The cavity
power Pg given in this measurement was 90 kW
(Pgg) at which the theoretical quantum lifetime
is 4 days. The threshold current was also
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studied at = 1.3 x and the result is

presented in Fig. 3.2.22. This change of the
cavity power leads to the shifts of the resonant

frequencies f_ (a = 1,2,3,4) of HEMl mode in the
O

cavities. Thus, as a result the position of
unstable region shifted on the horizontal tune

dependence.

The solid curves in Figs. 3.2.21 and 3.2.22
are the calculated curves in which we adjusted
the values of five parameters, that is fa's (a -

1,2,3,4) and a constant related both to the

damping time and to the form factor which de

pends upon machine parameters. In this calcula
tion we took into account the change of fa's due

to the detuning of the fundamental mode to com
pensate the beam loading. The fa's thus ob

tained were in excellent agreement^ with the
predicted values from the low power measurement,

taking into account the frequency shift due to

the temperature rise.
Thus the result is understood in terms of

the frequency dependence of the HEMl mode im
pedance. Practically the unstable region of the

horizontal tune is, therefore, predictable from
the measured cavity data.

o Py »4.35-4.37
• Py «4.I2 -4.14

300 400

f^x «kHz)

Fig. 3.2.21 Tune dependence of the threshold
current of the horizontal coupled

bunch instability (P^ = ^co^'
Arrows represent the resonant
frequencies of the four cavities
at zero current.

Pc » 1.3 Pc#

Py « 4.18-4.20

3 42 !

I IK

300 400

Fig. 3.2.22 Tune dependence of the threshold
current of the horizontal coupled

bunch instability and oscillation
(P^ = 1.3 P^o^' circles re
present the thresholds for the
instability (beam blow-up), while
rectangles represent those for the
oscillation. Arrows represent the

resonant frequencies of the four
cavities at zero current.

(3) Vertical instabilities were observed

in the PF storage ring both during injection and
storage. During the storage the vertical blow
up was observed like a pulsation in the signal
from the profile monitor as seen in Fig. 3.2.23.

The beam burst vertically with a time constant

of about 1 msec, and then, the beam size was

back as it was before with a time constant com

parable with the radiation damping time. Here,
the calculated radiation damping time is 8 msec
for the optics No. 5. This vertical blow-up
appeared almost regularly with the frequency
which varied linearly with the stored beam
current, as shown in Fig. 3.2.24. The frequency
was also dependent upon the average vacuum pres
sure. In Fig. 3.2.24, the frequencies are pre

sented in three different situations that the

distributed ion pumps were all off, half of them

on and all of them on. The vacuum pressure
measured at downstream of the bending magnet
BM28 was 5 * 10~^ Torr when the distributed ion
pumps were on and 1 * 10~® Torr when off.

An important thing is that the correspond
ing beam response could not observed on the

position monitor, suggesting that the instabil-



ity was an incoherent growth of the beam.
We had several evidences that the prop

erties of the vertical instability clearly
correlated to on or off of the ion pumps. It
suggests that an ion-trapping can cause the
instability. There still remains, however, a
question what determines the amplitude of
pulsation, or the relative blow-up ratio which
is defined as the amplitude divided by the peak
voltage of the vertical profile signal. It
seemed that the relative blow-up ratio was large
when the residual gas pressure was improved.
Furthermore, as described previously, the life
time of the stored beam was considerably im
proved by applying -AOO V to the wire electrode

for the argon discharge cleaning. In this
running period, the residual gas pressure was
the best of FY1982, then the relative blow-up
ratio was the largest. The beam height blew up
to approximately twice of the original one.

More annoying thing is that the phenomenon

was not reproducible. We had several cases

without instability through the whole storage
cycle. These cases were recognized even when
the vacuum pressure was excellent.

Another vertical blow-up was also observed
sometimes during injection, which limited accu

mulation at around 100 mA. When the instability
occurred we tried to be free from it by changing
the quadrupole magnet currents and sometimes we

succeeded. We do not know yet anything about
what parameter is correlated to this instability
(March, 1983). What we can say is that the
Instability during injection did not occur when
the distributed ion pumps were turned off.

TTZ-- -A-

Fig. 3.2.23 Vertical pulsation. Time base
20 ms/div.

Half DIP off

0 50 100 150 200

Stored current (mA)

Fig. 3.2.24 Frequency of the vertical pulsa
tion as a function of stored beam

current for three different vacuum

conditions.

3.2.8 Partially Filled Multi-Bunch Mode
Operation

In Section 3.2.7 we described the vertical

instability observed in the mode that all

bunches were filled with almost uniformly

populated electrons (Fig. 3,2.25(a)). The
vertical instability was observed as a pulsation
in the time variation of the signal from the
vertical profile monitor as shown in Fig.

3.2.26(a), and also in Fig. 3.2.23. This pulsa
tion occurred almost regularly in the signal
from the beam profile monitor but never observed

in the button-type beam position monitor, sug

gesting that the beam enlarged incoherently in
vertical direction. The observed phenomena as
described in Section 3.2.7 suggest that ions

trapped inside the electron orbit gave rise to
the instability, although the mechanism is not
fully understood. Then, if the bunches are

partially filled, a gap left in the circumfer
ential filling will eliminate the ion effects,
and suppress the vertical instability. In this
section the study with the partially filled mode
was summarized. The details of the study is
presented in Ref. 5.

A typical example of the population dis
tribution among bunches is shown in Fig.
3.2.25(b), which is signal from the beam posi
tion monitor. At the initial attempt, we suc
ceeded in eliminating the vertical pulsation as
expected. In fact, the beam became apparently
stable as shown in Fig. 3.2.26(b), where the
average beam current was 130 mA. Here, it

should be noted that the threshold of the

vertical pulsation in the uniformly filled mode
was approximately 40 mA as seen from Fig. 3.2.24



in Section 3.2.7. At this stage we believed

that the threshold of the vertical instability
was largely improved in the partial filling

mode. However, at a certain set of machine

parameters we observed a different vertical
blow-up as shown in Fig. 3.2.26(c), which caused
the beam loss during injection process. A beam

spot observed on the TV profile monitor at

unstable case is presented in Fig. 3.2.27, to

gether with the stable beam spot. The vertical
instability in the partial filling case has

quite different appearance from that in the
uniform filling case. The characteristic

features in the partial filling case are sum

marized as follows:

(1) The vertical blow-up occurs irregularly and

sometimes leads to a beam loss during injection

process.

(2) The growth time is of order of 10 ms.
(3) In the frequency spectrum of the beam
signal, spectral lines with the frequencies of
(n±v )f^ are observed as seen from Fig. 3.2.28.
However, amplitudes are much smaller than those
observed with the coupled-bunch instabilities.

(4) It seems that the vertical instability has
a threshold in the current per bunch at roughly
1 mA/bunch. The pictures in Fig. 3.2.29 indi
cate that electrons were lost in the bunches

whose populations exceeded the threshold value.

Fig. 3.2.25 The population distribution among
the bunches. The signal from the
button-type position monitor with
a sweeping time of 0.2 ps/division.
(a) The bunches were uniformly
filled, (b) The bunches were

partially filled.

W!t I

, V t

HBI

Fig. 3.2.26 Time variation of signals from the
photodiodes arrayed to observe the

vertical density distribution of
the bunches with synchrotron radia

tion. Sweeping time of the oscilo-
scope is 50 ms/div. (a) The bunches
uniformly filled as Fig. 3.2.25(a).
The average beam current i^^ = 70 mA.
(b) The bunches were partially

filled. Stable case at i^ = 130 mA.
(c) The bunches were partially

filled. Unstable case at i^ =
114 mA.

Fig. 3.2.27 Beam spots observed on the TV pro
file monitor, (a) The beam was

stable, (b) The beam was vertically

unstable as shown in Fig. 3.2,26(c).
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Fig. 3.2.28 Frequency spectrum of the beam
signal from the position monitor.
The center frequency and scan width

are 496.8 MHz and 2 MHz/division,

respectively. Sidebands of multi

ples of the revolution frequency

are spaced by 6Vy«f^, where 6Vy is
a fractional part of the vertical
betatron tune.

The average beam current could be increased by
populating bunches below the threshold current.

It is natural to hypothesize that the

vertical blow-up is a head-tail mode inst

ability, which is a single bunch instability
arising from the ring impedance that is a slowly
varing function of the frequency. It is exp
ected that the vertical head-tail mode has the

lowest threshold current among the various
single bunch instabilities. It can be sup
pressed by correcting the vertical chromaticity
with the sextupole magnets, which we have not
operated until present study.

Study by varing the chromaticities as well
as the betatron tunes exhibited that the problem
was not so simple as expected. We found,
however, a stable region in the chromaticity-
betatron tune plane. Furthermore, the stable
region was dependent upon Che population dis
tribution.

With the population distribution as Fig.
3.2.26(a) we have investigated the instability
by changing the currents of the defocusing
sextupole magnets (SD), the defocusing quadru-
pole magnets (QD), and the focusing quadrupole
magnets (QF). Figure 3.2.30 shows unstable
region in SD-QD current plane ^ ~
Below the average beam current of 100 mA, the
beam was stable in entire region of the figure.

The unstable region was enlarged as the beam
current increased. The study with Che uniformly
tilled mode was carried out. The excitation of

the SD could stabilized the instability even in

this case. The result is shown in Fig. 3.2.31.
It is interesting to note that the beam was

stable where E, is negative.

The unstaole region moved in the ^ ~ ^y
plane as the population distribution was varied,

although the reason is not understood. Anyway,
practically the vertical instabilities observed

in both uniform and partial filling cases were

Fig. 3.2.29 Variation of the population dis
tribution among the bunches. The

beam loss due to the vertical

instability gave rise to the varia

tion. The sweeping time is the
same as that of Fig. 3.2.25.

(a) ip = 60 mA.
(c) ip = 114 mA.

65 mA.

stopped by exciting the sextupole magnets.

The variation of the betatron tune with the

stored beam current was measured with the RF

knock-out technique. A 2*2 photo-diode matrix

detected synchrotron radiation of the beam.

Horizontal and vertical oscillation were ob

served by the signal of Che diode matrix. The

knock-out frequency with which the amplitude of
oscillation became maximum is plotted in Fig.
3.2.32 (open circles for the uniform filling and
rectangles for the partial filling) for each
value of the stored current. The region of fre
quency with which the oscillation observed is

also shown in solid and dashed curves in the

figure.

l/y Poiwltr nilM OF .1620
i4flo- *-22- ',""'>•.0.

SO QjT«nr (A)

Fig. 3.2.30 Machine parameters where the beam

is vertically unstable. The bunches

were partially filled as shown in
Fig. 3.2.25(b). Open circles re

present the machine parameters where
the vertically unstable beam was

stabilized at the beam current

120 mA. Rectangles represent those
at 150 mA.
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Fig. 3.2.31 Machine parameters where the beam

is vertically unstable as shown in
Fig. 3.2.26(a). The bunches were

uniformly filled as shown in Fig.
3.2.25(a).

The vertical beam size was measured by the
profile monitor with the method as described in

the Section 3.2.6. The variation of the verti

cal beam size with the stored beam current was

much smaller in the partial filling case than
the uniform case.

420 r Uniformly filled

l/^ 4.iah Porrially filled

—=*280 'a

S.33I- Uniformly filled

K 5.22

Partially filled

eC— Q a a.

500 A
CQ

i-._3500

Fig. 3.2.32 Variations of the betatron tunes
and tune spreads with the stored
beam current in the uniformly and

partially filled mode operations.

The beam lifetime has been steadily im
proved as the vacuum pressure lowered. An

example of the lifetime was 500 minutes at 100
mA. However, abnormal decrease of the lifetime

was observed in many cases. The abnormal

behaviour could not be cured by the negative

potential on the argon discharge cleaning

electrodes in the present run. We observed the
difference in lifetime between the uniform and

the partial filling cases. However, it is

difficult to make any conclusion about the

effect of the population distribution on the
beam lifetime. At present, the abnormal

behaviour of the lifetime is one of the most

serious problem and further study is necessary
to find practical cure.

The phenomena concerned with the vertical

instability were too complicated to be inter
preted in terms of the vertical head-tail mode.

Further study particularly in the single-bunch

mode operation is necessary in understanding the
phenomena.
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3.3 VERTICAL WIGGLER

The superconducting vertical wiggler was
constructed and installed in the storage ring in

October 1982. The first operation with electron

beam was successfully achieved in February 1983.
Figure 3.3.1 shows the cross sections of the
vertical wiggler.

The main purpose of the high field wiggler
magnet Is to extend the usable photon spectrum

to hard X-ray region as shown in Fig. 3.3.2.
Radiation from the vertical wiggler is polarized
in Che vertical plane. This is surely bene
ficial for designing high precision X-ray spec

trometers, and for the study of crystal growth.
However, the vertical wiggler has a basic dif
ficulty when installed in a storage ring. To
produce strong magnetic field, the horizontal
gap of the magnet must be as narrow as possible.
On the other hand at the injection time the
electron beam has a large spatial spread in the
horizontal plane. Since the amplitude of the
injected beam orbit become small rapidly due to
Che radiation damping, the electrons can pass
through narrow horizontal gap after the damping.
Therefore, the wiggler has a special shaped beam
duct having a cross section like an inverse T.
The horizontal part of the duct has an enough
space for the injected electron beam, and the
vertical part having narrow horizontal gap
suffices to obtain an enough lifetime for the
damped electron beam. The wiggler magnet poles
are set on the narrow part of the duct. During
the accumulation time, the beam travels in the

wide part of the duct. After the accumulation

the whole wiggler cryostat is slowly moved down
by 160 mm, where the stored beam pass through
the narrow part.

The wiggler magnet is composed of three

pairs of superconducting coils with ion poles
and produces a horizontal magnetic field of 6
Tesla at the central coil. Furthermore, the

field strength along the central orbit have to
be tailered for the integrated value to be null
so as not to affect on the electron orbit out

side of the wiggler. The field strength of the

lateral coils is approximately half of the
central coil field with opposite sign. Each

pair of coils has nearly equal magnetic field
length of about 100 mm. The integrated field

along the central orbit will become null by

means of addition of the correction current to

the lateral coils.

In the first commissioning, the wiggler was

excited up to 5 Tesla, and effect on the stored

beam was measured. The first one was the closed

orbit distortion when the wiggler was exited. A
correction was successfully achieved by sup

plying a correction current to the lateral

coils, observing the electron beam image on TV

screen. As shown in Fig. 3.3.3, the correction
current is not proportional to main current

Thermal insulator-

Superfluid He appendix

Superconducting.

Double helium
reservoir

T shaped beam.
duct

Iron magnetic
shield

Liquid nitrogen
jacket

jp-Liquid nitrogen tank

• Double helium reservoir

^Heot exchonger

yVocuum chomber

V ^ ^Iron magnetic
y' shield

^x-Coil casing
shaped beam

•IffiLjs duct

1^'n'

Heot exchanger

Superfluid He appendix

Coil cosing

Superconducting coil

Vacuum chamber

Fig. 3.3.1 Cross section of the vertical

wiggler.

because of Che each iron pole Is in different

magnetized state on the process of excitation.
The betatron frequencies were measured as shown

in Fig. 3.3.4, but no correction was needed in
this operation.
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At the beginning of the observation of the

wiggler radiation, we tried to use a fluorescent
plate as a visual X-ray monitor. But it burned

out as soon as the beam shutter was opened. The

Wiggler

rent as a runction

gnet current.

spectra of the wiggler radiation were measured
with a solid state detector, by changing the

field strength of the wigg'ler, under the condi
tion of small current.

Bending magnet

Horizontal

Vertical (Vy)

2 3 4

8 (Tesla)

Fig. 3.3.4 Variation of the horizontal and the
vertical betatron tunes at 2.5 GeV

with wiggler excitation.



3.4 UNDULATOR

3.4.1 Introduction

The undulator with perix>dic magnetic field
is a promising light source because the spectral

brightness of the radiation is expected to be
much higher than that from bending magnets. The
main features of the undulator radiation are the

following:^ ^
i) Relativistic electrons moving along the

undulator axis are forced to wiggle many times
by a periodic field so that the spectrum of ra
diation consisting of several narrow bands may
be obtained by interference.

ii) The characteristic wavelength of the
radiation in the case of planer undulators is
given by

A= 2 + y^e^)
Zny

where is the period of the undulator, y the
electron energy in rest-mass unit, 0 the angle
of observation to the beam axis, n the harmonic

order, and K(= 0.934B(T) X^Ccm)) the field par
ameter. The tuning of the characteristic wave

length can be made by varying the electron

energy or the magnetic field.

iii) The radiation is highly collimated so
that the radiant energy is concentrated in a
narrow cone with an angle of about around

the axis.

iv) In the case of planer undulators, the
radiation is linearly polarized in the orbital
plane when the observation angle 6 is much
smaller than

v) The peak brightness of the radiation
emitted from the undulator with N periods is

2
increased by 2N to 4N' times the normal syn
chrotron radiation from bending magnets, de
pending upon the angular divergence, a , and o,i

X
of the electron beam. The bandwidth of the n-th

harmonic is given by Ato/m 'i- (nN)~^ if the an
gular divergence of the electron beam is smaller

than Y~V»'̂ nN,
Feasibility studies of undulators have been

reported from Stanford (SSRL)®, Orsay (LURE)^
and laboratories in USSR? We also performed the
operation studies by using the prototype undu
lator (model PMU-1) of 10 periods, each 4 cm
long, installed in SOR-RING, the 0.4 GeV elec
tron storage ring, and the absolute brightness
was measured in the vacuum ultra-violet region
from 21 to 73 eV by using photoelectron counting

method with neon as a detector gas?
The 2.5 GeV electron storage ring of the

Photon Factory has two 5 m long straight sec

tions for insertion devices. We have inserted a

new undulator (model PMU-2) of 60 periods, each
6 cm long, in one of them so that the radiation

with high spectral brightness may be obtained in
the soft X-ray region. In the present report,

the recent performance test of the model PMU-2
carried out since February through July 1983
will be described.

3.4.2 Magnet

In the model PMU-2, SmCo^ magnets (REG)
made by Hitachi were arranged in a configuration
as shown in Fig. 3.4.1, while the previous model
(PMU-1) was a hybrid type using REG and steel?

BaiBHHHBnBnBHllB

BBBBBBBBBDIB
Xii= 6 cm 1.5 cm

Fig. 3.4.1 Arrangement of REG in the model

PMU-2.

The structure of the model PMU-2 is shown in

Figs. 3.4.2 and 3.4.3.

The unit assembly, comprising three REG

blocks of 1.5 cm x 1.5 cm x 3 cm bound with

epoxy resin on the holder made of Al, is in

serted to the gutter furnished on the main frame

of the undulator as shown in Fig. 3.4.3.
Therefore, the exchange between the REG unit

assemblies can be made easily so that the uni
form sinusoidal magnetic field may be achieved.
The gap width is adjustable from 27 to 80 mm by
dc servo motors and the end correction of the

field can be made by rotatable REG cylinders
located at each end of the undulator so Chat the

closed orbit distortion in the storage ring is
minimized.

