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PREFACE

It is our great pleasure to publish the first issue of the “TIARA
Annual Report”. We sincerely hope that this series of report will grow into
a prosperous tiara” decorated with many valuable fruits of the facilities.

The TIARA facilities {Takasaki Ion Accelerators for Advanced Radiation
Application) have been constructed at the Takasaki Radiation Chemistry
Research Establishment under the 6-yvear program from 1987. The first phase
of the construction including those of an AVEF cyclotron and a 3 MV tandem
accelerator was completed in October 1891.

The planning of the facilities and the research program have been made
on the base of discussions at 7Consultative Committee for the Advanced
Radiation Technology”™ chaired by the late Professor Keichi Oshima, who was
succeeded by Professor Yonehe Tabata, and at six subcommittees. The members
of the committee and subcommittees have been authorities from universities,
national and public research institutes and industries, in addition to the
members from JAERL I wish to express sincere thanks to all members for
their earnest discussions.

Appreciation should also be extended to members of 19 "Advisory Groups”
who all actively cooperated in planning of each research subject and
designing of experimental apparatus such as target chambers and measuring
instruments for wvarious research fields.

This first issue of the annual report covers the outline and the
results of test operation of accelerator facilities, the preparation of
experimental apparatus in TIARA, and preliminary results of research
activilies on materials science. The research activities made use of the
TIARA facilities in the {est operation stage, operated by JAERI staff and
some of the researchers from other institutions until March 1992, although
official start of the joint research was in April 1992.

We appreciate also advices of the "TIARA Program Committee”, which was
organized in October 1881 Tor investigating research proposals, experimental
plans and schedule of the accelerator operations.

Yoo Fatd”

Shoichi  Sato

Director  General

Takasaki Radiation Chemistry
Research  Establishment
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1. AVF CYCLOTRON
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1.1 Introduction

Large AVF cyclotrons have been used mostly for fundamental nuclear physics
and medical application to radiation therapy and radioisotope production so far. The
JAERI AVF cyclotron®? is the first one dedicated to R & D in materials science and

- other irradiation purposes. The cyclotron facility was planned mainly on the basis of
valuable experience in accelerator development and parasitic beam utilization which
have been accumulated in accelerator facilities for research of fundamental physics.

The application of the cyclotron to various fields of R & D in materials science
requires acceleration of ion particles in wide ranges of mass and energy. Recent de-
velopment of electron cyclotron resonance(ECR) type ion sources and the axial beam
injection system allowed to meet the requirement considerably. Cyclotron operation in
high harmonic modes also allowed to extend the lower limit of the acceleration energy
for heavy ions.

The above application also requires a wide variety of beam utilization such as
uniform irradiation of high-energy and high-intensity beams over a wide area, pulsed
beam irradiation by beam chopping, a wide range of beam intensity, secondary produced
neutron beams, etc.. Some of these additional functions were already satisfied at the
comrmnissioning stage, and the other ones were under development.

The dedication to R & D in materials science also requires easy control and efficient
operation of the accelerators and reproducible setting of beam parameters. Computer
control and assist systems are expected to play an important role to fulfill these require-
ments.

This chapter describes the AVF cyclotron system and the result of the test per-

formance and the first year's operation.

REFERENCES

1) R.Tanaka, K.Arakawa, W.Yokota, Y.Nakamura, T.Kamiya, M.Fukuda, T.Agematsu,
H.Watanabe, N.Akiyama, S5.Tanaka, T.Nara, M.Hagiwara, S.Okada and M.
Maruyama, "JAERI AVF Cyclotron for Research of Advanced Radiation Technol-
ogy,” presented at the 12th International Conference on Cyclotrons and Their Ap-

plications, Berlin, Germany, May 8-12, 1989.
2) K.Arakawa, Y.Nakamura, W.Yokota, M.Fukuda, T.Nara, T.Agematsu, S.Okumura,

[Ishibori, T.Karasawa, R.Tanaka, A.Shimizu, T.Tachikawa, Y.Hayashi, K.Ishii and
T.Satoh, "Construction and First Year’s Operation of the JAERI AVF cyclotron,”
presented at the 13th International Conference on Cyclotrons and Their Applica-
tions, Vancouver, Canada, July 6-10, 1992.
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1.2 AVF Cyclotron

I. DESIGN AND CONSTRUCTION

(1) General description

The JAERI AVF cyclotron is of the model 930 of Sumitomo Heavy Industries,
Ltd.(SHI), the same model as the CYCLONE (Universite Catholique de Louvain, BEL-
GIUM), the IRE cyclotron (Institut National des Radioelements, BELGIUM) and the
NIRS-Chiba cyclotron (National Institute of Radiological Sciences, JAPAN). The lat-
ter three cyclotrons have movable-panel type resonators with a peak rf voltage of 50
kV. The JAERI cyclotron employed a movable-short type resonator in order to make
allowance for generating a higher maximum dee voltage of 60 kV, which is required for
accelerating 90 MeV protons in the constant-orbit mode.