The magnetic field of the undulator was

measured by the Hall probe system fixed on the
X-Y translator which is movable along the Z
direction with the 5 m measuring bench. The
results of the measurements are shown in Figs.
3.4.4 and 3.4.5. Figure 3.4.4 shows the depend
ence of the field or corresponding field param
eter K on the gap width. The K parameter is

tunable from 0.1 to 1.78. Figure 3.4.5 shows
the distribution of the field along the un
dulator axis. The uniform field for 117 poles
at the gap of 27 mm has been achieved within the

standard deviation of 0.7%. The principal
parameters of the model PMU-2 are summarized in
Table 3.4.1.
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GAP = 27 men

Fig. 3.4.5 Distribution of the magnetic field

in the Z direction.

Table 3.4.1

Total length

Length of a period
Number of periods

Pole width

Range of magnet gap

Range of peak magnetic
field

Range of K parameter

Uniformity of the peak

magnetic fields

(standard deviation)

Vertical aperture of the

vacuum chamber

3.8 m

6 cm

60

9 cm

2.7 - 8 cm

3180 - 190 gauss

1.78 - 0.1

2.1 cm

3.4.3 Spectra of the undulator radiation

The peak brightness of each odd harmonic

for a perfectly parallel electron beam is given

by

(BR)„g^ = 1.74 X10^2l(mA)E(GeV) Vf^CK)
(ph/s/mrad^/l%b.w./mA) ,

° (1+K^/2)2 I I i+k2/2/

/nK^/4 2
J(n+l)/2 ^i+k2/2/]

where I is the beam current, and E the beam

energy. The angular divergence and bandwidth in

the above case are '̂ Y~V '̂nN and ^.(nN)"^, res
pectively. However, fhe motion of electrons in,

a storage ring will inevitably deviate from the
axis with the Gaussian distribution. When the

Standard deviations, and Oyt of the diver
gences are larger than the natural cone of the
undulator radiation, the reduction of the

brightness becomes conspicuous. The effective

peak brightness considering this effect is
obtained approximately as

(BR)eff =
2nNY^a^i

H-K^/2

2nNY^Oyi
1+k2/2

Table 3.4.2 shows the beam parameters at

the location of the undulator PMU-2 in the

Photon Factory ring. It is noticed that the

E (m-rad) 5.4 x 10 ' 1.8

e (m«rad) 5.4 x 10"® 1.8
(m) 1.89 5.47

B (m) 12.7 12.0

(mrad) 0.534 0. 18

0 t (mrad) 0.065 0.03

brightness 2.65 x 10^^ 1.15
(K==l, n=l, ph/s/Tnrad^/1% b.w./mA)
bandwidth O.H • 0.05

(Am/oj)

(mrad)

Oyt (mrad)
brightness

Table 3.4.2

Medium Emittance

Optics

(currently used)

Low Emittance

Optics

(future plan)

1.8 X 10"'
1.8 X 10"B
5.47

12.0

0.18

0.038

1.15 X iqIB

coupling between the horizontal and vertical
emittances is assumed to be 10%. As shown in

Table 3.4.1, the peak brightness of 2.7 x 10^^
ph/s/mrad^/l%b.w./mA is obtained in the case
of the medium emittance optics currently used
while the brightness of the normal synchrotron
radiation is 7 x 10^^ at the same photon
energy. The spectra at various K values are

calculated in Fig. 3.4.6 and the comparison

between the undulator and synchrotron radiation

is given in Fig. 3.4.7. Since the low emittance
optics will be available in near future, the
performance of the undulator radiation is

expected to be improved remarkably as shown in

Pig. 3.4.8 where the spectral brightness is

calculated by using the beam parameters of the
low emittance optics in Table 3.4.2.
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Fig. 3.4.6 Spectra of the undulator radiation
at various K values.
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3.4.7 Comparison of the spectrum of the
undulator with synchrotron

radiation.
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3.4.8 Comparison of the spectra in the cases
of the low and medium enittance optics.

3.4.4 Absolute brightness measurements

Although the model PMU-2 is expected to be

a powerful light source in the soft X-ray
region, the performance expected from the cal

culations should be confirmed prior to com

missioning of various optical experiments.

Therefore, the absolute brightness measurement

of the undulator radiation in the photon energy
region from 25 to 1600 eV was performed by

photoelectron counting technique with He as a

target gas. The schematic drawing of the exper
imental system is shown in Fig. 3.4.9. The dif-

®4mm CAPILLARY

SIP TMP TMP
1 IV

tLECTRON
ANALYZER

Fig. 3.4.9 Schematic drawing of the experimental
system for the absolute brightness
measurement.

ferential pumping system, consisting of two pin
holes of 1 mm in diameter and turbo-molecular

pumps, is set up along the beam line, so that

the resultant half angular aperture is limited
to 0.025 mrad. The photon beam with the cross-

section of 1 mm in diameter is led into the

vacuum chamber where the gas cell with an
electron analyzer is mounted. The analyzer is
rotatable around the beam axis so that the

angular distribution of photoelectrons can be
measured.

The counting rate of photoelectrons is
given by
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where Ip^ is the incident photon flux derived
from the brightness and angular aperture of
detection, o the ionization cross-section of He,
Njig the density of He atoms, and n the system
efficiency. The cross-section data of He are
obtained from the literature^^, and the absolute
value of I can be estimated by calibrating the
product of with electron sources. The

spectral brightness obtained in an absolute
scale is shown in Fig. 3.4.10 where the spectrum
calculated by using the beam parameters in Table
3.4.2 is shown by a full line. Although the
measured spectrum shows good agreement with the
calculated one, the quality of the actual
radiation with respect to the bandwidth and peak
value of the first harmonic is rather better.

The origin of this discrepancy may be due to the
over-estimation of the emittance coupling in the
calculation.

— Meosuremeni

— Calculation

Photon Energy (keV)

Fig. 3.4.10 Result of the absolute brightness
measurement compared with the cal

culated spectrum.

Since it is well-known that the beam emit

tance in an electron storage ring increases in

high beam currents, we suppose that the bright
ness of the undulator radiation is not neces

sarily proportional to the beam current and the
bandwidth becomes larger in high beam currents.

The dependence of the peak brightness and band

width of the first harmonic upon the beam

currents was measured and this expectation was

confirmed for beam currents above 100 mA as

shown in Fig. 3.4.11.

The polarization of the undulator radiation

was evaluated by measuring the angular distribu
tion of photoelectrons from He. The results
show that the linear polarization of the radia

tion at the high energy edge of the first har
monic is 99.9 ± 0.1%.

brightness/

.X X

y /x X'-'^^ridwidth

50 ICQ 150

BEAM CURRENT (mA)

Fig. 3.4.11 Dependence of the brightness and

bandwidth of the first harmonic

upon the beam current.
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V. BEAM LINES AND INSTRUMENTATION

1. INTRODUCTION

Altogether, nine main beam lines have been
constructed as of the end of September, 1983.
There are three X-ray lines (BL-4, 10, 15), two
VUV lines (BL-11, 12), one hard X-ray wiggler
line (BL-14), one soft X-ray undulator line (BL-
2), one Lithography line (BL-1), prepared by
Nippon Telegraph and Telephone Public Corpora
tion, and one monitor line (BL-21) for storage
ring operation. The arrangement of these beam
lines is shown in Fig. II.2 of Chap. II. Char
acteristics of the X-ray, VUV and soft X-ray
beam lines are sunnnarized in Tables V.1.1 and 2.

As can be found in these tables, all the

main beam lines, except the undulator and

monitor lines are divided into three or four

branch beam lines behind the shield wall, and
they are terminated by experimental stations.

The number of experimental stations

presently available for users is 25. Each of

these stations will be described in the

following sections. The design of these beam
lines was initiated in 1980, to fulfill the

requirements presented in 1979 by the users
organization. These requirements describe the

types and kinds of experimental apparatuses that
should be built for the experiments to be

performed at Photon Factory.
The design and construction of experimental

instruments and apparatuses were initiated in
parallel with beam line design, however, the
full in-house staff of the instrumentation

department was not yet established in this early
stage of construction, and a number of working
groups were voluntarily formed among potential
users to take part in the construction of exper
imental stations. It is obvious that to con-

stuct the number of beam lines and instruments

presently available would have been impossible
without participation of these groups. The list
of the working groups is given in Tables V.I.3
and 4. Among these groups, those for VUV and
soft X-ray beam lines, and two X-ray groups (No.
6 and 13 in Table V.1.3) were involved in

optical design of the beam line. Other X-ray
working groups designed and constructed experi
mental apparatuses to be used in the experi

mental hutches. An agreement among users and
Photon Factory was made that working group

members have priority in using these apparatuses

A view of experimental hall. From left to right, Beam Lines 10, 11 and 12.
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for a certain period of time after commis
sioning. In fiscal year 1982 (from April to
March 1983), most of the beam time was assigned
Co working group members for completing the beam

line optics and/or experimental apparatuses and
for performing preliminary experiments.

In the first experimental run(June-July,

1982), the operation of 6 X-ray branch lines
(lOA, lOB, IOC, ISA, 15B, 15C) and 3 VUV branch

lines (llA, IIC, 12A) was started and optical

alignment was performed. In some of the beam

lines, preliminary experiments to check the
performance of the optics and experimental
apparatuses were begun. Design of beam lines 4
and 14 was also initiated at this time.

One year since the first observation of
synchrotron light in March, 1982, 6 X-ray

experimental stations and 3 VUV stations became
ready for general user experiments and were
opened for general use beginning in June, 1983.

In June, 1983, Beam Line 4 was completed.

Immediately after the initial test of the branch
beam lines, three experimental stations 4A, 4B
and 4C were opened for users requiring white
X-ray beams. The commissioning of 3 other VUV
lines (IID, 12B, 120) and tests of the soft

X-ray double-crystal monochromator (IIB) were

1

successfully made during the summer run (June-
July) of 1983.

Beam line 14, which is connected to the

6 Tesla superconducting vertical wiggler, is a

unique line, provided with vertically-polarized

hard X-rays. Set-up of the beam line started

just after a successful test run of the wiggler
in February, 1983, and was nearly completed in
September. Commissioning of the beam line is
expected in November, 1983.

Beam line 2, which is connected to the

120-pole permanent magnet undulator, covers the
soft X-ray range between 0.4 and 5 keV and
became available in February, 1983.

Beam line 1, dedicated to X-ray micro-

lithography and related materials research, was
constructed under an NTT/KEK collaboration

program. Half of the available beam time will
be exclusively used by NTT and the rest of the
time will be open to general users through KEK.

The line will be divided into three branches,

and two of them (lA, IC) have been completed as

of September, 1983.

Now, 19 branch beam lines are in operation,

and three branch lines (wiggler-line) are almost
ready. The responsible PF staff member for each

beam line is listed in Table V.1.5.

BL-4C station.
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Table V.1.1 Characteristics of X-Ray Beam Lines

maximum typical
horizontal beam spot size

angular ac- (horizontal (mm)
ceptance (mrad) x vertical (mm))

monochromator

50 X 5 currently none
(double crystal:
to be Installed)

silicon (111)
10 X 3 gerumnium (111)

pyrolytic graphite (002)
(horizontally dispersing)

double,crystal
20 X 1 Silicon (111), (220), (311)

6 X 1.5

10 X 38

5 X 30

2.6 X 1.3

30 X 6

double crystal bent cylinder
Silicon (111), fixed

beam position

double crystal
Silicon (111) etc. bent cylinder

fixed beam position planned

double crystal
Silicon (111), (220), (311)

fixed beam position none
sagittal focusing

double crystal
Silicon (111) none

fixed beam position

curved crystal 7-mirrors
Silicon (111) (a=7.8®) cylindrical
horizontally focusing vertically

focusing

currently none
60 X 5 double crystal monochromator none

to be installed, sagittal
focusing, fixed beam position

energy

resolution

(AE/E)

white radiation

white radiation

currently white

5 Xio"J -v
5 X 10""^

white radiation

white radiation

(1 X10"'̂ )

energy

range to

(KeV)

4-35

4-35

4-35

6.5 - 25

4-30

5.2 - 57

5.5 - 43

8.6 keV

(fixed)

(4 - 30)

*) maximum vertical acceptance (mrad). e.g. beam line 14 Is a vertical wiggler line +) under construction

remarks and/or
typical applications

fluorescence analysis
dispersive EXAFS

diffractometer for liquids
and gases

general purpose

structure analysis
using a vertical 4-circle
dlffractometer and camera

EXAFS and XANES

one to one focusing
general purpose
diffuse scattering
fluorescence EXAFS

structure analysis
using a horizontal
4-circle dlffractometer,

cameras and area detector

precision X-ray optics

X-ray topography
general purpose

focal spot size
2. 6 mm X 1.3 mm

small angle scattering

high pressure experiment
X-ray topography
dispersive dlffractometer

precision X-ray optics
general purpose



Table V.I.2 Characteristics of VUV/Sof't X-Ray Beam Lines

branch horizontal grating groove wavelength refocusing typical
beam premirrors & vertical monochromator (crystals) density resolution -range mirror beam
line acceptance (i/mm) spot size

/ h Vs
(mm X mm }

remarks and/or
typical

applications

(mrad x mrad )

under designing

filtered white

filtered white

0.7 mradiji undulator radiation

llA plane 1.3 x Q
(2GH) spherical

,4 Grasshopper Mark VII
2m grazing incidence

4.0 X 1. 0 JUMBO Jr.

double crystal
IIB bent

(DXM) cylinder

lie plane
(SSM) concave

4.8 X 3,0 Im Seya-Namioka

IID cylindrical 2.0 x 2
(CDM) plane

, 0 2ra grazing Incidence
constant deviation

12A plane 2.4 x i
(GSN) concave

.5 Im Seya-Namioka

12B plane ^
(6V0PE) concave^^ 5.0 x 1.

concave

12C plane 0.14 x 0.
(lOGIH) concave

6.65m normal

incidence off-plane
Eagle mounting

10m grazing
incidence

Hitachi 2400

Au-coated

replica

Ge (111)
Beryl (1010)

B & L 2400

Au-coated 1200

replica

B & L 2400

Au-coated 1200

replica 600

B & L 2400

Au-coated 1200

replica

B & L 1200

Pt or Os-

coated

replica

Hitachi 2400

Au-coated 1200

replica

from VUV to X-ray

soft X-ray

from VUV to soft X-ray

19 mmiji X-ray raicrolithography

2 X 10 application of photo
chemical reactions

AA = 0.02 A

AX = 0.04 a"
10 'V- 145

10 V 240

bent

cylinder
8 X 0.3

AE = leV at 2keV 2.7 -v 6.2

AE = 0.6V at IkeV 8 16

2000

3000

X/AX v 1500

AX = 0.2 A 0
at 500 A

AX = O.OOS A
0

at 500 A for

lith order

AX = 0.002 A

AX = 0.004 a"

400 V 1700

400 -v- 3500

30 V 150 toroidal 0.5 x 0.5

150 300

300 v 600

350 V 1000 plane
350 'v 1500 toroidal > 1^

plane

400 2500 none

6 -v 25

6 50

gas phase photoelectron
spectroscopy
X-ray fluorescence
analysis

spectroscopy in soft
X-ray region

VUV spectroscopy for
solids

angle—resolved
solid state photo-
electron spectroscopy

VUV spectroscopy
for gases

VUV high resolution
spectroscopy

soft X-ray high
resolution spectroscopy

* to be exchanged by gracing for pre-dispersion ** for lOy - lOy slits *** for 25y - 25y slits **** for 5y - 5y slits



Table V.1.3 Working Groups for X-Ray Instrumentation

name of working group working group station

leaders number

reference number in

§V.4.1. for the in

struments constructed

by working groups

1 Ultra Trace Element Analysis Y. Goshi

(Univ. of Tokyo)

2 X-Ray Diffraction by Liquid/Melt F. Marumo
(Tokyo Institute

of Technology)

3 X-Ray Diffraction by Gas T. lijima

(Gakushuin Univ.)

4 Low Temperature X-Ray Diffraction S. Ragoshima

(Univ. of Tokyo)

5 High Pressure X-Ray Experiment S. Akimoto

(Univ. of Tokyo)

6 Minerals and Inorganic Materials M. Tokonarai

(Univ. of Tokyo)

7 EXAFS H. Kuroda,

S. Hosoya

(Univ. of Tokyo)

8 Small Angle Scattering (Enzyme) T, Ueki
(Osaka Univ.)

9 Crystal Structure Analysis of Y. litaka
Proteins and Organic Molecules (Univ. of Tokyo)

10 High Speed X-Ray Topography

11 Precision X-Ray Optics

12 Structure Analysis of Crystal

Surface

J. Chikawa

(NHK)

S. Kikuta

(Univ. of Tokyo)

S. Rikuta

(Univ. of Tokyo)

13 Small Angle Scattering (Muscle) H. Hashizume
(Tokyo Institute

of Technology)

14 X-Ray Diffuse Scattering

15 Radiation Biology

J. Harada

(Nagoya Univ.)

T. Ito

(Univ. of Tokyo)

4C, IOC, 15B

40, 15B

(also see BL-lOA optics)

14C2, 15B

14B1, 15C

(also see BL-15A optics)

IOC, 4C design completed,

also contributed to (d)

IDA, 15B

* 'station number' is the one at which instrument constructed by the WG is mainly used.
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Table V.i.4 List of Working Groups ('Beam Channel' and VUV/Soft X-Ray Beam Lines)

No. name of working group

1 Beam Channel

Soft X-Ray Spectroscopy

Soft X-Ray Double Crystal
Monochromator

working group
leader

T. Ishii

(Univ. of Tokyo)

T. Sasaki

(KEK)

S. Kikuta

(Univ. of Tokyo)

VUV Spectroscopy for Solids T. Ishii
(Univ. of Tokyo)

Angle Resolved Photoelectron T. Ishii
Spectroscopy for Solids (Univ. of Tokyo)

VUV Spectroscopy for Gases T. Namioka
(Tohoku Univ.)

High Resolution Soft X-ray T. Namioka
(6V0PE) (Tohoku Univ.)

High Resolution Soft X-Ray T. Namioka
Spectroscopy (lOGIM) (Tohoku Univ.)

branch Beam Lxne

number*

all beam lines up
to front-end

type of monochro-
mator or remarks

See iV.2.4

Grasshopper

Double-Crystal

Seya-Namloka

Constant Deviation

Seya-Namloka

6.65m Off-Plane Eagle

10m Grazing Inci
dence

* Optics of these branch lines are mainly designed and completed by these working groups.

Table V.1.5 Responsible Persons for Branch beam Lines

BL-IB: T. Hayasaka (NTT), M. Ando

BL-IC: T. Urisu (NTT), T. Ohta

BL-2: H. Maezawa

BL-4A: T. Matsushita

4B: S. Sasaki

4C; T. Matsushita

BL-IOA: S. Sasaki

IOB: M. Nomura

IOC: T. Matsushita

BL-lIA: A. Yagishita, H. Maezawa

IIB: T. Ohta, M. Nomura

IIC: H. Katoh, T. Miyahara

IID: T. Miyahara

BL-12A: A. Yagishita, K. Itoh

12B: K. Itoh

12C: H. Maezawa

BL-14A: Y. Satow

14B: T. Ishikawa

14C: M. Ando, H. Kawata

BL-15A: Y. Amemiya

I5B: M. Ando, H. Kawata

15C: T. Ishikawa



2. BEAMLINES AND OPTICS

2.1 X-RAY BEAM LINES

All X-ray beams are excracted from the
storage ring through beryllium windows, which

separate the ring vacuum from the low vacuum or

Helium gas at atomospheric pressure In the down
stream beam line components. Branch beam line
shutters and slit assemblies are located just
downstream of the beryllium windows. All the
X-ray experiments should be performed in

radiation-shielded enclosures, made of iron or

iron/lead plates, and to which access is con
trolled by a radiation safety interlock system.

Beam Line 10

The layout of beam line 10 is shown in Fig.
2.1.1. Beryllium windows, shutters and slits

are located just outside the shield wall. The

beam line components, up to the branch beam line

shutters and slit assemblies, are designed such
that beams of horizontal divergence 4.5 mrad, 2
mrad and 6 mrad can be extracted from the source

for BL-lOA, B and C, respectively. On this beam
line, beam pipes, and chambers for optical
elements are filled with helium gas at 1 atm.

BL-lOA This branch line is mainly used for

single-crystal diffraction experiments and
structure analyses with a crystal-monochromated
beam. Design and construction of the monochro-
mator and the experimental station was performed

by the "Minerals and Inorganic Materials"
working group. A schematic layout of the exper
imental station is shown in Fig. 2.1.2,

The station consists of I) a monochromator

system, located at a distance of 12.5 m from the

source, 2) slit systems, 3) a vertical-type
four-circle diffractoraeter, located 2.5 m from

the monochromator, 4) a hutch mounted on an

alignment carriage, and 5) a measuring and con

trol system with a minicomputer. The optical

BL-10 double-crystal
monochromator

[Si III) toroidal mirror

Guide Pass

Monochromator

Diffractometer

Slits

Fig. 2.1.2 A monochromator and a four-
circle diffractometer on BL-lOA.

design for this station results in (1) rapid and
easy tunability and (2) small intensity varia
tion over the sample area, at a sacrifice of
high momentum and/or energy resolution.

A flat crystal, either silicon (ill),

germanium (111) or pyrolytic graphite (002), is
currently used as a monochromator. Two of

these crystals can be mounted simultaneously in
the monochromator box and chosen remotely with a

horizontal translation. The monochromator

system can be rotated up to 9 = 17.64® and

allows measurement within the 6.5 to 25 keV

energy range when a silicon (111) crystal mono
chromator is used. The lower energy limit will
soon be extended to 5.5 KeV. As the wavelength
of the beam is changed, the diffractometer is

synchronously and automatically translated to

follow the beam position. Using a silicon (111)
crystal, the photon flux is estimated at around

10^(photon/mm^ sec) at 2.5 GeV and 100 raA, with
an energy resolution of about 10"^ in AE/E. In

3m(W)x2.7m(L)x 3m(H)

flat single
monochromotor

(grophite)

^2m(W) x2.4m(L) x2.4m{H)
EXAFS IImrad slits I EXAFS |

?>''im(W)x|m(L)x,m{H)
'<y four -circle mono^omotor

diffroctometer (Si 311)

Distarce from the Source point
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Layout of Beam Line 10.

The sizes of experimental
hutches are shown for

BL-lOB and IOC.



this condition the synchrotron X-ray source has
an Integrated intensity two orders of magnitude
greater than conventional, sealed X-ray sources.

BL-lOB This branch line is dedicated for X-ray
absorption spectroscopy; EX^FS and XANES. A
slit system and a double crystal monochromator
are located 22 ra and 24 m from the source, res

pectively. A hutch is located around 25 m from

the source. The double crystal monochromator is
a conventional type, with a fixed distance bet

ween the two crystals, so that the height of
monochromatized beam varies as the X—ray energy
is scanned. Three types of crystals are avail
able to cover an energy range between ^-4 KeV and

'\'30 KeV; a Si (311) channel-cut crystal and two
pairs of Si (111) and Si (220) flat crystals.
At present, the 311 monochromator is routinely
used for the energy region above '^6 KeV. For

this monochromator, the second order reflection

is forbidden. The intensity of higher harmonics
is weak as well, due to the steep decrease in

the synchrotron radiation intensity at corre
sponding energies. The 111 monochromator is
used mainly for the energy region between '>'4 KeV

and "VlO KeV. The third order component, due to

the 333 reflection, is reduced by slightly
detuning the first crystal relative to the

second.

Using the 311 monochromator, an energy

resolution of I eV is obtained, with an

intensity of '̂ -10® photons/sec for X-rays of
energy of 9 KeV, with a beam size of 1 mm

(vertical) x 6 nun (horizontal), and the storage
ring operating at 2.5 GeV and 60 mA. The

intensity increases by an order of magnitude
when ill crystals are used.

The station is open for general users and

many experimental results are coming out, as can

be seen in Chap. VI.

BL-IOC The optics of this beam line consist of
a double crystal monochromator, located 14 m
from the source, and a doubly-focusing mirror,

located 16 m from the source. This is schemat

ically shown in Fig. 2.1.3. X-rays with
energies between 4 and 10 keV are available with
this optical system. This design, which places
the double crystal monochromator upstream of the
focusing mirror, has several advantages, such
as: (i) the radiation damage of the mirror sur

face is considerably reduced, (ii) the energy
resolution of the system is not influenced by
the mirror which increases the vertical diver

gence of the reflected beam. As monochromator
crystals, silicon 111 crystals are currently
used. The size of crystals is about 10 cm in

diameter so that a 4.5 mrad horizontal accept

ance is achieved. The monochromator mechanism

has three independent motions; rotations of the
first and second crystals, and translation of
the first crystal along the incident beam direc
tion. These three motions are synchronously
controlled by three independent computer-

controlled stepping motors, so that the height

of the successively Bragg-reflected beam is
always constant. The difference in height
between the incident beam and successively
reflected beam is 14 cm.

During continuous scanning of the X-ray
energy, the rotation angle of the first crystal
is controlled by a computer in such a way that
the successively reflected beam is always close

to the reflected peak value. Without special
software to find the peak of the rocking curve,

5-10 arc sec misalignment between the first
and second crystal was sometimes observed. The

beam height deviation is small, e.g. less than
0.1 mm, during continuous scanning over a 1 keV
X-ray energy range. Efforts are now under way
to further reduce this deviation.

focal point

ISmrad

I4cm

source

' doubly focusing mirror

double-crystal ^ cylinder)
monochromator

Fig. 2.1.3 Optics of BL-IOC, which consists of a double crystal
monochromator (upstream) and a bent-cylindrical mirror (down stream).
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At present, the first crystal is not
cooled. The rocking curve full width at half
maximum is 9.5 arc sec when the storage ring is
operated at 2.5.GeV and about 100 mA. This

suggests that the bending of the first crystal

by heating is not serious. However, a drift in
the intensity is sometimes observed just after
the beam line shutter is opened, for a few
minutes to 10 minutes. A post monochroraator

shutter or a cooling system is now being
considered.

The surface of the focusing mirror is

cylindrically polished with a radius of curva
ture of 12.4 cm and is platinum-coated. It is

bent along the incident beam direction to a

radius of curvature of 2000 m. The glancing
angle of the X-ray beam to the mirror surface is
set to 8 mrad, which gives a cut-off energy of
approximately 10 KeV. An X-ray beam having
approximately 4 mrad of horizontal divergence is
accepted. The mirror gives one-to-one focusing

at a distance of 32 m from the source. The size

of the focus is approximately 6 mm(H) x 1 mm(V),
which is approximately equal to the source size
at this beam line.

The resolution of this optical system, with

Si 111 crystals, is estimated to be better than

2 eV at 9 KeV, by observing the pre-edge struc
ture from a copper metal foil. The Intensity is
roughly estimated to be 10^^ photons/sec at 9
KeV with a 2 eV resolution, when the storage

ring is operated at 2.5 GeV and 100 mA.

The size of the e^cperimental hutch is shown

in Fig. 2.1.1. The downstream wall of the hutch

can be opened completely so that big and heavy

apparatuses can be brought into and aligned in

this hutch. Some examples of such apparatuses

are the diffractometer for low temperature
study, small angle scattering camera for
enzymes, and a fluorescence EXAFS system.

Beam Line 15

The layout of Beam Line 15 is schematically
shown in Fig. 2.1.4. The branch beam line shut
ters and slit assemblies are of exactly the same

design as those of Beam Line 10, so that X-ray

beams with horizontal divergence angles of 4.5
mrad, 2 mrad and 6.0 mrad can be extracted for
BL-15A, B and C, respectively. Shutters and
slit assemblies for all three branch lines and

the beam pipes of BL-I5B and C are filled with I
atm of helium gas. The downstream part of BL-
15A is evacuated.

BL-15A A demagnifying focusing mirror-
monochromator optical system was designed and

constructed for small angle scattering by the

"Small Angle Scattering (Muscle)" working group.
A small angle resolution of about 1000 A is
obtained in the vertical direction at a wave-

0

length of 1,5 A. When the PF storage ring

operates at 2.5.GeV and 100 mA, the intensity is
about 1.5 2 X 10^^ photons/s at 1.5 A.

For focusing in the vertical direction, a

1.4 m long reflective surface was made of seven
fused silica mirrors, each of which is 20 cra(L)

X 6 cm(W) X 1.5 cm(T). The mirrors are mounted

on a 1.5m long steel beam which has an H-shaped
cross section. Each mirror is clamped to the

H-beam by mirror clamps, which tightly press the
outer edges of the reflective surface of the

mirror against the highly polished bottom sur
face of the H-beara. The H-rbeam is bent elasti-

cally into a radius of a few kilometers using

two bending couples. The reflective surfaces of

the mirrors are expected to bend following the

curvature of the bottom surface of the H-beam.

The inclination and the height of the whole
mirror are adjustable using linear motions at

each end of a bench, on which the H-beam and the

bending mechanism are mounted.

Focusing in the horizontal plane is

achieved using a triangular-shaped curved

crystal of silicon, whose 111 plane is inclined
to the surface by 7.8®. The size of the crystal
is 50 mm in base, 170 mm in height and I mm in
thickness. The tip of the triangular crystal is
pushed by an eccentric cam while the base is

tightly clamped. The surface of the crystal was

polished both mechanically and chemically. The
height of the monochroraator, which is mounted on

two crossed swivels, is adjustable over a range

of 8 cm.

Three sets of slits are used in the dif-

BL-15
berylium
windows

bronch beam line shulters
and slit assemblies

C
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/ V
7 tandem mirrors curved

(fused quartz)
(Si III)
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Fig. 2.1.4

Layout of Beam Line

15. Sizes of hutches

"45n, are shown for BL-15B1,
I5B2 and 15C.
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Fig. 2.1.5
Side view (upper) and plan view (lower) of BL-15A branch beam N.
line. A: attenuator and phosphor screen, B: berllium window

(0.2 mm thick), C: mirror slit, D: mirror tank, E: vacuum gate

valve, F: phosphor screen and white-beam stop, G: monochromator box,
H; scatter suppressor slit, I: specimen slit, J: table for specimen,
K: Kapton window (0.025 mm thick), L: specimen position, M and N: Kapton
windows, 0: vacuum chamber for film cassette, P: table for detectors, Q:
safety hutch. Sections between B and K and between M and N are evacuated,
while hellium gas fills A and branch shutter which is not shown.

fractometer. The first set of slits, which is

placed just upstream of the mirror, is used to
limit the size of X-ray beam to an amount which
is suitable for the specimen size. The second

set, which is located at the exit of the crystal
monochromator, is used for reducing unwanted
scattering from the monochromator. The third

set is placed immediately in front of the

specimen. In order to observe the shape and

position of the X-ray beam, two viewing ports
were installed, one just upstream of the mirror
and the other just upstream of the mono

chromator. In the downstream viewing port, a

lead block can be inserted upwards from the
bottom in order to mask the direct beam which

is not reflected by the mirror.

Two TV cameras are installed in the experi

mental hutch, one for monitoring the X-ray beam
at the specimen and the other for monitoring the
entire area of the hutch.

The vacuum of the diffractometer is isolat

ed from that of the storage ring by a short

helium pass. In order to minimize contamination
and damage of the mirror surface, the mirror
chamber is evacuated by a turbomolecular pump

and all the stepping motors are mounted outside
the chamber. The vacuum in the mirror chamber

is 10"^ Torr. The mirror chamber is separated
from the helium pass at its entrance by a 0.2 mm

thick beryllium window and from the low vacuum
of the monochromator chamber at its exit by a

0.07 mm chick window. The monochromator chamber

uses a 0.025 mm thick Kapton exit window and is
evacuated by a rotary pump. The beam pipe
between the specimen and the detector uses 0.025

mm thick Kapton windows and is also evacuated.
The details of the performance test of this
optical system are reported on pages VI-88'^90.

BL-15B This branch line is a white X-ray beam

line. Two experimental stations, 15-Bl and
15-B2, are currently located in tandem at around

35 m and 38 m from the source. Only one of
these stations can be used at a time. The 15B1

station is for general purpose use, where a user

can align his/her own monochromator or other
equipment. The 15B2 station is dedicated to the
topography camera which is described on page V-

30. The I5B2 hutch and the topography camera

was moved to the wiggler beam line, BL-I4,
during the summer shut down.

BL-I5C This branch line is also a white X-ray

beam line. Users can bring their own mono-

chromators or other equipment into the hutch.
Work performed in this way is reported on pages

VI-llCvlU.

A double crystal monochromator, which is

essentially of the same design as that to be
installed on BL-4C, will be installed on this

branch line by next summer. A description of

this type of monochromator is briefly given in
the section for BL-4C.

Beam Line 4

The layout of beam line 4 is shown schemat

ically in Fig. 2.1.6. Branch beam line shutters

and slit assemblies are installed inside of the

shield wall. X-ray beams having horizontal

divergence angles of 6 mrad, 4.5 mrad and 6 mrad

can be extracted in three branch lines, 4A, 4B

and 4C. The commissioning of this beam line was

made in June, 1983. At present, no optics are
installed so that all three branch lines are

offered for experimenters who use white X-rays

V- 10



Beam Line 4

SHUTTERS, SLITS

BE WINDOWS

6 mrad

DOUBLE CRYSTAL
FOCUSING MONOCHROMTOR

4-32 keV

(to be installed )

6 mrad mrad

GENERAL PURPOSE

34 m rod WHITE X-RAYS
WHITE X- RAYS

Fig. 2.1.6 Layout of Beam Line 4.

or who align their own monochromators in the

hutches. Monochromators for these lines are now

being designed or considered.

The beam path downstream of the beryllium
windows, which protect the ring vacuum, are

evacuated to a low vacuum. The end parts of
each branch line consist of a beryllium window

250 pm thick and a small space filled with
flowing helium gas. A Kapton window is used to
separate this helium path from the air in the
experimental hutch.

BL-4A and BL-4B These two branch lines have no

monochromators and only white radiation is
available. Users can bring their own mono

chromators or other equipment and can align it

in the hutch. The hutch of BL-4A is located

around 13 m from the source and that of BL-4B

around 18 m from the source. The sizes of the

hutches are given in Fig. 2.1.6.

BL-4C This branch line is currently used as a

white X-ray line. It is an end station and
among the three hutches, it provides the biggest

available space. Two of the side walls of the
hutch can be opened for bringing big and heavy
apparatuses into the hutch.

A sagittally focusing double crystal mono-
chromator is being designed for this branch
line. It will be capable of collecting up to 6
mrad in the horizontal direction. The first

crystal is a flat crystal mounted on an X-Y
stage. The second crystal is a bent crystal, to
collect the horizontally diverging beam into a

converging form. The height of the successively
reflected beam will be kept constant, at dis
tance of 25 mm above the incident beam height.

The Bragg angle can be changed from 5.8" to

70.0°. With a Si 220 reflection, an energy
range of 3.4 "v 32 keV can be covered. It will

be installed 22 m from the source. The mono-

chromator will be installed in May, 1984.

Beam Line 14

On this beam line, vertically polarized
X-rays are available from the superconducting
vertical wiggler. This beam line is now under

construction, and will be operational in the
autumn run, starting from October 1983. The

layout of the beam line is shown schematically
in Fig. 2.1.7. Out of the total 9 mrad vertical

divergence extracted from the wiggler, branch
lines 14A, 14B and 14C accept 1.3, 2.2 and 1.3
mrad, respectively. Branch beam line shutters
and slit assemblies are installed inside of the

shield wall.

BL-14A This branch line is equiped with a

double crystal monochromator for which two flat

silicon (111) crystals, 120 mm long, 30 mm wide
and 6 or 15 mm thick, are arranged in parallel.
The monochromator has three motions, i.e. a

rotation of the first crystal and a rotation and

translation of the second crystal. These three
motions are synchronously controlled by a com
puter so that the monochromatized beam position
is kept constant while the wavelength of the
beam is scanned. The first crystal is water
cooled. The separation between the incident

beam and the successively reflected beam is
designed to be 45 cm, in order to have enough
space for installing large instruments in the

experimental hutch. This results in a 1.7 m

translation of the second crystal parallel to

V- 11



Beam Line 14

Wiggler

BL-I4B

Monochromator
BL-14A

Fig. 2.1.7 Layout of Vertical Wiggler Beam Line.

the incident beam direction. The energy range

to be covered with this monochromator is from 5

to 40 keV and can be extended to 60 keV if the

333 reflection used, in combination with an

appropriate filter for the fundamental reflec
tion. A Pt-coated bent cylindrical mirror is

planned for installation downstream of the
monochromator. It will give 1:1 focusing. The
hutch is located approximately 30 m from the
source and is 2.4 m x 2,4 m in overall size.

This beam line was designed and is being

constructed by members of the "Structure
Analysis of Proteins" working group .

BL-I4B The experimental station for this branch
line is located 25 m from the source. A double

crystal monochromator for the station is
currently under design. It also will produce a
large separation in the horizontal plane between
the incident and monochromatized beams, in order

to get enough space for the experiments. The
first crystal will have two motions, a rotation

and a translation along the incident beam
direction, while the second crystal has only a

rotation. The second crystal will be cylindri-
cally bent, in order to sagittally focus the
vertically divergent beam. In the autumn run,
this branch line will be operated with a single-
crystal monochromator. The double crystal mono
chromator will be installed in fiscal year of

1984.

BL-14C This branch line is an end station, so

that among the three experimental stations on
the wiggler beam line, the biggest space is
available here. On this branch line, either a

monochromatized beam or white X-rays is avail

able. A double crystal monochromator is in
stalled 32.5 m from the source. The monochro

mator is of a similar design to those of BL-IOC

and BL-14A. The station is used for high speed

X-ray topography and for general experiments.
The size of the hutch is shown in Fig. 2.1.7.

IL

Double-crystal monochromator on

a vertical-wiggler line (BL-14A).