In order to meet technical requirements in the research plan of the ART(Advanced
Radiation Technology) project, we modified or improved the design of the accelerator
system as follows; 1) The system is equipped with two external ion sources,! an ECR
source for generating heavy ions and a multicusp source for generating light ions. 2)
The system is equipped with a beam chopping system? for pulsed beam operation and
beam scanning systems for uniform irradiation to the wide area of target samples. 3)
A distributed computer control system is introduced for rapid and reliable control of
operation parameters.?) 4) In order to reduce the radiation exposure of operators, the cy-
clotron is equipped with automatic changing systems for inflector and puller electrodes.
A remote controlled conveying system makes a deflector remove from the cyclotron and
guide to a cooling room.

At the end of 1986 it was approved by the Science and Technology Agency to
construct a medium scale cyclotron for multipurposes and its accommodations at JAERI
Takasaki in the period of 1987-1992 fiscal years.

The construction of the cyclotron was started in 1988. The field mapping for the
main magnet was carried out from December 1988 to March 1989 and the performance
of the rf system® was tested from October 1989 to March 1990 at the Niihama works
of SHI. The cyclotron was installed at JAERI, Takasaki, in July 1990. The beam

generation test has been started from March 1991.

(2) Outline of AVF cyclotron

Figure 1 shows a photograph of the cyclotron. A schematic drawing of the cy-
clotron is shown in Fig. 2 and the major characteristics of the JAERI AVF cyclotron

are shown in Table 1.
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Fig.2 Schematic drawing of the cydotron, {1¥Yoke, (2}Main eadial probe, {3i5piral sector,
{(41Resonator, {5}Puller, (§)Dee voltage gickuyp, { T)Deflector probe, {(8)Deflector, {%Phase
sit 11, {10 Magaetic channel probe, {11 IMagnetic channel, {12} apacitive fine frequency
toner, {13 Phase st §, (34)Gradient corrector, {15)nflector, {161 Phase probe.



JAERI-M 93-047

Table 1 Parameters of JAERI AVF cyclotron.

MAGNET

Maximum average field
Maximum hill field

Number of sectors

Spiral angle in degrees
Number of circular trim coils
Number of harmonic coils

Magnet size

Magnet weight

16.7 kG at extraction radius

20.4 kG

4

53°

12 pairs

8 pairs

(4 pairs in central region)

(4 pairs in extraction region)

5.19 m long, 2.31 m wide, 2.6 m high
229 ton

Extraction radius 923 mm
Power,maximum
Main coils 250 kW
Trim coils 52 kW
Maximum main coil current 900 A
Pole diameter 2156 min
Pole gap 405 mm
Sector gap 166 mm
Bending limit 110 MeV
Focusing limit 95 MeV
RF SYSTEM
Number of dees 2
Dee angle 86°
Frequency range 10.6 ~ 22.0 MHz
Frequency stability +10-¢

Resonator

Full relative frequency change Af/f
Fine tuning

Maximum dee voltage

Harmonic number

Phase stability

Voltage stability

Vertical aperture inside dee

Gap between dee and ground plate
Movable range of shorting plate
Inner tube diameter

Inside diameter of outer tube -
Pre-amplifier

Final amplifier

Power feeder

Maximum output power

A/4 coaxial type with movable short
1.6 %

Capacitive panel

60 kV

1,2,3

< £0.5°

< #1x1073

40 mm

42 mm

1350 mm

300 mm

1000 mm

EIMAC 4CWS800B
EIMAC 4CW50,000E
Inductive coupling

50 kW x 2




JAERI-M 83-047

Table 1 Continued.