V- 12



2.2 VUV BEAM LINES

Four beam lines have been constructed for

VUV and soft X-ray experiments. BL-11 is

designed mainly for solid state spectroscopy,
while BL-12 is for gas phase spectroscopy. BL-2
is an undulator beam line which provides an

intense and collimated photon beam in the soft

X-ray region. BL-l was recently designed and
constructed for X-ray lithography and related

studies by the Electrical Communication

Laboratories division of N.T.T.

All of these beam lines are directly con

nected to the ring vacuum. Operation of the

vacuum systems is controlled by a vacuum

interlock system.

Beam Line 11

Beam line 11 is mainly used for solid state

spectroscopy in the VUV and soft X-ray spectral
regions. Grasshopper (BL-llA), double crystal
(BL-llB), Seya-Namioka (BL-llC) and constant
deviation (BL-llD) monochromators are installed

on BLll. Among them, the grasshopper and Seya-
Namioka monochromators have been in operation

for a year. The double crystal and constant
deviation stations which are intended primarily

for SEXAFS and photoelectron spectroscopy,

respectively, are now in the performance test
stage.

Figure 2.2.1 shows the beam-splitting
section of BLIl, which contains premirror ad
justers to allow rotation and translation
degrees of freedom, a water-cooled mask to

define the incident radiation for each branch

beam, pneumatically-driven water-cooled light

absorbers to function as beam stoppers, and

evacuation components. A horizontal 1.3 mrad of
radiation emitted from the upstream edge of the
source is horizontally deflected by h" using a
Pt-coated, flat SiC mirror and is then incident

on a cylindrical mirror in the grasshopper mono-

chromator (BL-llA). A light beam of 1.7 mrad

from the downstream edge of the source is

horizontally deflected by 8° in the opposite
direction by a Pt-coated, cylindrical SiC
mirror, and is then transported through two

spherical mirrors to the constant deviation

monochromator (BL-lID). 5 mrad from the middle

part of the source is first deflected downward

by 25" using a non-coated, planar SiC mirror and
then focused upward by Au-coated spherical
mirror onto the entrance slit of the Seya-

Namioka monochromator (BL-llC). The remaining 4
mrad beam is vertically deflected by 2", with

horizontal and vertical focusing, using a Pt-

coated bent cylindrical quartz mirror, and is
then supplied to the double crystal monochro

mator (BL-llB).

In order to prevent hydrocarbon contam

ination of the reflecting mirror surfaces and to
avoid deterioration of the storage ring vacuum

BEAM LINE 11 ASSEMBLY

MCWITOR MlBftCR AQJUSTEB

eWWCH BEAM LINE LIGHT ABSCBBEB
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Fig.2.2.1
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as well as the vacuum at the experimental

station, this beam line section must be kept at
a hydrocarbon-free ultra-high vacuum. One 140
i/s and two 500 i/s ion pumps are installed
together with two titanium sublimation pumps for
the main pumping. A 270 2./s turboraolecular pump
is used for rough pumping during bakeout. Two
60 l/s ion pumps, intended for use without any
operator, have proved to be unnecessary.

Without an electron beam in the storage ring, a
vacuum of 3 * 10 ^ Torr has been achieved by
baking, with the mirrors in place, for about 24
hours.

BL-llA We purchased a 2-meter grazing inci
dence monochromator (Mark VII grasshopper) from
Baker Manufacturing Company, USA, and set it up
at this station in April, 1982.

The grating mounted in the monochromator is
a 2400 lines/mm gold-coated replica with I°45'

blaze angle made by Hitachi Co. The light beam
impinges on it at a grazing angle of 2 degrees.

Optical alignment of the system was performed
using visible SR light through a glass window.
The spectra of the monochroraatized output was

obtained by observing the total photoelectron
yield from alkali halides evaporated on the

photocathode of an electron multiplier. From
the data, we concluded that photons of energies
between 90 and 1000 eV are available. The ratio

of scattered and higher order light to the
desired monochromatic beam was found to be 5% or

less in the energy region below 300 eV, on the
basis of photoelectron energy analysis from neon
gas. For testing the resolving power and for

photon energy calibration of the monochromator,
we measured absorption spectra of gases con

tained in a gas cell. The resolving power at

about 250 eV, with a slit width of 15 um, was

estimated to be 2 >= 10 ^ from the argon L2 3

Ar L,
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Fig.2.2.2

absorption spectrum, shown in Fig. 2.2.2. This
value is in agreement with the calculated one.
These results show that alignment of the optical
system was satisfactorily performed. The photon
flux was estimated at X = 50 A, using an AI2O3
NBS photodiode. For a stored electron current

of 100 mA, and entrance and exit slits set to 15

um, the output flux was 10® - 10®/s. The mono
chromator is evacuated by a 500 i/s ion pump,
and a 30 2./s ion pump mounted on the grating
chamber. After low temperature bakeout, a
vacuum of 2 ^ 10~® Torr was achieved.

BL-1IB This station was designed to provide a

focused beam in the soft X-ray energy region

(from 800 eV to 4500 eV) for experiments on

solid surfaces, such as surface EXAFS and photo-

emission spectroscopy.

The optics consist of a toroidal mirror and

a double crystal monochromator, both of which
are in UHV chambers. The mirror is placed 17 m
downstream of source and focuses the beam at the

34 m point downstream. It is a cylindrically-
shaped fuzed quartz blank (60 cm long * 14 cm
wide), coated with Pt, and the mirror assumes a

toroidal figure as a result of mechanical
bending forces applied from outside the vacuum
chamber. This mirror accepts a direct syn

chrotron radiation beam of 4 mrad^ x 0.5 mrad^
and deflects it upwards by 2°. Thus, the mirror
system focuses the beam and cuts off synchrotron
radiation photons above 5 keV.

So far, there has been only one UHV-com-

patible soft X-ray double crystal monochromator
in the world, which is successfully in opera

tion. It is the so-called "JUMBO" monochromator

at SSRL. Our monochromator was designed based

on the same principles as the "JUMBO", making
special efforts to get higher reliability and
adjustability. A schematic view of the result-

SoFT Xray Double Crystal Monochromator

Fig.2.2.3



ant design is shown in Fig. 2.2.3. Scanning and
fine adjuscmenc mechanisms are outside the

vacuum and Che movements are transferred to the

crystals through bending and/or expanding
bellows on the UHV chamber. A crystal carrousel
system makes it possible to interchange four
kinds of crystals in situ; beryl (1010) (800
1500 eV) , a-quartz (1010) (lAOO 4000 eV), InSb
(111) (1500 2500 eV), Ge (111) (2000 -v 4500
eV). Compared with "JUMBO", this monochromator
is much more compact and has several improved

mechanisms.

Performance tests of the toroidal mirror

system, performed during the June - July run of
FY 1982, showed that the focal spot size at the

34 m point was 1 mm * 6 mm and the cut-off
energy was 5 keV, as estimated by measuring
scattered photons with a Si/Li SSD.

The monochromator was installed in March

1983 and several preliminary performance tests
were carried out during the June and July runs

1983. We tested only Ge (111) and beryl (1010)
crystals at that time. Double crystal rocking
curves were measured at several angles for both

crystals. FWHM's of the curves are almost
comparable with those of "JUMBO" at SSRL. Total
electron yield spectra from several samples were

also measured. Among them, Fig. 2.2.4 shows a
yield spectrum from M0S2 in the S K, Mo
Liii energy region. The signal-to-background
ratio is as high as 20, which indicates very low
stray light levels.

Mo Lmedge

Mo Lnedge

PHOTON ENERGY(eV)

Fig.2.2.4

BL-llC This station consists of a vertical dis

persion Im-Seya-Naraioka monochromator and a pre-
focusing mirror system. The layout is shown in
Fig. 2.2.5. After adjustment and performance
tests, it was opened for user experiments,

beginning since June 1983. This monochromator,
named SSN, was designed mainly for spectroscopic
experiments on solids in the VUV region. The
specifications of SSN are as follows:

Two Au-coated gratings (Bausch & Lomb), (a)
and (b), are kinematically mounted on a
cylinder-like holder. At any time, we can

exchange one for the other under UHV conditions.
(a) D = 1200 i/ram, R = 998.8 mm, Xg = 1500^A
(b) D = 2400 i/mm, R = 998.8 mm, Xg = 800 A
The wavelength scanning is performed using a
sine-bar method. As the arm length is 409.6 ram

and the rotation angle of the arm is within

±15®, a monochromatic beam is ^obtained in a
wavelength region of 400 3500 A and 400 'V' 1700

A for (a) and (b), respectively. Widths of the
entrance and exit slits can be set between 20

and 400 p, using micrometer drives. The width

of a diaphragm which limits the accepted beam
can also be continuously changed from 0 to 34

mm. The resolution X/AX is 2000 3000. Figure
2.2.6 shows an absorption 'spectrum from potas
sium which illustrates a sharp absorption edge.

The slits were set at 50 pm.

SSN is also equipped with a gas discharge

UV light source. We can use this light source

and laser light, in addition to the synchrotron

14155
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radiation, when the monochromator is calibrated

or adjusted. A gate valve with a quartz window

is Installed just behind the exit slit. It is

useful for adjusting the sample position while
keeping SSN at UHV. The monochromatic beam

exits horizontally, 1335 mm above the floor.

Evacuation of the grating chamber is per
formed by a 400 l/s noble ion pump and a Ti-
sufalimation pump with separation valve. A
manifold under the entrance slit and a beam pipe
behind the exit slit are evacuated by their res

pective 60 l/s noble ion pumps. A 170 l/s
turbo-molecular pump is used for rough-pumping
of the parts described above and for differ

ential pumping of the gas discharge light
source.

The wavelength reading, scanning system,
and data acquisition system are controlled by a

micro-computer PC-8801 (NEC) through GP-IB.

BL-1ID This station includes a cylindrical

mirror made of SiC, a constant deviation mono

chromator (CDM), and a versatile angle-resolved
photoelectron spectrometer. The optical layout
and a side view of the monochromator are shown

in Fig. 2.2.7 and Fig. 2.2.8, respectively.

CDM was designed to provide an intense

photon flux at energies from 20 to 150 eV and a
small light spot size through use of a toroidal
mirror. In this way, angle-resolved meas

urements can be performed in a short period of

time. Therefore the position of the exit slit

is fixed and the focal point does not move when

the wavelength is scanned by rotation of the
grating. The spectral resolution is not so good
as that achieved in monochromators with Rowland-

mounted optics because in CDM, the focusing con

dition on the Rowland circle is not satisfied.

This is a common situation in other constant

deviation monochromators like TGM (Toroidal

Grating Monochromator). But in contrast to TGM,
the entrance slit of CDM is movable, to minimize

the effect of astigmatism. As shown in Fig.

2.2.7, the entrance slit, together with a plane

Fig.2.2.7

Fig.2.2.8

mirror and a concave mirror, is placed in a

chamber which moves back and forth along the
direction of the incident rays. This parallel
motion is mechanically independent of the rota

tional motion of the grating. These two kinds
of motion are controlled by a computer, because
there is a certain optimum relationship between
the two motion to provide the best resolution.

In a performance test, the dimension of the
light spot at the focal point was found to be
0.5 mm * 0.5 mm, which is sufficiently small for
angle resolved photoelectron spectroscopy and in
good agreement with the result of ray-tracing.
The light intensity at 100 eV was such that the

output current of a photomultiplier (R595) was
10~® A when the applied voltage was 750 V and
the slit width was 25 p. Absorption meas
urements were carried out on the L2 ^ structure
of A1 and on the 4d - 4f structure of LaF^. The
results showed that the spectral resolution of
CDM is better than 700 at 100 eV, while the

designed ultimate resolution is 1500. Some

atomic absorption measurement is needed to check

the actual ultimate resolution.

The versatile angle-resolved photoelectron
spectrometer is now being examined and adjusted.
Details of this apparatus are described in the
instrumentation section.



Beam Line 12

Beam line 12 transports the synchrotron

radiation to three experimental stations, mainly
for gas phase spectroscopic investigations.
Three monochromators, Seya-Namioka (BL-12A),
6.65 meter off-plane Eagle mounting normal inci
dence (BL-12B), and 10 meter grazing incidence
monochromator (BL-I2C) are installed. The Seya-
Namioka monochromator is used in the VUV region
for gas phase studies of atoms and molecules.

The off-plane Eagle mounting monochromator and

the grazing incidence monochromator are designed

for high resolution spectroscopy in the VUV and
soft X-ray regions, respectively. Division of

the horizontal angular aperture of BL-I2 into
the three branch beam lines is 3, 5, and I mrad

for BL-12A, B, and C, respectively.

Layout of the main part of the beam line 12
is shown in Fig. 2.2.9. The beam line com

ponents are arranged sequentially as follows: a
main gate valve, a 20 mm thick water-cooled

copper mask for the above branch line division,

three 20 mm thick water-cooled copper branch

beam shutters, and three pneumatic gate valves.

The last two items are provided as a set for

each branch line. Apart from the above units,
another beam shutter with a water-cooled stain

less steel mirror is installed occasionally to

-WATER COOLED EVACUATION PORT
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observe the electron beam profile in the storage

ring.

The two VUV branch lines both have non-

coated silicon carbide plane mirror, which cut

off hard X-rays and extract only the VUV com

ponent of the synchrotron radiation. The angle
of incidence onto the silicon carbide mirrors is

80°. For the soft X-ray branch, a direct beam
is brought into the station through two 60 mm
thick water-cooled copper rings with small
rectangular apertures.

The whole system is ordinarily operated

under a vacuum of order 10"^ Torr. The main
part of BL-12 is surrounded by a steel hutch for

radiation safety.

BL-12A In March of 1981, a vertical dispersion

Im-Seya Namioka monochromator was fabricated for
spectroscopic experiments in the gas phase.

This was the first monochromator at the Photon

Factory in the VUV region (400 'v 2000 A). The
aim of the monochromator design was to obtain

high transmittance rather than high resolution.
Since October 1982, this beam line has been

opened for user's experiments.
As is well known, the deviation angle of

the incident light is constant. Wavelength

scanning is performed by a sine-bar mechanism.
Two Au-coated gratings are ready for exper

iments.

a) R = 998.8 mm, 1200 i/mm, Xj = 536 A
b) R = 998.8 mm, 2400 )l/mm, Xg = 508 A

These gratings are kinematically mounted on a
turn table. The constant deviation angle is

70°15'. ^ The linear dispersion on an exit slit
at 500 A is 8.11 A/mm for grating a) and 3.95
A/mm for grating b), respectively. A turbo-
molecular pump (270 l/s), an ion pump (500 i/s)
and a Ti-subliraation pump evacuate the monochro

mator chamber. The ultimate pressure of the
chamber is 1 x 10"^ Torr. Another turbomolec-
ular pump (270 l/s) is attached to a post-
focusing mirror chamber.

The beam line optics is shown schematically

in Fig. 2.2.10. Synchrotron radiation is de
flected by a plane SiC mirror (250 mm(L) x 200
mm(H)) placed at a distance of 27.28 m from the
source point. The short wavelength component is

eliminated by this deflection. Vertical fo
cusing of the incident radiation on the entrance
slit of the monochromator is achieved with a

Pt-coated concave mirror (R = 6250 mm, 100 mm$).

The synchrotron radiation is monochromatized by
the above-mentioned monochromator. A well-

focused beam ( "vl mmij!) is obtained with the

post-focusing system, which is composed of two
gold-coated plane mirrors and one gold-coated
toroidal mirror (R^ = 340 mm, = 2020 ram).

The photoionization cross section for Ar in

the ionization threshold region is shown in Fig.
2.2.11. The spectra were measured with a double

ionization chamber attached directly to the exit
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slit. The resolution was estimated to be 0.33 A

FWHM by measuring the absorption of Ne 2s 3p
resonance line.

A computer-controlled wavelength scanning
and data acquisition system is provided for
user's experiments. Data from a counter and a
multi-channel analyzer are fed into a micro

computer PC-8001. Using this system, the trans
mission spectrum was measured with a 500 p slit
width and the 1200 i/mm grating. The photon
intensity was calculated from the density of the
target Ar gas and the two ion currents produced
in the double-ionization chamber. The output

3pS-3pS(2P|/25nd 12 II 10 9=n

3p5-3p5{2p|̂ 2)ns 14 13 12 II

Wave length (A)

Fig.2.2.11

flux is estimated to be 1 ^ 10^ photons/A*sec
at 500 A with 100 mA ring current.

BL-12B The aim at this station is to construct

a high-resolution spectrometer for the vacuum
ultraviolet region. After a number of dis
cussions, the working group completed a basic
design of the spectrometer in April 1981. The
construction of the vacuum chamber for the main

grating and the scanning mechanism were com
pleted in March 1982, and the remaining parts of
the instrument including the predisperser
system, in March 1983.

A 6.65-m off-plane Eagle mounting was
chosen for achieving a resolving power of 10^ -
2 X 10^ in a wavelength range of 400 - 2000 A
(considering its compatibility with the polar
ization characteristics of the synchrotron ra

diation (SR) and its proven high resolution
capability.) Because a high quality concave
grating with a groove density of 4000 grooves/mm
or more was not available, we were forced to use

a high-order spectrum, and this in turn required
an effective means of avoiding overlapping

orders.

Figure 2.2.12 schematically shows the whole
optical system of the instrument. The SR beam
acceptance angles are 3.6 mrad in the vertical
plane and 5 mrad in the horizontal plane. The
foregratings and G2 are concave gratings with
variable spacings and straight grooves. The SR
source point, Gp and the intermediate slit, Sp
constitute a bandpass-filter type monochromator
with a constant-deviation angle of 70° and Sp
G2, together with the main entrance slit, S2,
form another monochromator with a constant-

deviation angle of 90°. The latter neutralizes
the dispersion of the filtered beam produced by
the former. Thus, simple rotation of Gj^ and G2,
together with adjustment of Sj^ width, provides a
properly filtered SR beam of various bandwidths
to the main spectrograph/monochromator.

The main grating G^ has a radius of cur
vature of 6.65 m, a groove density of 1200
grooves/mm, a ruled area of lOO^H) x 175(W) mm^,
and a blaze wavelength of 5500 A.
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All Che parameters indicated In Fig. 2.2.12
were determined by successive iterations of a
merit function defined specifically for the
problem under various site-imposed constraints.

The designed instrument can be operated in

three different modes: the spectrograph mode,
the focal-plane-scanning mode, and the raono-
chromator mode. The spectrograph mode can
easily be converted into the focal-plane-
scanning mode by placing the computer-controlled
exit slit/photomultiplier unit in place of the
cassette. The monochromator mode is obtained by

replacing and G2 with concave mirrors and
M2 whose radii of curvature are the same as
those of Gj and G2 and by interchanging G2 with
a first order grating G'^. G'^ has the same
specifications as those of G^ exc^ept for blaze
wavelength; G'^ is blazed at 1500 A.

During the last machine time in July 1983,
the first attempt was made to photograph the
absorption spectra of O2 and Ar with the instru
ment. Spectra were taken in first order with

G'2 while Gj^ and G2 were set to the zeroth
order.

Figure 2.2.13(a) shows the absorption
spectrum of the Rydberg series converging to

of N^. Figure 2.2.13(b) shows the absorp
tion spectrum of Ar at around 785 A. The pres

sure of Ar in the main chamber was 4 * 10 ^
Torr. Although these spectra indicate a reason

able resolution for the first trial, much effort

is needed to attain the designed resolution.

"a >0 »5 '« 11 la

(a) Rydberg series

a* 30 20 1S t« 13 1? <1*11 j ,

(b) Ar 3p absorption

Fig.2.2.13

BL-12C A 10 meter grazing incidence mono

chromator was fabricated in March 1983, and

installed at this station in April, 1983. It

now has become available for spectroscopic use

with high resolution in the soft X-ray region.

Design studies for this monochromator

continued for one year and a half in the working

group (T. Namioka et al.), which desired high-
resolution monochromatic photons in the soft

X-ray range from 500 eV to 2000 eV. In com
plement with the UHV-compatible double crystal

monochromator, a full spectral range of syn
chrotron radiation from the Photon Factory
storage ring is now available with the com

pletion of this monochromator. Specifications
of the monochromator are listed in Table 2.2.1.

Main features of this monochromator are:

(a) newly developed gratings ruled and re
plicated by Hitachi Co., (b) aberration-
corrected pre-mirror focusing system which
permits fairly good optical matching with the
synchrotron radiation beam of the facility and
consequently results in high resolution, and (c)
modified Vodar type, mechanically-linked wave
length scanning mechanism. Specifications of
the gratings are listed in Table 2.2.2, and

those of the pre-mirrors in Table 2.2.3.

Table 2.2.1 Specifications of the monochromator

angle of Incidence all 89° fixed

gracing (l/mm) ^ 1200 2400
wavelength range (A) 50 6 25 6
photon energy range (eV^ 250 2000 500 2000
wavelength resolution (A) 0.004* 0.002*

* for 5u - 5u slits

Table 2.2.2 Specifications of the gratings

type of grating concave

curvature (mm) 10,310 ± 20
blank size (mm) 90^ * 50" * IS*"
ruled area (mm) 80^ * AO*'
material pyrex
coating material Au

groove density (f/mm) 1200
blaze angle 1°3'

blazed wavelength (A) 10.9

* estimated from Fig. 2.2.19

Table 2.2.3 Specification of the pre-mirrors

type of mirror plane concave
curvature (mm) 8903

material Si02 or SiC pyrex
coating material Pt Ft

size (mm) 120'x60"*i5*

pyrex

Pt



The optical part of this monochromator is
shown in Fig. 2.2.lA and the mechanical part in
Fig. 2.2.15. The synchrotron radiation beam
enters from the source point to the cut-off
deflection mirror Mq, passes through the pre-
mirrors and ^2, entrance. slit Sj^, and the
grating G, and finally reaches the exit slit S2,
to provide a monochromatic light beam which is
fixed in both its position and direction. Re
lative positions of Che optical elements Mq, Mp
M2, and G are fixed on a Table C such Chat
angles of incidence onto the and M2 are
unchanged. Therefore, the focusing property of
Che pre-mirrors is unaffected through the
modified Vodar-type wavelength scanning. The
grating G, the deflection mirror Mq and one end
of an arm T (the other end of which is fixed to

a rotation axis of Mq) are constrained to three
straight lines I, m, and n, respectively, in
such a way that the diffraction angle of G and
the deflection angle of Mq are automatically set
as the monochromator is scanned. The reason we

adopted horizontal dispersion comes from the
ease of Che optical matching and from a require
ment for high-precision scanning, which would be
difficult if vertical dispersion were adopted.

Fig.2.2.1A

n PULSE MOTOR I
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Fig.2.2.15

Figure 2.2.16 shows a zero-order profile of
the monochromator and Fig. 2.2.17 shows a spec

tral efficiency curve, both obtained when a
grating with 2A00 i/mm grooves was used. It can
be seen from Fig. 2.2.16 that the contribution
of scattered light to the full profile is
clearly separable and that Che intensity ratio
of the scattered light to the desired beam is
less Chan 2%. From Fig. 2.2.17, it is clear
that L keV to 2 keV first-order photons are

available from the monochromator with sufficient

intensity and purity.
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Beam Line 2

Beam line 2 is designed for extracting

undulator radiation emitted from the Photon

Factory undulator FMU-2. The beam line has no

branch lines, since undulator radiation is like

a one-dimensional light source, diverging within
a cone of solid angle l/y. Experimental instru
ments which utilize the radiation will therefore

be set in tandem at the end of the beam line.

Layout of the beam line is shown in Fig.

2.2.18. The line has two 60 mm chick water

cooled copper ring diaphragms with tapered pin-

holes for rejecting highly off-axis components
of the undulator radiation. These diaphragms
also reduce Che amount of synchrotron radiation

accepted from the edges of two normal bending
magnets, up- and downstream of the undulator.

Beam line components are set in sequence as
follows: a main pneumatic gate valve, a 20 mm
thick water-cooled copper beam shutter, a sub-
pneumatic gate valve, a fast-closing valve,
which contains the air rush caused by an un
expected failure, Che first diaphragm with a
pinhole aperture of 1 mm diameter, a manual gate
valve, the second diaphragm with a pinhole of
diameter A mm, and some diaphragms of stainless
steel which prevent scattered X-rays from

entering into the reaction region of the experi
mental instruments.

The vacuum system of the beam line is di

vided into three sections by the two diaphragms.
The first section is evacuated by an ion pump
and some titanium sublimation pumps, and is
maintained at a vacuum of order 10"^ Torr. Each
of the second and the third sections is equipped
with an ion pump and a turbo-molecular pump, the
latter being used whenever the line is open Co
the source so that the increased gas loading is
balanced out.
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Gamma rays from the storage ring are
eliminated by 150 mm thick lead blocks, inset in

the concrete shielding. The whole beam line is
surrounded by a steel fence.

BL-2A Radiation from the undulator is quasi-

monochromatic and its photon energy can be tuned

within a certain range by changing the gap.
Therefore, some interesting experiments can be

performed without any monochromator.
An angle-resolved photoelectron spectro

meter was installed at this station in February,

1983 and has been used not only for character
ization of the undulator radiation, but also for

several experiments concerning photoionization

of of atoms and molecules. Details of the

instrument is described in 3.2.

As an example of the results obtained.
Fig. 2.2.19 shows the KLL Auger electron specra

of Ne with photon energies far from and near the
Ne K edge. It contains significant information
about the decay mechanism of the core hole.

There is also a plan to install a grazing

incidence monochromator at this station in the

near future, which will make possible wider
applications of the undulator radiation.
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Beam Line L

BL-1 is designed for studies of lithography
and the analyses of materials. The fundamental
arrangement of the beam line front end, mirrors,
and branch lines, follows the basic design of PF

beam lines BL-11 and BL-12.

The BL-I consists of a front end, a beam

splitting section, and 3 branch lines. The
design and construction of BL-1 was carried out

by the Electrical Communication Laboratories

division, N.T.T. in cooperation with KEK-PF.
Figure 2.2.21 shows a top view of the conceptual

layout of this beam line.

BL-IA BL-IA is designed for analyses of mate

rials. The designed horizontal acceptance is 4
mrad. The detailed design of BL-IA is now going

BL-IB BL-IB is a VUV line designed for the

study of lithography. This branch line is de
flected horizontally by 2" 4° by the use of a

CVD-Si02 plane mirror. The horizontal accept
ance is about 1 mrad. At the end of BL-IB, a

vacuum chamber has been set, which enables

experiments on pattern replication using syn
chrotron radiation to be performed. The vacuum
in this chamber is separated from that of the

branch line by a 10 \im thick beryllium foil.

This chamber is located 30 m downstream from the

source point.

BL-IC BL-IC is a VUV line designed for the
investigation of several photo-chemical reac
tions. The beam is deflected by 8° using a
plane mirror, and has a horizontal acceptance of
2 mrad.

This station includes a thin foil filter,
which separates the vacuum of the experimental
chamber from that of the branch line. This

allows the use of several gases in the exper
imental chamber.

V- 21
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3. INSTRUMENTATION

3.1 INSTRUMENTATION FOR X-RAY EXPERIMENTS

Development of various types of spectro
meters, diffractometers, detectors, etc are made

in parallel with the construction of beam lines

by members of working groups (see Table V.1,3 on
page V.1,4 in cooperation with the staff of the

instrumentation department of the Photon Facto
ry. Brief descriptions on Che instruments or

apparatuses so far constructed and being used
are given in the following.

(a) INSTRUMENTATION FOR X-RAY FLUORESCENCE

ANALYSIS

An energy dispersive X-ray fluorescence

analysis (XFA) system was constructed for the
trace element analysis.

The XFA system consists of a monochroraator,
a sample chamber, a solid state detector and the

signal processing electronics as schematically
shown in Fig. 3.1.1. Both the white and the
monochromatic radiation can be used as an exci

tation source. Monochromatization of the exci

tation beam is achieved by a flat crystal mono

chroraator of pyrolitic graphite (200) of about

1000 sec of arc mosaic spread or a Si (111)
crystal with various surface treatments. The

monochromator and the sample are tuned to the
desired energy by 6-2 6 motion around the ver

tical rotational axis, driven by a stepping
motor. The Pt-coated fused quartz mirror can be

inserted at the A or B position in Fig. 3.1.1 to

reject higher harmonics or to attain the wide
band pass excitation, in which the mirror com

bined with an Al-absorber is employed. The path

before the sample chamber is helium-filled and

the sample chamber can be evacuated or filled
with He. Two types of sample holders can be

installed; one is the automatic sample changer

with six sample holders and the other is on

translation and rotation stages, driven by

stepping motors. The angle between the incident

beam and the detector is fixed to 90 degrees

such that the scattered radiation Is suppressed

due to the polarization of SR. The components

of the spectrometer are mainly made of Al,
except the Ta slits. Sample holders are made of
Incite or Al.

An Ortec Si(Li) solid state detector is

used. The specifications are as follows; 0.3
mil thick Be window, 12 mm^ active area, 160 eV
energy resolution at 5.9 keV, telescope end cap.

The electronic signal is processed through
an Ortec 572 amplifier/pile up rejector, stored
in a NAIG multichannel analyzer (4 k memory) and
recorded on a cassette tape for off-line anal
ysis.

The excitation energy effectively available
by this spectrometer ranges from 5 keV to 20 keV

at BL-4A. Elements of atomic number larger than

11 can be detected. Irradiation area and

measurement time strongly depend on the type of
Che sample and the excitation mode. The typical
values for the sample with low-Z element matrix

are 10"^ 10 mm^ and several hundred sec.
The following improvements of the present

system will be made during 1983 fiscal year.
1) Vertical type spectrometer (horizontal rota

tion axis). Due to the polarization of SR, the
vertical type spectrometer will enhance the in

tensity of the low energy region.
2) Computer controlled system. The multichannel

analyzer and the stepping motors will be con
trolled by a microcomputer,

3) Beam monitor. For the quantitative analysis
of Che XFA data, the incident beam will be mon

itored by a compact ionization chamber.

The experimental results obtained by using
this spectrometer are reported on pages VI-2'v3

in this report.

monochromator

BL-en(j

Electronics!—( SSD

sample
chamber

Fig. 3.1.1. Experimental arrangement for
X-ray fluorescence analysis.

(b) AN X-RAY ABSORPTION SPECTROMETER OF ENERGY

DISPERSIVE GEOMETRY

Contrarily to Che conventional X-ray ab

sorption spectrometer, in which the spectrum is

taken in a point-by-point mode, the whole pro

file of an absorption spectrum can be taken
simultaneously with this spectrometer. Such a

type of spectrometer will be useful in studies

of transient or short-lived species In a time
resolved mode with the XAS technique.

The spectrometer utilizes a curved crystal
to disperse and focus the incident beam. The
reflected beam has one-to-one correspondence

between the beam energy and the beam direction.

The sample is placed at the focus. By measuring
Che transmitted X-ray beam intensity distribu
tion behind the sample with a photodiode array
sensor, an X-ray absorption spectrum can be

measured in less than one second. More details

of the spectrometer and some preliminary exper
imental results are reported on page VI-4.



(c) A DIFFRACTOMETER FOR GAS AND LIQUID SAMPLES

A diffractometer was constructed to collect

intensity data for radial distribution analysis
of non-crystalline materials such as gases,
liquids, high-temperature melts and glasses. It
was designed both for energy dispersive measure
ments with white X-rays and angular dispersive
measurements with monochromated X-rays.

Measurements with white X-rays

A commercial para-focusing 9-26 goniometer
was remodeled to a three co-axial goniometer; a

detector arm (D), a sample arm (A) and a slit
arm (S). For energy dispersive measurements, a
handy type POT intrinsic germanium detector is

mounted on the detector arm. The detector

filled with liquid nitrogen of 1.4 liter weighs

about 6 kg and lasts for 16 hours. The germa

nium crystal has an area of 200 mm^ and a reso
lution of about 200 eV at the MnKa wavelength.

The signals are led to a NAIG multichannel
analyzer with process memory of 4K channels,

whose counts can be put out to an 8 inch floppy
disk, an X-Y plotter and/or a printer. The slit
arm is horizontally fixed to introduce SR beams
to the center of Che goniometer where the sample

is held. The size of slits can be changed

Fig. 3.1.2

manually. For gaseous samples, a gas-cell

endurable up to 10 atm is available. For liquid
samples, two types of cells are available; a

liquid-cell for the transmission method, where a
liquid sample is poured in by the use of a

hypodermic syringe, is held between two Mylar

films; and for the reflection method, one side

of the liquid cell is covered with a Mylar film.
A conventional flat sample holder for powder

specimens is also attachable to the sample arm.
The symmetrical 9-29 setting is used for data

collection with the liquid-cell or Che powder
sample holder. In place of the solid state

detector, a scintillation counter with a post-

specimen monochromator (Dl) can be attached on
the detector arm. This detector can be con

sidered as a small 9-20 goniometer, since the

analyzer crystal and Che scintillation counter
can be automatically moved by keeping the 0 to
29 relation. By using this system, high re

solution experiments such as Compton profile
measurements are possible.

Measurements with monochromated X-rays

To use monochromated X-rays, the diffracto
meter must be lowered by 85 mm from the SR beam

level by adjusting the length of its legs (L) at
first. By using a graphite monochromator (Ml),

which is movable along the SR beam and adjust
able for the diffraction angle, monochromated

X-rays can be introduced to the center of the

goniometer. The slit arm must be rotated to

receive the monochromated beam, since the mono

chromator moves along the SR beams in order to

select Che wavelength of the incident beam to
Che sample. Data collections with an asymmet
rical diffraction geometry, where the incident
beam makes a different angle from the diffracted
one, should be employed in SR experiments, when
the free surface of a molten specimen is used.
In this case, the second monochromator (M2),

quartz (100), is employed together with Ml to
obtain low angle intensity data. A furnace with
a heating element Keraraax is available for high
temperature experiments up to 1600®C. A molten

specimen is held in a Pt-Rh vessel of 15 x 8 x 3

mm^ in size. Another graphite monochromator
(M3) is employed together with Ml to obtain a
horizontal beam in order to check the free sur

face level of the melt. Data collections with a

symmetrical diffraction geometry are also pos
sible by using Che liquid-cells and the powder
specimens, respectively. The pulse motors to
drive Che detector arm, the sample arm, the slit
arm and Che multichannel analyzer are controlled

by a SORD 223 Mark V computer. Alignment of the
diffractometer in a radiation safety hutch are
made by remotely controlled DC motors.

Experimental results obtained by using this
diffractometer are reported on pages VI-I^-IO in
this report.



(d) X-RAY DIFFRACTOMETER FOR LOW-TEMPERATURE

MEASUREMENTS

This diffractometer is prepared for X-ray-
diffraction and scattering measurements in the

temperature range lower than room temperature
Including less than 1 K.

The following requirements were taken into

account in the design of the diffractometer.

(1) Heavy metal-dewars and electromagnets can be
put on the sample stage. (2) The goniometer can
function like a four-circle one. (3) A handy

cryostat can be provided for users having less

experience in low temperature measurements. The
first requirement leads to a horizontal type of
the goniometer because of liquid helium and

nitrogen present in Che dewar. In order to

satisfy the second requirement Che horizontal

goniometer must have a detector stage moving in

a vertical plane in addition to a sample stage
which can be tilted in a certain angular range.

Specification

The diffractometer is composed of a goni
ometer, a computer system for the control of the

goniometer and for data processing, and several

types of cryostats.

Goniometer Figure 3.1.3 and Table 3.1.1 show

the design and the numerical specification of

the goniometer, respectively. It is basically a
so-called three-axis goniometer. (20,m, x). The

AXIS Oi AXIS
COLLIMATOR | I

stage sample I
\ STAGE 1 >

DETECTOR

STAGE

DETECTOR

ARM 29

Fig. 3.1.3 Schematic design of the
goniometer for low temper
ature X-ray diffraction.

Table 3.1.1 Specification of the

Goniometer.

range accuracy

u ±180' ±o.or

26 ±150' ±0.01'

X -20' -h35' ±0.05'

±5' ±0.05'

Y^ ±10 mm ±0.02 mm

z ±5 mm ±0.05 mm

^c +20 mm ±0.01 mm

"'c

1+

0

±0.01'

Z2, Z3 ±5 mm

0
+1

Xg ±10 mm ±0.1 mm

detector stage can move along the x-arc. This
function makes it possible to use this goni
ometer like a four-circle one by preparing a
suitable program for the computer although the
angle range is limited.

An axial running load up to 50 kg can be

put on the goniometer when the standard sample
stage is used as shown in Fig. 3.1.3. Those

parts above the level indicated by the thick
arrow can be removed and further a load up to
500 kg such as an electromagnet can be set on
another stage.

Computer system The system is composed of a CPU
(AIDACS 3000 FDPS 30A), a CRT display (SANYO
CRX-1100), a printer (BROTHER M-83), a plotter
(SR-6602), an I/O expander box and interfaces
(GP-IB etc.). It is used to control the
goniometer and various kinds of electronic

equipments for measurements.

Cryostat Two types of cryostats have been pre
pared; a ^He cryostat and a handy cryostat which
is cooled down by a continuous flow of either

liquid helium or liquid nitrogen. The former is
used in special experiments below 1 K. The
latter can produce any temperature between 4 K
and room temperature.

In addition, another type of cryostat will
be prepared. It is a handy cryostat whose
principle of operation is based on a thermo-

dynamic closed-cycle of helium gas. This
cryostat necessitates neither liquid helium nor
liquid nitrogen.

Running test

The automated operation of the goniometer
has been checked in several test runs. The

specification shown in Table 3.1.1 is satisfied.
No serious deficiency has been found except for
the design of the collimator and Che receiving
slit. They are now being improved.

Experimental results obtained by using this
diffractometer are reported on pages Vl-13 and
14.