VACUUM SYSTEM

Cryogenic pump 4000 £/sec x 4

Turbo molecular pump 2000 £/sec x 1
160 £/sec x 1

Rotary pump 5000 £/min x 1

1300 ¢{/min x 1
240 {/min x 1

93 £/min x 1
47 {/min x 1
BEAM PROBES
Main radial probe Integral and differential 3-finger
Deflector probe Single head
Magnetic channel probe Single head
EXTRACTION SYSTEM
First channel Electrostatic deflector
Second channel Electromagnetic coil
Focusing channel Passive-type field gradient corrector
ION SOURCE
For light ions Multicusp
For heavy ions ECR (OCTOPUS)

INJECTION SYSTEM Axial injection with spiral inflector

The cyclotron is a 4-sectored variable-energy AVF machine with an extraction
radius of 923 mm. The acceleration electrodes consist of a couple of 86-degree dees,
each connected with a resonant cavity. Beams of protons, deuterons and helium ions
are available with maximum energies of 90, 53 and 108 MeV, respectively. Heavy ion
beams can be accelerated to an energy range of (2.5xA) MeV to (110xQ?*/A) MeV,
where A is mass number and Q is charge state. Acceleration harmonic numbers of 1, 2

and 3 are available.

(3) Magnet

The cyclotron magnet is of an H-type with a pole diameter of 2156 mm and four
spiral sectors. Twelve pairs of circular trim coils are wound concentrically on the sectors.
Four pairs of harmonic valley coils are placed in the central region for centering the off-
centered beamn. The other four pairs of harmonic valley coils are placed in the extraction
region for fine adjustment of turn separation.

The procedure for the excitation of the magnet is as follows. 1) The magnet is
excited up to a maximum field level at a main coil current of 900 A. 2) The magnet
is de-excited down to a low field level at 50 A. 3) The main coil current is set up to a

higher level by 1 % than the required field level. 4) The current is set down to a lower
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Fig.3 Excitation curve of the cyclotron Fig.4 Radial Distributions of the first har-
magnet at an extraction radius of 923 mm. monic amplitude at four base field levels.

level by 1 % than the required current. 5) The current is set up to the required level.
6) Finally the currents of the circular trim coils and harmonic coils are set up to the
preset ones. It takes around 30 minutes for the excitation.

The median plane magnetic fields were measured for the main coil, circular trim
coils and harmenic coils in polar coordinates of (r,0). A Hall generator, Siemens SBV
601-S1, is placed in a 50 mm long-, 34 mm wide- and 20 mm thick housing made of
polymethylmethacrylate. The inside of the housing were kept at a constant temperature
by a temperature regulator. The housing was moved by 2 cm steps in r and 1.8 degree
steps in 4.

The excitation curve at an extraction radius of 923 mm is shown in Fig. 3, which
‘s obtained for ten excitation levels. The maximum average field strength at the extrac-
tion radius is 16.7 kG. The first harmonic amplitude was less than 4G over the entire
operating range as shown in Fig. 4. The first harmonic field can be modified by opti-
mizing the harmonic coil field. The circular trim coil field strongly depends on the base
field level because of field saturation. The field strength at a base field level of 850 A
‘s weakened down to nearly 50 % of that at 120 A. Two pairs of the harmonic coils are
excited with opposite polarity. The maximum first harmonic amplitudes at r=200 mm

and =860 mm at a base field level of 850A are 17G and 27G, respectively.

(4) Rf system
The A/4 coaxial type resonator with a movable shorting plate was adopted for
JAERI AVF cyclotron. The symmetrical structure of the coaxial cavity has a great

advantage of uniform distribution of the current density on the stem. The Q-value
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of the coaxial cavity, therefore, is higher than that of the movable-panel type cavity.
Consequently, the output power of the amplifier is reduced to 30 kW.

A schematic view of the coaxial cavity is shown in Fig. 5. The two dees and
the cavity are made of 10 mm thick oxygen free copper(OFC). The dee is connected
through the transition section to the inner coaxial line. The one end of the inner line is
supported with a ceramic rod and the other end is supported with the end plate of the
cavity. The length of the cavity is approximately 2000 mm. The stroke of the shorting
plate is 1350 mm so as to cover the required frequency range from 10.6 MHz to 22.0
MHz. The shorting plate has many contact fingers made of the Be-Cu. They are pressed

to the inner and outer coaxial line with the pneumatic bellows.

Amplifier
r"ﬁ'-’ QOuter tube
Ground plate Shorting
5 c ’ plate Inn}er tube
ce ouplin J 0 T
1 pine =g L
N~
[T U ==
1\ y ¥ ;@J’x—_ = E,v_

- == =
} 1 ,? \ ) ) ——— H}:f;
/" |Pole Puller or é\erami%‘T\\ //r
Spiral phase slit \ rod

sector Transition{] | 1 /71 | ’ ]
section O U O (@]

Fig.5 Schematic view of the coaxial resonator with a movable shorting plate.