(e) DIFFRACTOMETER FOR HIGH PRESSURE EXPERIMENT

This diffraccomecer has been designed and
constructed by High Pressure X-ray Experiment

working group for structural studies under high
pressure (up to 10 GPa) as well as high temper
ature (up to ISOCC) with synchrotron radiation.
The system, named MAX80 (Multi-^vil type ^-ray
system designed in 1980), consists of a pressure
vessel, a 500 ton press, a two-axis goniometer,
a press stand, a goniometer stand, a detector,

and a microcomputer system for data aquisition,

treatment and machine control.

High pressure system

The high pressure vessel is a DIA-10 type
cubic anvil apparatus which compresses the cubic
sample in six directions. The DIA type vessel

was selected because it has been stably operated
and has produced excellent results as a high

pressure X-ray apparatus. When tungsten carbide

anvils with a center flat of 4 mm are used,

maximum values of attainable pressure and

temperature are 10 GPa and 1500®C, respectively.
The vessel is fitted to a hydraulic press

with a thrust of 500 tons. Because the press

must be moved for alignment, a wire winding twin

frame type was adopted in order to reduce the
weight of the press. The lower vessel is at

tached to the lower press Cable by a center pin
for rotational adjustment. An upper vessel is
fixed to an upper press by three screws after

alignment with respect to Che lower vessel.
When the sample is set inside the anvil set, Che

upper vessel is lowered by subrams, and a spacer
is inserted between the upper table and a yoke

of the press by an another subram. These hy
draulic controls are done by a control pannel

set outside the experimental hutch. The press
can accommodate another type of high pressure

vessel or a mounting table for diamond anvil
type high pressure cells. The latter is already

made.

In MAX80, the press must be adjusted to the

X-ray beam from the storage ring. The press and
the goniometer stand which holds a two-axis
goniometer are loaded on a press stand. The
press stand with a total weight of 5.5 tons is
lifted with air pads. The clearance is about 10
lam with an air pressure of 5 kg/cm^ and a flow
rate of 700 )l/min. The press stand is moved
perpendicularly to the X-ray beam direction by a
screw and is rotated around a pivot by two

screws within ±3" with an accuracy of 0.01".
Both movements are controlled manually. The
press is moved vertically by four ball screws
with an accuracy of 0.01 mm. The stroke is
taken as 150 mm so that both white and monochro-

matlzed X-rays can be used.

Goniometer

Because the divergence of the incident X-

rays is as small as 0.3 mrad, a single slit is

enough to make a narrow and parallel beam. Dif

fracted or transmitted X-rays are detected by a

handy SSD through double receiving slits. The

first receiving slit is placed 30 mm apart from
the sample and the second is at 250 mm. The

first slit mainly acts to eliminate the diffrac

tion from the pressure transmitting medium and

the second slit mainly determines the receiving

divergence. The horizontal gap between the

anvils is less than 0.5 mm and acts as hori

zontal slit.

The incident slit is fixed to the goni

ometer stand and the receiving slits are at
tached to the detector table. The detector is

mounted on an arm of the goniometer and can be

rotated from -35° to +35° with a minimum step of
0.01°. Diffraction profiles can be measured in
both energy dispersive and angle dispersive

modes. The goniometer is supported on a goni
ometer stand and can be moved vertically for 150

mm and parallel and perpendicularly to the X-ray
beam for 10 mm with an accuracy of 0.01 mm.

Data aquisition system

Data aquisition and treatment are done by a

microcomputer SORD, M223 Mark V. A GPIB line is

adopted as bus line because of the compatibility
and easiness of further extension of the system.

At present, a process memory 4k and a digital

multimeter are connected. The signal from the
SSD is stored in the process memory after
passing a pre-amplifier and an analogue-digital
converter and then being transferred to the
microcomputer M223. The data are temporarily

stacked in a floppy disk (1.2 Mb) with other
experimental parameters such as pressure, tem
perature, beam condition, diffraction angle,

measuring time and so on. One of the charac

teristic features of this system is that the

M223 acts as a TSS terminal of the main computer
of Photon Factory FACOM, M200. Stored data and

MAX-80 system set in BC-4C hutch.



parameters on the floppy disk are transferred to
the main computer and are analyzed by the reg
istered programs and returned to the M223. At

present, programs for peak search and curve

fitting, peak indexing, calculation of Che equa
tion of state and pressure are registered. When

the structure of the sample is known and the
diffraction profile is not so complicated, we
can get the results on the pressure and/or the
relative volume of the sample within 3 min after

the data are taken from MCA.

Experimental results obtained by using this
diffractometer are reported on pages VI-13'^18 in
this report.

(f) A VERTICAL FOUR-CIRCLE DIFFRACTOMETER ON

BL-lOA

A vertical four-circle diffractometer with

a large x~circle (280 mm in inner diameter) was

designed by the "Minerals and Inorganic
Materials" working group and installed on BL-lOA
station (for the optics of BL-lOA, see page
V-6). This diffractometer allows crystal-
lographic studies and scattering experiments
with various apparatuses such as furnaces and

diamond anvil cells. In the single-crystal

dif fractometer, Che u, 26 , x > and (}i shafts are

moved independently by stepping motors under the

check of shaft encorders; the crystal is rotated

on three axes (w, x» and (}i) and the detector on

one axis (26; -114'' < 26 < 133"). The accuracy
of this system is such that all the axes can

intersect within a sphere of 10 um in diameter.

The monochromator, diffractometer, and detector

systems are controlled by a minicomputer system

via a CAMAC crate. A block diagram of the

control system is shown in Fig. 3.1.4. The

system has a MELCOM 70/30 CPU with 192 K bytes
of memory, floppy disks, and hard copy and CRT

Four-circle diffractometer on BL-lOA.

terminals. All Che components interfacing the
computer utilize the IEEE Standard 488-1975

General Purpose Interface Bus (GPIB). The GPIB
and CAMAC interfaces provide us various

applications of modules and the capability of

handling interrupt protocols.

The diffractometer sits on a translation

carrige. When Che X-ray wavelength is scanned

by rotating Che monochromator crystal, the

goniometer is translated along this carriage by

keeping 6-20 relation between the monochromator
and the sample position.

The alignment of the goniometer is made by
maximizing the flux passing through the inci

dent-beam slit assembly and receiving slits.

Once the alignment is made, no realignment is

INCIDENT
SLIT

MONOCHROMATOR

SCINTILLATION COUNTER
ATTENUATOR \

I SLIT \ \
HALF SLIT \ \ \
SHUTTER \ \ \

PASS I \ \ W

HALF SLIT

/, SLIT

I PEN RECORDER

HIGHVOLTAGE P. S.
2-CHANNEL LINEAR AMP

RATE MgTER
RATE MgTER

4-CHANNEL OlSCRIMINT

-—u II nIm

-^TRANSLATION

MONOCHROMATOR

CONTROLLER
CONTROLLER

L |__|

SCINTILLATION
COUNTER

FOUR CIRCLE

CONTROLLER

25 24 GPIB CRATE CONTROLLER

23 QUAD SCALER
22 D-A CONVERTER
19 2-CHANNEL TIMER SCALER

CAMAC CRATE

MELCOM 70/30 FLOPPT DISK

iTYPa WRITER

Fig. 3.1.4 Block diagram of the control system for the four-circle
diffractometer on BL-lOA.
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required when the X-ray wavelength is scanned.
Experimental results obtained by using this

diffractometer are reported on pages VI-19'^29 in
this report.

(g) EXAFS SPECTROMETER

An EXAFS spectrometer is installed on BL-

lOB. A schematic diagram of the system is

illustrated in Fig, 3.1.5. Monochromatized syn
chrotron radiation by a double crystal mono-
chromator passes through a sample placed between
two ionization chambers. Description of the
X-ray optics and the double crystal monochro-

mator is given on page V-7. The intensities of
the incident and transmitted beams are measured

by the two ionization chambers. The upstream

ionization chamber is filled with a mixture of

argon and nitrogen gases and absorbs 10 - 20% of

the incident X-ray beam intensity. The down
stream ionization chamber, which measures the

transmitted beam intensity, is filled with argon

gas and absorbs most of the transmitted beam

through the sample. The output current of the

chambers are amplified and converted into fre

quencies proportional to the magnitudes of ion

currents. Output pulses are counted by a dual
gated sealer and digitally stored on a floppy

disk.

Samples can be mounted on a cold head of a

cryostat at a desired temperature between 300 K

and 8.5 K with a closed cycle hellium refrigera

tor.

The cryostat and two ionization chambers
are mounted on a lifting table which can be
lifted to follow the beam height variation when

the X-ray energy is scanned.

A microcomputer (SORD MK 243) is used to
scan the monochromator, position of the lifting
table, and read data from the dual sealer. An

absorption spectrum is displayed on a CRT screen

during the scanning and is plotted on an x-y
plotter.

MONOCHROMATOR

I KAFTON WINOCW

I I SAMPLE

IONIZATION

CHAMBER

UCOUNTER I COONTEftl

MONOCHROMATOR

POSITION

Fig. 3.1.5 Block diagram of EXAFS
spectrometer.

An energy resolution of 1 eV is obtained at

9 keV when silicon (311) monochromator is used.
The intensity of the beam is 'V'lO® photons/sec
with 1 mm(V) * 6 mm(H) beam spot. A typical

data collecting time for a spectrum is 20 - 30
min.

Experimental results obtained by using this
spectrometer are reported on pages VI~34-67.

(h) MULTI-DETECTOR SYSTEM FOR FLUORESCENCE

EXAFS

In a fluorescence EXAFS experiment for
studying dilute systems, an intense incident

beam flux and a fluorescence detector subtending
a large solid angle are essential. To meet the
latter requirement, a multi-detector system
(MDS) was designed and built by the Electro-

technical Laboratory (ETL) under a collaborative
program between the Photon Factory and the ETL.
The spectrometer is installed on the focused
beam line (BL-lOC).

Either of the following three detector

systems is used for the fluorescence detection:
(i) 9 Nal scintillation detectors (NSD), (ii) 9

plastic scintillation detectors (PSD), or (ill)
a Si(Li) solid state detector modified for a
high count rate (2 - 4 * 10^/sec) use with a
good energy resolution (E = 190 eV). Each of
Nal crystals is 2" * 2" big and directly coupled
to a 2" square-shaped photomultiplier (Hamamatsu
R1534). The energy resolution of NSD's is 38 -
42% at 5.9 keV. The plastic scintillators are
2" X 2" Pilot U (Nuclear Enterprize) and are
coupled to 2" photomultipliers (Hamamatsu
RI246). E^ch of PSD's is capable of accepting
10^ photons/sec. 9 NSD's or 9 PSD's are mounted
on aluminum frames and spherically arranged
around a sample, almost perpendicularly to the

incident beam direction subtending 18% of 4ir
steradian in solid angle.

Efforts have been made to integrate the

counting electronics with a high count rate.

COUNTING I
ELECTRONICS I

Fig. 3.1.6 Block diagram of the fluorescence

EXAFS spectrometer.
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The MDS has 24 input channels with the last two

channels used for Iq and I chambers. Iq chamber
is used to normalize the beam intensity fluctua

tion. A 4-channel delay line amplifier for

NSD's was newly designed and built into a
double-width NIM module. This shaping amplifier

allows each NSD to count the photon flux of 5

10^ photons/sec with a good linearity. A com
mercial 12-channel fast amplifier is used for
the PSD's.

A 4-channel SCA (single channel analyzer)
was newly designed and built into a single-width

CAMAC module for energy discrimination. The
outputs of the two ionization chambers are

amplified and converted into frequencies pro

portional to the magnitude of ion currents by a

4-channel V/F converter. Output pulses of SCA's
and VFC's are fed into two 12-channel CAMAC

sealers. The gate of a CAHAC sealer is con
trolled by a real time clock. The bias of each

photomultiplier is controlled by a 32-channel

high voltage power supply (Le Croy HV4032A).
Three stepping motors which control 6p 62>

and the x motions of a double-crystal monochro-

mator of BL-IOC, are driven by CAMAC motor con

trollers. The positions of each stepping motor

are monitored by a 4—channel up-down counter.

The counting electronics accommodated within one
CAMAC system are controlled by a computer (Data
General, ECLIPSE S/140) via a branch driver.

Some experimental results are reported on
page VI-72.

(i) SMALL-ANGLE X-RAY SCATTERING EQUIPMENT FOR

SOLUTIONS (SAXES)

Small-angle X-ray scattering equipment for
solutions (SAXES), was designed and constructed
mainly for experiments on non-crystalline mate
rials such as aqueous solutions of biological
high polymers, synthetic polymers, metals and
alloys that display continuous scattering. The
SAXES is usually used at beam line IOC, whose
optics is the double flat-crystal monochromator
followed by a bent cylindrical mirror. The
design of the SAXES assembly was done by taking
requirements into consideration which are listed
in Table 3.1.2.

The SAXES is placed at the very end of BL-
lOC, 29.5 tn to 32 m from the X-ray source, and
is installed in a safety hutch. The slit
system, which is one of the most important parts
in the SAXES assembly, consists of three slits:
one at 11 m to limit the incident X-rays,

another between monochromator assembly and

mirror, and the other at about 29.5 m from the
source in front of the specimen. For the last

tapered plates of tantalum with thickness of 3
mm are used. The space between the front end of
the optics and the mirror box is filled with
helium gas, and the beam pipe between the mirror
box and the exit window in the hutch is evac
uated to avoid the scattering by helium or air.

The SAXES is shown in Fig. 3.1.7, con

sisting of optical rails, slit assembly, spec
imen holder, vacuum pipe and detector holder.
These parts are arranged on 2.5 m double optical
rails so that the SAXES is installed in the

hutch with the minimal effort and can be ad

justed quickly. The specimen to detector dis
tance is 2.2 m maximally and 0.7 m at the mini

mum. With the former se^tting, a small-angle re
solution d„^^ of 1,300 A is attainable with X =

nioX

1.5 A. Longer wavelengths give better resolu
tion. The SAXES is accompanied by a detector

and a data acquisition system which is described
on page V-35.

Table 3.1.2 The requirements of designing

SEXES optics

Wavelength

Small-angle

resolution

Angular

resolution

Beam size at

specimen

Range of

measurement

2.4 to 1.24 A (4 to 10 keV)

1,500 A or better
lUdX . o

(2sine/X) 7><10 ^ (X = 1.5 A)
1 mrad

not exceed 10 mm

scattering up to 5 A desirable

Fig. 3.1.7 Schematic drawing of the small-angle

X-ray scattering equipment for

solutions (saxes), a: the exit
window of X-ray beam, b; the third

slit assembly, c: specimen holder,

d: vacuum pipes, e: detector holder,
f: double optical rails, g: main
frame, h: the front wall of safety

hutch.



(j) HORIZONTAL-TYPE FOUR-CIRCLE DIFFRACTOMETER
FOR CRYSTAL-STRUCTURE STUDIES ON VERTICAL

WIGGLER BEAM LINE

The experimental station for structural
studies of organic molecules and biological
macromolecules by X-ray diffraction is equipped
with X-ray optics, a radiation safety hutch in
stalled at beam line 14A, an alignment carriage,
a horizontal-type four-circle diffractometer.
This diffractometer has an area detector, a com

puter control system, as well as facilities for

photographic work. The basic design of the dif-
fractometer was carried out by the working group
for structure analysis of proteins and organic
molecules. Comissioning of this diffractometer

is scheduled in the fall-run of 1983.

Horizontal diffractometer

For rapid and precise data collection, a

diffractometer with the equatorial plane hori
zontal was manufactured, and has been adjusted
using a sealed X-ray tube source. The verti

cally-polarized nature of the vertical-wiggler
beam allows us to set up a conventional dif-

fractometer configuration. The diffractometer
utilizes 5 to 60 KeV X-rays from a horizontally
arranged double-crystal monochroraator, which

will be followed by a Pt-coated toroidal mirror

for 1:1 focusing of X-rays and for elimination
of the higher harmonics. The motions of the

four axes are driven by stepping motors, and are
monitored by encoders. The (}i-circle is on the

center of the x~circle. Both circles can be

rotated freely, however the i|i rotation has to be

driven simultaneously in accordance with the x

rotation. The inner diameter of the x~clrcle is

280 mm which allows mounting of various attach

ments. The 0 axis is reinforced so that it can

rotate a 60 cm long counter arm, a film exposure
device and a detachable table which supports an

area detector or a camera for photographic work.
The incident assembly of the slit system con

sists of a shutter, two positioning half slits,

three changeable aperture slits, and four
changeable attenuators. The counter arm

assembly consists of two positioning half slits,

three changeable receiving slits, and a change
able attenuator. In most cases, an ionization

chamber will be used for monitoring the inten

sity, however a scintillation detector is also
prepared for use.

Control and measuring system

The control and measuring system for the
station equipments is connected to a MELCOM

70/30 minicomputer system, with a 256K byte
memory and dual flexible disk drives. All the
components Interfacing the computer utilize the

IEEE Standard 488-1975 General Purpose Interface

Bus (GPIB). The intensity measuring system is

controlled by a CAMAC system, which is also

interfaced to Che computer through GPIB. So,

the system and the components may be tested and

operated using other computers with GPIB.

For high-speed counting, NIM thresholds are

applied for counting pulses above the lower dis

criminator levels and the upper levels independ
ently. Both counts below and above these levels

which are regulated by the digital-analogue
coverter for tunable experiments, are used to
get the net counts within the specified energy
range, and to know Che fraction of higher har
monic counting.

The minicomputer system, one of the dis

tributed daughter systems, is connected by a

serial line to the main minicomputer, a MELCOM

70/60 mother system with 768K bytes and 60M byte
disk. The serial link with speed rates up to
9600 baud, is used for transferring data and
files between the systems.

The 70/60 system operates under the UOS
operating system, while the 70/30 system runs
under the RTMS real-time system. Under these

computer configurations, the software and hard
ware can be used compatibly among these systems.

The programs are all written with a regular
FORTRAN language using software packages, so

that further program development can be carried
out easily by the users. The standard programs
included are optical alignment routines, dif-
fractometer data collection programs, photo
graphic data collection and processing programs,
and preliminary data reduction routines.

The mother system also serves an area de
tector to be installed on the horizontal dif-

fractometer and an online film scanner system to
process photographic data.

Photographic facilities

For photographic techniques, a Huber 206
Precession/Rotation camera, which was modified-

to accept oscillation motion with 0.002" step
under computer control, has been implemented in
the system. The incident intensity from the
synchrotron radiation source decays and some
times fluctuates over a period of time. To make
exact and uniform exposure on a film, numbers of

Integrative oscillation cycles are controlled by
monitoring the incident intensity. This proce
dure is found usable in practice, unless changes
in intensity are abrupt.

The horizontal diffractometer also has a

film exposure device on its counter arm so that

the dif fractometer can be used as a camera, by
scanning its m axis and/or the other three axes

with small steps of 0.00125*.



(k) HIGH SPEED X-RAY TOPOGRAPHY CAMERA

This topography camera has been designed
and constructed for real time observation of

crystal growth or phase transition using white
or monochromatic synchrotron X-rays. It has
temporarily been used on BL-15B2 till September,
1983 and will be installed on BL-14B (vertical
wiggler beam line) in January, 1984.

A horizontal view of the goniometer is
shown in Fig. 3.1.8 and specifications of
movable parameters are summarized in Table

3.1.3. Since it is designed for use at the
vertical wiggler beam line, it has a vertical
axis for 0-rotation, e.g., the sample is rotated
in the horizontal plane. The sample can be
mounted at the position of center cross in the

figure on the part 3 which is either a goni
ometer head, a heater or a cryostat. The align
ment of the sample is made through and (|>2
rotations and a translation realized by the

stage 2 in the figure. Two X-ray sensitive TV
camera systems (see pages VI-100 and 104) can be
mounted on 5A and 5B. Two diffraction spots

having different indexes of reflection can sim
ultaneously be studied with these two TV
systems. The adjustment of the TV camera posi
tion is made through 20 and x'~'"ocions and by
translation stages mounted on arcs 4A and 4B.
The minimum distance between the sample and the
TV camera can be made as small as 150 mm. Each

movement is remotely controllable by a microcom

puter.

This goniometer is also equipped with a
collimator system and a work shutter. With this
shutter, short exposure times from from O.I to
9.9 sec can be attained.

The goniometer and the base plate 9 to
gether weigh about 5 tons. By a special car
riage, the whole system can be moved with a
speed of 3m/min if removal of the goniometer
from the hutch is required.

Fig. 3.1.1

Goniometer for SR Topogrpahy.

1: 0-goniometer.

2: Traverse table.

3: Goniometer head, heater

and Cryostat etc..

4A,4B: Arc for TV.

5A,5B: TV camera holder.

6A,6B: 29 poles.

7; Ring gear (radius'of
720 mm).

8: Encoder.

9: Steel base plate. 5
10: Driving carriage. -

S(flne)

S(coBrse>

Translation

Trnnslatlon

Scepping*
mococ

Delving
speed

X(TV^^

•as 000!

Haxltrum

speed
Incremenc
per step

PM

PM

S66

569
360''

70"/sec

1 .S'/sec

6'/sec

5'/8ec

0.1"

4-10'' deg

PH

PH

569

599
tT 0.3*/sec S'/sec 2.10"^ deg

PH 566 100 mm 1.Smm/aec 3. 5inm/sQC 2 vm

PH 569 tl50* 0 .5 • /sec 1'/sec 7.2»10"'' deg

PH 569 +50*-^-30* 0.25*/Bec O.SVsec 2«10''' deg

PH 566 t7Smni 3.Omn/sec lOim/sec 4 vm

Haxltnuni

load

Table 3.1.3

* Berger

I Nikon optical encoder UIIR-I296000

From a manually fixed position
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(i) A 3-AXES DIFFRACTOMETER FOR X-RAYS

An apparatus for X-ray diffraction experi

ments is described. In principle it is an ar

rangement of 3 vertical axes, the distances of

which are unchangeable. Taking the first axis
as reference point, the second is located on a

circle with a radius of 49 cm around axis one

and the third on a circle of 25 cm radius around

axis two. In the design special respect has

been paid to the fact, to deal with a continuous

spectrum. A 1-scan can be performed in a very

simple way, to guarantee high accuracy and sta

bility. By making only one rotation, the posi

tion of the beam with respect to the third axis
is kept, while X is changed. This allows to
keep the third device, usually the most deli
cate, like an interferometer or a sample, small.

Description of the instrument

The diffractometer consists of 3 indepen

dent, but in fixed distances arranged axes. The

Fig. 3.1.9 Schematic drawing of the
whole set up.

relative positions can be chosen for 5® < 9 <
85®. The main component of each axis is a
HUBER-goniometer equipped with a 1:20 gearbox
and a 500 or 1000 pulses/revolution stepping
motor. In the case of 500 steps one step cor

responds to 0.36 sec of arc of rotation. These
are also the resolutions of the relative, an

gular positions of the axes.
As seen from Figure 3.1.9, AI and A2 form a

2-circle diffractometer. The two goniometers

are directly mounted on the big plate bP. The
small plate sP carrying the third axis is linked
to bP via a HUBER-412 goniometer. When sP is
rotating, A2 does not move at all. The HUBER-
440 goniometer orients this 3-axes-system with
respect to the incoming beam. Between the base-

plate and the stoneplate an air bearing is
acting to allow rotation about axis AO driven by
a unit attached from the side. For higher ac

curacy this is not a worm gear, but a screw with
nut. Because this drive is non-linear, an angle

encoder E is needed. The frame is adjustable in

level, in height and in horizontal direction.
If all other movements are stopped, the

rotation about AO changes X but keeps A3 in the
beam. The range of this scan is ±5" with 1 sec
of arc in resolution. The 'fixed beam position'
is easily understood, when

AI, AO - AI, A2 + A2, A3

is considered.

For a sensitive multi-crystal arrangement,

special 9-rotation modules like in Figure 2 are
put on top of axes A2 and A3. These modules use
only elastic deformation for their movement.
This results in a smooth performance in the
order of 0.01 sec of arc. The device in figure

3.1.10 is spark-cut out of a roughly 15 mm thick
steel plate so that a frame-lever-spring-system
is created. The dotted parts are bolted to a

Acm

Fig. 3.1.10 Fine rotation module.

baseplate. The external micrometer pushes the
lever system which transforms the linear motion

into a rotation of the center part. A push of
±2 mm results in ±40 sec of arc. The parasitic

translation is far less than 1 pm and can be

neglected. For operation of the fine adjustment
the HUBER-axes have to be clamped.

To allow the mounting of detectors of

samples axis A2 is surrounded by one concentric

rotatable ring and axis A3 by two of those

rings. These rings can hold stands or platforms

and are independent in their movement from each

other and the axes.

All movements are remote controlled.

Some experimental results obtained by using

this diffractometer are reported on pages VI-97

99.



(m) PRECISION MULTI-AXIS X-RAY DIFFRACTOMETER

A precision multi-axis diffractometer has

been fabricated for use with SR X-rays from a

vertical wiggler. The studies to be carried out
by using this instrument includes plane wave
topography, precise determination of lattice

parameters, polarized X-ray optics, ultra small
angle X-ray scattering, X-ray anomalous scatter
ing, X-ray inelastic scattering, X-ray magnetic

scattering and nuclear resonant scattering.
The 'precision X-ray optics' working group

for constructing the experimental apparatus was

organized in 1980- The instrument was designed
and constructed according to the annual plan.
Most parts of the instrument have been completed

by the end of fiscal year 1982. The instrument
was installed temporarily at the beam line 15C
and the performance of the system was evaluated.

Tests of the reliability, precision and accuracy
of the diffractometer were performed. After
these works the experimental studies started,

the titles of which are as follows: precise

determination of the lattice parameters, ir/Z
rotation of polarization direction of the X-ray
beam, accurate measurement of the refractive

index for X-rays, X-ray magnetic scattering and
structure analysis of the crystal interface (see

pages VI-ilO'\'lI4).

Precision goniometers

The basic instrihnents are two precision
goniometers. A cross section of one goniometer

is shown in Fig. 3.1.11. The height is 300 mm
and the diameter of the rotation stage is 316

mm. The axial load capacity of the stage is 40
kg. The stage is supported by a shaft "S" which
defines the axis of rotation of the goniometer.

Three air-cushion supports are provided for the

goniometer. Each goniometer has two detector
arms, "Al" and "A2", driven by stepping motors.
The main shaft "S" is rotated by a tangential
screw "T" in the case of the fine drive and by a
large gear wheel "W" in the case of the coarse
drive. The absolute angular position of the

rotation stage is read by an angular encoder

with 1" of arc resolution connected directly to
the shaft. Fine rotation as small as 0.01" in

±3" range is obtained by a tangential lever
which is pushed at its free end by a microraeter-

head driven by a stepping motor "M". Various
equipments can be attached on the rotation stage
of the goniometer such as large goniometer-heads
with XY-stage, an Eulerian cradle (X"*}" circle)
and a subgoniometer with angular increment 0.01"
per motor step in ±3° range. Automatic rotation
of one goniometer around the axis of another
goniometer is made by connecting the detector

arms of the two goniometers and moving the air-
floated one by the stepping motor for the de
tector arm of the other. An additional goni

ometer specially designed is now under

construction. These goniometers are capable of
forming a multiple crystal arrangement according
to the modes of operation.

Associated facilities

The goniometers are arranged on a cast iron
plate, whose dimension is 1800 mm * 1300 mm *
300 mm and whose weight is 2500 kg. The plate
has air-cushion supports for anti-vibration.
The intensity of the diffracted X-ray beam is
measured by a NaT (Tl) scintillation detector, a
plastic scintillation detector or a solid state
detector. The incident beam is monitored by an

ionization chamber. All instruments including

goniometers, slits and an X-ray detecting system
are controlled by a micro-computer. A layout of
the control system is shown in Fig. 3.1.12. The
computer controls 35 stepping motors of dif
ferent types and power.

The instruments are planned to be installed
in a new hutch at the wiggler beam line this
autumn. The hutch has a floor space of 3850 *

2500 mm^ and is equipped with radiation shields
and an air conditioner. Design of a double-

crystal monochromator to be arranged at an up
stream position of the hutch is now underway.

DHTECIOB

COMTtlOLLEB

> r'

1

Fig. 3.1.11

DETECTOR

X-RAYS

X-y PLOTTER

GONIOMETERZ

I [aUgUUR DECOnPER
ELECTROfWGHETtC clUTCH

CORIOMETER head-

IGONIOMETER If

Fig. 3.1.12

computer



(n) ULTRA-HIGH VACUUM X-RAY DIFFRACTOMETER

As accompanying phenomena of X-ray diffrac
tion, scattering and absorption, various kinds

of secondary emissions take place such as photo-
electrons, Auger electrons, secondary electrons,
Compton scattered electrons, fluorescent X-rays
and so on, most of which carry information of
the surface of the materials. In order to make

studies related to these phenomena an ultra-high
vacuum X-ray diffractometer was fabricated.

The working group (No.12 in Table V.1.3)

was organized in order to fabricate the instru

ment under support of scientific research fund

from the Ministry of Education and Culture. The

instrument was designed so as to be suitable for
versatile" use. After main parts of the ultra-
high vacuum X-ray diffractometer were completed,
the superintendence of the instrument was trans

ferred from the Univ. of Tokyo to Photon Fac

tory, KEK. Some components such as a specimen

manipulator and a poppet valve were added to the

instrument. The instrument was Installed on the

beam lines of X-rays and soft X-rays, and the

performance of the system was evaluated.

Ultra-high vacuum system

Figure 3.1.13 shows a drawing of an outside

view of the ultra-high vacuum X-ray diffracto
meter. The vacuum chamber, 450 mm in diameter

and 1800 mm in height, is made of stainless

steel. Experiments are expected to be made
under heavy gas load conditions so that a cryo-

pump with a refrigerator was specially designed

and constructed.

The sample crystal is cleaned and charac
terized in the upper part of the vacuum chamber

marked at the level A-A' and then transferred

downwards. Synchrotron radiation monochro-
matized by the monochromator crystal is incident

on the vacuum chamber at the level B-B'. The

poppet valve "C" is set between the cryopump "D"
and the vacuum chamber.

The cryopumping system developed consists

of a pumping unit with a cryogenerator and a
compressor unit as does the conventional refrig
erator-cooled cryopump. The temperature of the
cold head reaches below 20 K. The cold head has

a thermal capacity of 6.8 W at 20 K. The second
stage pumping is performed by the cold panels
attached to the cold head, which are surrounded

by the shroud and the baffle kept at liquid
nitrogen temperature. They condense residual
high pressure gases such as N2, CO, Ar and O2
except H2, He and Ne. Hydrogen is pumped by the
cryosorption mechanism of charcoal bonded to
cold panels and further by using four sets of
titanium sublimation pumps assembled in the

cryopump.

Sample preparation equipment

In order to get a clean surface the sample
is bombarded by Ar ions and annealed by an
electron-beam heater. The surface of the sample

is characterized by a LEED/AUGER system. A
Knudsen cell is also attached to evaporate

metals on the sample surface.

Goniometer

Two kinds of goniometers are constructed.
One of them is set up in the vacuum chamber
according to the experimental conditions, it is
composed of a high precision rotary drive and a

translator which are commercially available.

The rotary drive is capable of rotating a sample
360° around two independent axes. The two axes
are usually used to change the incident angle
and the azimuthal angle, the precision of which

is 0.1° and 0.3°, respectively. The translator
is able to move a sample in X,Y and Z directions
with a repeatability of 0.01 mm.

The other goniometer has the capability of
rotating a sample within a restricted angular

range of a few minutes with a precision of 0.1

sec of arc by the mechanism of the torsion of a
cylinder with both ends clamped. The middle
part of Che cylinder is twisted through the
torsion arm which is welded to the cylinder. A

translation of a lever of 0.02 mm outside the

vacuum chamber corresponds approximately to a
rotation of the goniometer of 0.1 sec of arc.

03/

Fig. 3.1.13
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Co) TIME-RESOLVED MEASUREMENT SYSTEM USING A

LINEAR POSITION SENSITIVE X-RAY DETECTOR

Two linear position sensitive X-ray detectors
of the same design have been constructed for use
at BL 15-A and for SAXES (Small Angle X-ray
scattering Equipment for Solutions) (see (i) in
this section), respectively. These detectors
are used for time-resolved small angle X-ray
diffraction or scattering experiments. The
specifications of the detector are given in
Table 3.1.4. It uses a 400 ns delay line con
nected with the cathode wires for position read
out. The detector consists of a standard struc

ture except for Che number of anode wires: six

anode wires of 20 ym radius are placed 5 mm
apart to minimize the reduction of the gas
amplification factor at high counting rates.
Figure 3.1.15 shows the block diagram of the
data acquisition system. The main amplifiers
and the timing circuits are standard NIM

modules. The fast registration of the position
of the incoming X-rays is achieved by adopting
CAMAC modules such as the LeCroy 4202 TDC (time
to digital converter) and the LeCroy 3588
histogram memory. Within about 1 ps the system
can process the registration of one photon which
makes it possible to count up to 1 * 10 ^ cps
with a 10% counting loss. The 4202 module has a

function of routing and time-resolved exper
iments with up to I ms resolution are easily
performed with an external timing clock. The
3588 histogram memory has 16 K channels, each
with 24 bits, which can be used such as 256 ch.

* 64 frames, 512 ch. x 32 frames and 1024 ch. x

4 frames. These CAMAC modules are controlled by
a LSI 11/23 computer via a LSI-BUS adapter
(Kinetic 2920) and crate controller (Kinetic
3920). The data in the histogram memory are
transferred to the memory in the computer to be
displayed on the graphic CRT and to be analyzed
according to user programs. The data are stored
finally in floppy diskettes or on a magnetic
tape.

Some experimental results obtained by using
these detector systems are reported on pages
VI-70^.71 and VI-88i'92.

Table 3.1.4 Specifications of the linear

position sensitive X-ray
detector

Effective length

Height of window

Depth of the chamber

Spatial resolution

Material of window

Counter gas

Uniformity of

sensitivity

Position read-out

200 mm

20 mm

6 mm

better than 0.4 mm

Beryllium,

0.5 mm thickness

Xenon + CO2 (up to
2.5 atomosphere)
Argon + CH^ (up to
2.5 atmosphere)
better than 5%

along the effective

length 200 mm

400 nsec delay line

FLOPPY DISK
(1 MB X 2)

PSPC

400 ns

delay line

1M.C.A, T.A.C.
L- ——J

AMP. H C.F.D.

AMP. H C.F.D.

MEMORY

(256 KB)

LSI- BUS

LSl-BUS
ADAPTER

CPU

LSI-11/23

SERlAL
INTERFACE

(4 CH.)

CRATE

COMTROLLER

HISTOGRAM
MEMORY /GRAPHIC

I CRT
X-Y

PLOTTER

REAL TIME
CLOCK

OUTPUT
REGISTER

IPRINTER,

CAMAC

Fig. 3.1.14 Block diagram of data acquisition system .
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(p) MULTI-PURPOSE TOPOGRAPHY CAMERA FOR USE

WITH SYNCHROTRON RADIATION

General layout, design and fabrication

A general view of the constructed apparatus
for X-ray topography is shown Fig. 3.1.15. The

apparatus consists of five raain parts; goniom

eter system, specimen holder, photographing
system, shutter and slit system and evacuation

system. This apparatus was fabricated under a

support of grant-in-aid by the ministry of edu

cation and culture and has been transferred to

the Photon Factory.

Goniometer system The specimen chamber is a

cuboidal box (170 mm * 170 mm x 160 ram), and

each lateral side has a hole of 100 mm in diam

eter. The four lateral side holes are respec
tively assigned to the window for the incident

X-rays, the window for observation and the two

auxiliary windows, which serve for installing

attachments around the specimen crystal ac
cording to experimental requirements. The

goniometer system possesses several kinds of
mechanisms such as translation, rotation and

inclination. The inclination angle can be

changed in a range of ±4". The specimen can be
translated to both sides on the horizontal plane

in a range of ±5 mm. The top part has a hole of

60 mm in dia. which is large enough to insert
various types of specimen holders designed for
the experimental purposes.

Specimen holder A specimen holder, available up
to 700^0, was designed and constructed. The

heater (see Fig. 3.1.16) is made of a notched,
0.2 mm thick carbon plate. The present specimen

holder can be used when the incident angle is

less than IS**, because the front aperture for
X-rays subtends about 30° at the specimen posi
tion.

Photographing system The cassette holder can

contain 12 plate cassettes at a time. The set

ting angle of the plate can be adjusted in an
angular range of ±30° by rotating the lever from
the outside, although the distance between the
cassette and the specimen is restricted to 35

mm. The delivery operation of cassettes is
carried out in a vacuum.

Shutter and slit system The slit system is

composed of both vertical and horizontal slits.
The maximum size of the slits is 10 mm in both

directions, and the minimum size is restricted

to not more than 0.05 mm. The shutter system is

operated electro-magnetically, and opening and
closing time can be adjusted automatically by
means of an electric timer with an accuracy of

one second.

Evacuation system The evacuation system is com

posed of an oil diffusion pump (420 i/s) and a
rotary pump (60 Z/m). The body of the apparatus
can be moved easily fay hand to a desired posi-

Performance and tests

After about one hour a vacuum of 10 ^ Torr
was reached. The motion of the movable parts

was smooth enough to be available for remote
controlling, although a controlling system has
not been installed yet in the present apparatus.
By taking conventional projection topographs
from a cleaved LiF single crystal, performance
of adjustment was checked. It was found that
the functions of the present apparatus are

nearly the same as those of the conventional
Lang camera. As a final test, the present
specimen holder was operated at temperatures
from room temperature to 700°C. The temperature
fluctuations can be reduced to less than ±2°C at

700°C. The constancy of the specimen tempera-
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ture was practically satisfactory even when the

specimen orientation was changed. Reproducibll-
ity of the temperature was also satisfactory,
although the degree of vacuum was decreased from

10 ^ to 2 * 10"'*^ Terr. The vertical temperature
gradient in the vicinity of the specimen was
estimated less than 0.2''C/inm (the upper part
being hotter than the lower) at 600®C.

(q) INSTRUMENTS FOR X-RAY IRRADIATION
EXPERIMENTS

An irradiation system suitable for ra
diation biology experiments should fulfill the

following conditions; (i) A monochromator covers
a wavelength range as wide as possible, and

provides intense radiation (e.g., several kR
min~^) with homogeneous intensity distribution
over a large cross-section (e.g., 50 mm x 5 mm),

(ii) An intensity monitor which can be used for
obtaining absolute value of irradiated dose
(e.g., R). (ill) Labile biological samples are
kept at constant temperature and humidity during
irradiation. An irradiation system shown in
Fig. 3.1.7 is proposed by the 'radiation

biology' working group.
A channel-cut silicon crystal monochromator

is now being prepared by the in-house staff,

although it only partially meets the requirement
(i). It will cover the wavelength range from
0.85 A to 3.5 A. Other three parts of the
system, sample scanning stage, temperature-

humidity controlling device, and free-air ion-
ization chamber, have been designed by the
working group and were used for preliminary
experiments using a monochromatic X-ray beam
from a monochromator at BL-IOA. These three

instruments are described below.

P I

SH 5L

-+le +

Fig. 3.1.17
Proposed layout of irradiation system. A: Air
of constant temperature and humidity provided by
a temperature-humidity-controlling device. B: Be
window. C; Channel cut Si crystal. He: He gas.
I: Intensity monitor. M: Monochromator.- P: Beam
profile monitor. SH: Shutter. SL: Slit. SR: Syn—
chrotorn radiation. SS: Sample-scanning stage.

Sample-scanning stage Figure 3.1.18 shows a
front view of a sample-scanning stage. The
stage is so designed that larger samples can be

irradiated uniformly by the smaller beam. The
sample can be scanned vertically and hori
zontally with a maximum stroke of 130 mm. The
two dimensional movement of the stage is con

trolled by a programmable control unit. The
maximum scan speed is 10 mm s~^. Four Falcon
plastic plates (35 mmif) can be loaded on the
stage. Other shapes of samples may be loaded if
an appropriate sample holder is made- Samples
are covered with a lid with 4 Mylar windows, and
an inlet and outlet for gas flow. Samples can
be kept at constant temperature and humidity if
air from a temperature-humidity-controlling
device (see below) flows through the lid.

0 10

Fig. 3.1.18 Front view of sample-scanning stage.

PM: Pulse motor. I: Inlet. 0: Outlet.

LM: Limit switch. : Sample holder.

: Lid of sample holder.

: Myler window.

Temperature-humidity-controlling device This

device is designed to supply air of constant
temperature and humidity to the sample-scanning

stage, and consists of 3 parts: temperature-

control part, humidity-control part, and a box
which contains the sample-scanning stage. Tem

perature and humidity range are -20 'V' +60®C
(±1®C), and 10 95% relative humidity (±1%),
respectively.

Free-air-ionization chamber The exposure dose
(6-30 keV) in R is measured by a free-air-
ionization chamber with plane-parallel elec

trodes: a collecting plate (30 mm width, 42 mm
length), 2 guard plates, and a high-voltage
plate (separation 32 mm). The electrode as
sembly is housed in a shield case with 2

diaphragms for the inlet and outlet of X-rays.
The voltage of the case is maintained at half

the voltage applied to the electrodes, so that

edge effects of electrostatic fields between the

plates can be reduced. The saturation curve was
measured for 1.14 A X-rays from a Si monochro
mator at BL-IOA. The output current of the
lonization chamber was saturated above 700 V at

100 mA of the beam current of the storage ring.
The high voltage applied to the ionization
chamber was usually 2000 7.
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(r) CRYSTAL DEVICES FOR X-RAYS (CHANNEL CUT

MONOCHROMATORS)

For various experiments at BL-L5Bp and ^2
several X-ray raonochromators have been prepared
during the last four beam time periods. All
elements were completely made at the 'Photon
Factory'. This includes orientation of the
purchased crystal material, cutting with a
diamond wheel and chemical etching for removing
the destroyed surface layer. Even though, the
reasons for fabrication were rather special,
these monochromators may be useful for many
different kinds of work.

llQ-channel cut monochromator (step-type)

Fig. 3.1.19a Channel cut monochromator
(side view).

Fig. 3.1.19b Channel cut monochromator
(top view).

The monochromator Is cut out of a perfect

Si-single crystal with the orientation shown in

Figure 3.1.19a. It Is good for 220-reflections

(and higher orders). To cover a wide wavelength
range, three channels with different widths are
prepared. These widths are 7.5 nnn, 17.5 mm and

27.5 mm. The height of each channel is 13 ram.
With a 220-reflection a range of

0.47 A < X < 3.7 A

can be covered. The beam cross section is in

the order of 1 cm^ as long as one doesn't come
to the edges of the mirrors.

Ill-channel cut monochromator

This device Is cut from a perfect Sl-single

crystal with the orientation seen in Figure
3.1.20a. It is good for symmetrical Ill-reflec

tions (and higher orders). Two different chan-

Fig. 3.1.20a Channel cut monochromator
(side view).

Fig. 3.1.20b Channel cut monochromator
(top view).

nels with widths of A.2 mm and 10 mm are cut.

The height of each groove is 10 nun. With the
length indicated in Figure 3.1.20b, one has a
wavelength range of

0.2 A < X < 3.0 A.

This monochromator is designed for a beam

with a small dimension In the plane of diffrac
tion.

110-channel cut monochromator

1016 10

[001]
Fig. 3.1.21 110-grooved crystal.

This ordinary grooved crystal is cut out of
a perfect . Sl-single crystal with the above
orientation. The monochromator can handle with

the 220-reflection a wavelength range of

0.7 A < X < 3.0 A.

The slot system In the base of the crystal
Is for stress-free mounting.



(s) CRYSTAL DEVICES FOR X-RAYS (SPECIAL
CRYSTALS)

For various experiments at BL-I5Bp and B2
several special x-ray optical elements have been

prepared during the last four beam time periods.
All elements with one exception were completely
made at the 'Photon Factory'. This preparation
includes orientation of the purchased crystal
material, cutting with a diamond wheel and
chemical etching to remove the surface layer
destroyed in the cutting process. Even though
Che reasons they were made for, were rather

special, these devices may be useful for many
different kinds of work.

In the following some characteristics are
presented.

LLL X-ray interferometer

Fig. 3.1.22 LLL X-ray interferometer.

The interferometer Is cut out of a perfect
Si-single crystal with the orientation shown in

the drawing. It is good for 220-ref lections
with following dimensions, mirror thickness: 0.4

mm, mirror height: 15 mm, mirror separation:

12.4 mm, mirror width; 47 mm. One of Che

mirrors is 25 mm high to provide the possibility

of a monitor beam. In this case the higher

mirror Is hit by the Incoming beam first and

part of the diffracted X-rays pass over the

lower lamellas. The base has a height of 21.5

mm. The slit is for stress-free mounting. This
interferometer has been tested as described in

section 3.2 of this report. The result was
positive.

Ill-channel cut fixed exit beam

position monochromator

This monochromator is cut out of a perfect
Si-single crystal with the orientation indicated
in Figure 3.1.23. It is good for ill-reflec
tions and higher orders. The inner surfaces of
the channel are curved in such a way that the

distance between the incoming and outgoing beam

is kept at 50 mm, when the wavelength is

Fig. 3.1.23 Fixed exit beam position

monochromator.

changed. The useful mirror height is 25 mm.
The crystal measures 220 mm x 65 mm x 60 mm (1 x

w X h).

The crystal needs a careful alignment,
because the beam must pass over the symmetry
center for a good performance. The monochro

mator can handle beams 25 mm high and 1 mm wide.

The width is limited in the diffraction plane,
because of geometrical reasons originating from
the curvature. The device works for 7° < 8 <

35®.

This means:

0.76 A < \ < 3.6 A^for the 111- and
0.26 A < 1 < 1.2 A for the 333-reflection

is the operating range.

L-shaped 110-monochromator (corner cube)

[no]

""'"If
' 50

Fig. 3.1.24 Corner cube monochromator.

This monochromator is cut out of a perfect
Si-single crystal with the orientation shown in
Figure 3.1.24. As easily can be seen, a 'corner
cube like' beam path with two successive 220-
reflection (and higher orders) is possible. The
reflections occur in two different diffraction
planes. This means a fine adjustment around two
axes perpendicular to each other must be avail

able to operate this crystal. The wavelength
range is:

2.3® ^ 0 45® in^angle or
0.15 A < X < 2. 7 A in X.



3.2 APPARATUS FOR VUV AND SOFT X-RAY

EXPERIMENTS

Instrupent for Performance Testing of Grating

Monochromators

For the characterization of a grating mono-
chromator, it Is necessary to obtain information
on the wavelength or photon energy resolution,
Che output flux of monochromatized photons, and
the scattered or stray light content over the
entire spectral range which the monochromator

covers. The most important procedure is a wave
length calibration which is carried out at

several points, using well-known wavelength
standards.

As an instrument to fulfil the above

requirements, we can utilize an apparatus which
is ordinarily used for gas phase absorption
experiments. The whole system of the apparatus
is shown in Fig. 3.2.1. It consists of a gas
absorption cell, a reservoir, tubing for gas
handling, and a vacuum vessel, which serves as a

general purpose absorption chamber. The system
is all made of stainless steel. The gas cell

has an absorption length of 160 ram, and both

ends are sealed with 10 mm diameter poly
propylene windows which can withstand gas

GAS CELL VACUUM
VESSEL

ELECTRON
MULTIPLIER

MINIVAIVE

TURBO- i
MOLECULER
PUMP I

Fig, 3.2.1

pressures of up to 10 Torr.

The wavelength calibration and resolution
analysis are carried out using well-known

absorption line profiles of certain gases.
Estimation of the scattered or stray light

component can be made by measuring the depend

ence of the absorption cross section as a func

tion of gas pressure. For an estimation of the

absolute output flux of the monochromator, we
need another technique, such as a double ioniza-

tion chamber system, which can be used in VUV

region.

The instrument has been used at two soft X-

ray experimental stations, BL-llA and BL-12C,

(the Grasshopper and the 10 meter grazing inci
dence monochromator) for performance test and
has also been used in experiments to obtain

absorption cross section of gases and absorption

spectra of solid thin films.

Multi-purpose chamber for Gas-phase Experiments

This chamber was constructed for measuring

photolons, photo-fragment ions, photoelectrons
and fluorescences. Coincidence measurements

between these species are also possible. The

inner diameter of Che chamber is 500 mm and its

length is 900 mm. The chamber has two turn

tables, each of whose axes coincides with the

axis of the incident light. They can be rotated
independently around the axis. All parts of the
chamber are made of stainless steel.

A A50 i/sec turboraolecular pump evacuates
the chamber to an ultimate pressure of about 1 x

10"^ Torr. At present, a double-ion chamber is
installed in it, to measure photoionization

cross sections of simple molecules. There is a

future plan to install a photoelectron spectrom
eter. If an intense photon flux is available at

Che collision center, coincidence measurements,

for example between photo-fragment ions and

fluorescence, will be performed.

Time-of-flight Spectrometer for Photo-ion

Measurements of Free-metal Atoms

A time-of-flight (TOF) spectrometer was
designed and constructed for measurements of the

charge states of photo-ions. A schematic view

of the apparatus is shown in Fig. 3.2.2. The

TOF spectrometer is composed of three parts; a
furnance to produce a beam of free-metal atoms,
a photoelectron detector, which produces the
start pulse for a time-to-amplitude converter
(TAG), and a photo-ion detector, which generates
the scop pulse for the TAG. The ratio of the

mass of a photoion to its charge state (m/q) is
determined from the flight time of the photoion
through a drift tube in the photo-ion detector.
The furnance can be heated to about 900®C by
using two sheath heaters. Free metal atoms are

effused from an orifice (1 mmij)) in the furnance.



Thermo couple

Fig. 3.2.2

The vapor pressure around the collision center,
which is located above the orifice by 40 nnn, is

about lO"** Torr. The vapor effused from the
orifice adheres to a liquid nitrogen cooled
trap. As a result, the vapor does not scatter
from the surface of the trap. The background

pressure of the TOF spectrometer chamber is of
the order 10"^ Torr, when a metal target is
evaporated.

Heat-pipe Chamber the Photo-absorption

Measurements of Free-mfetal Atoms

A heat-pipe chamber was designed and
constructed for photo-absorption measurements of

free-metal atoms. This chamber is composed of
four parts, as shown in Fig. 3.2.3; a heat pipe
surrounded with an electric furnace, a buffer

gas inlet, a detector and a differential pumping
between the heat pipe and the monochromator. A

solid-state metal sample in the heat pipe can be

ffiin film window

-ionirotion
gouge .

differential
pumping
stoge

electric furnoce

Fig. 3.2.3

tpuffer gas
, inlet

thin film window

open photo
multiplier

heated to about 1000''C by the electric furnance.
Metal vapors so produced are contained in the
heat pipe and are confined by a buffer gas. The
metal gas is also confined by a thin-film window
placed between the differential pumping section

and the heat-pipe section, and by another window
placed between the buffer-gas inlet and the

detector section. The buffer gas is used to
retard the escape of metal atoms from the hot
zone of the heat pipe. The length of the vapor

column is about 60 cm. The vapor pressure

inside the heat pipe depends on its temperature.

For example, with temperatures around 900°C for
Ba and between 200°C and 250''C for Cs, the vapor
pressure lies between 0.1 and 1 mbar.

VUV and Soft X-ray Reflectometer

We designed and constructed a reflectometer
to obtain optical constants of materials in the
VUV and soft X-ray region, on the basis of re
flectivity measurements. In general, the soft
X-ray reflectivity is very low at incidence
angles other than near 90 degrees. Therefore,

the reflectometer was designed to enable ac
curate measurements to be made for grazing inci

dence. The requirements for our reflectometer

can be briefly summarized as follows:
1) high accuracy of rotational angles for the
samples and the detector,

2) immovability of the common axis of the

sample- and detector-rotations relative to the
incident light beam, and

3) ease of alignment for the optical system.
Using standard vacuum chamber construction

techniques, the mechanical accuracy of the
system may be lost when the chamber is stressed

under evacuation or baking. Our reflectometer
was constructed in the following manner:

1) a rigid frame is fixed inside, on the bottom
of the chamber,

2) the precision goniometers are attached to
the outside of the chamber, and are jointed to

their respective internal axes with bellows-
couplers .

We have ascertained that the displacement

between the axes is within <30 pm and the

tilting angles <0.01". The absolute accuracy of
the rotational angles is within 0.02", which is

the same as that of the goniometers. In fact,
we could measure the reflectivities of gold and
quartz mirrors at incidence angles up to 89
degrees. Furthermore, a vacuum of 4 x 10~^ Torr
was achieved after baking at 200"C for a few
hours. This reflectometer is also used for

investigation of the roughness of optical
surfaces on the basis of the VUV scattering
theory.
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Apparatus for SEXAFS Experiments

An experimental system has been designed to

perform high-quality surface EXAFS (SEXAFS) and

photon stimulated ion desorption (PSD) exper
iments on well-characterized atomically-clean
solid surfaces. The system is presently under
construction, with the first experiments slated

for late this year or the early part of next
year.

The basic vacuum chamber and pumping system
was constructed by VG Scientific Ltd of Great

Britain, and achieves a base pressure (essen
tially empty) of 2 x 10"^^ mbar. SEXAFS exper
iments will be performed either using a total
yield detector, which will double as a time-of-

flight PSD detector, or a double-pass cylin
drical mirror analyzer (CMA) in the Auger-yield
mode.

Characterization techniques include Auger
electron spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS) using a twin anode Al-Ka/Mg-
Ka source, low energy electron diffraction
(LEED), thermal desorption spectroscopy (TDS),
and electron stimulated ion desorption (ESD).
In-situ cleaning techniques Include heating in
UHV ('\' 2600''K max.), surface reaction with pure
gases, and inert gas ion etching. Most of the
system was funded by a special grant-in-aid for
scientific research from the Ministry of Educa

tion, Science and Culture (No. 58104002). The

first experiments will focus on ordered surface

overlayers of S or 0 on low index faces of Ni or

Cu single crystals.

Solid State Angle-Resolved Photoelectron

Spectrometer

This apparatus consists of a sample prep
aration chamber, an analysis chamber, a sample
transfer mechanism, a gas introduction system, a
pumping system, and a set of instruments for

measurement. Samples are treated in the sample-
preparation chamber which is equipped with a 2
kW evaporation system, a 5 keV sputter ion gun,
and a cleaving mechanism. The samples are

scored at a sample bank in the chamber.

The sample transfer mechanism picks up a
sample at the sample bank and transfer it to a
manipulator in Che analysis chamber. This mech

anism has a temperature control system by which
a sample can be heated to lOOCC or cooled to

-120^0.

The prepared sample is analyzed in Che

analysis chamber using techniques such as angle
resolved photoelectron spectroscopy. Auger elec

tron spectroscopy, low energy electron diffrac

tion (LEED) and secondary ion mass spectroscopy.
The magnetic field in the chamber is reduced to

10 mG using magnetic shields.

There are two analyzers in the chamber; one

is a hemispherical analyzer, which is mounted on

a two axis rotational mechanism, and the other

is a double pass cylindrical mirror analyzer,
which is used mainly for Auger electron spec

troscopy. The energy resolution of the hemi
spherical analyzer is designed to be better than
100 with a slit I mm in diameter. In perform

ance tests, the actual resolution was found to
be 130, for a pass energy of 80 eV.

The gas introduction system has four
adapters for gas tanks, a gas reservoir, a
variable leak valve, and a gas purifier with
molecular sieve. Gases are introduced either

into the analysis chamber or into the sample
preparation chamber.

All the operations of the system are con
trolled by a microcomputer with GP-IB interface.

Gas Phase Angle Resolved Photoelectron
Spectrometer

This apparatus is mainly used for meas
urement of the angular distribution of photo-

electrons emitted from atoms and molecules in

the gas phase as well as their partial photo-

ionization cross sections. Figure 3.2.4 shows

an outside view of the apparatus and Fig. 3.2.5

shows the contents of the chamber.

The analyzer, a hemispherical electrostatic
deflector, is mounted on a turntable with an.

electrostatic lens system. The deflector is
made of pressed molybdenum shells with a mean

radius of 50 mm. The instrument is set up in
such a way that the axis of photon beam coin

cides with the axis of the turntable. An

electron gun and a Faraday cup are also mounted
on the turntable, facing each other, for test
and calibration of the analyzer. The beam
entering a gas cell (the reaction region of the
analyzer) passes through the cell and into a



beam damper, made from a long piece of tubing,
equipped with a photodiode for monitoring the
beam intensity. The whole system can be evacu

COLLISiON
CENTRE

COLLISION
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ated by a turbo-molecular pump to a vacuum of
order 10~® Torr, without baking. Several
experiments were carried out at BL-2A.

ELECTRON
ANALYZER

Fig. 3.2.5
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