The capacitive fine frequency tuner is located on the outer side of the dee. The
tuner gap is adjustable from 8 mm to 50 mm automatically. The maximum frequency
change adjusted by the fine tuner is 1.6 % of the fundamental frequency. The dee voltage
is detected with a capacitive divider of which the ratio is around 1/1000.

The final amplifier is directly mounted on the front part of the outer cavity and
is coupled with the resonator through a loop coupling. A couple of the cryogenic
pumps(4000 £/s each) are mounted on the bottom of the cavity. An rf shield con-
sisting of copper pipes was attached on the each pumping port to shield the leakage of
rf power from the cavity to the pump.

The measured Q-value and the shunt impedance are shown in Fig. 6 and Fig. 7 as
a function of resonant frequency. The properties of the resonator were calculated with
the one-dimensional transmission line approximation. Three quarter of the calculated

values are indicated in Fig. 6 and 7, and is well consistent with measured values. The

_9__
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measured values of the movable panel type cavity are also shown in Fig. 6 and 7. The

shunt impedance in higher frequency region has been much improved by approximately

4 times.
8000
8300 T T T T L] H
] =2 o
B 6000 - o
Q200 -
2 %
S 4000 | N . & A
N Emo- N .
S T~
2000 Lot [ B | ' E 0 ! ] I :“-—1__7_
10 12 14 16 18 20 22 24 o 10 12 14 18 18 20 22 24

RESONANT FREQUENCY (MHz)

Fig.6 Frequency dependence of Q-value.
The solid line shows 75 % of the cal-
culated value based on one-dimensional
transmission-line approximation.  The
dashed line shows the measured value of
the movable-panel type cavity.

RESONANT FREQUENCY (MHz)

Fig.7 Frequency dependence of shunt
impedance. The solid line shows 75 %
of the calculated value based on one-
dimensional transmission-line approxima-
tion. The dashed line shows the measured
value of the movable-panel type cavity.

The amplifier is composed of one solid-state amplifier and two stage tetrodes
(EIMAC 4CW800B and 4CW50,000E). They are used as grounded-cathode configu-
ration to obtain higher power gain. A variable vacuum capacitor connected parallel to
the loop is used for the adjustment of the coupling impedance.

The power test has been carried out successfully in the frequency range of 10.6
MTiz to 22.0 MHz. The maximum voltage of 60 kV has been achieved at 21.14 MHz with
a lower power consumption of 22 kW than that of the movable-panel type resonator.
The voltage and phase stability are better than +1 x 10~2 and 10.5 degrees respectively
over the whole frequency range. The dee voltage ripple is less than 1 10~2 and the

phase ripple 0.3 degrees.

(5) Injection, central region, extraction

Low-energy beams from the ion sources, located in the basement, are axially in-
jected upward into the median plane of cyclotron through the hole of the bottom yoke.
The layout of the axial injection system is shown in Fig. 8. Four Glazer lenses and a
steering magnet are placed inside the hole. The injected beam is guided to the median
plane through a spiral inflector and a puller, which are prepared separately for each
acceleration harmonic number from 1 to 3. The inflector is inserted downward through
the hole of the upper yoke. The layout of the central region is shown in Fig. 9. Two

movable phase-defining slits are set inside the dee and the dummy dee.
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Fig.9 Schematic drawing of the central region of the cyclotron. (1)Inflector, (2)Puller,
(3)Dee gap, (4)Phase slit II, (5)Phase slit I, (6)Beam trajectories(dee voltage of 40, 50

and 60 kV).
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The beamn extraction system consists of an electrostatic deflector and a magnetic
channel and also of a field gradient corrector to focus the beam horizontally. For the
purpose of minimizing the deflector voltage to extract 90 MeV protons, the maximum
field of magnetic channel was improved from 3.5 kG to 4.3 kG by adding a chilling unit

in the water cooling system.

(6) Beam diagnostics

A main radial probe, a deflector probe, a magnetic channel probe and a set of
phase probes are placed inside of the acceleration chamber of the cyclotron for beam
diagnostics. The main probe is inserted through a hole of the side yoke and its stroke
covers 1150 mm (r=40-1190 mm). The main radial probe is equipped with three finger-
like electrodes to measure the beam current differentially and integrally.

The phase probes consist of ten pairs of rectangular pickup electrodes to measure
the relative phase of beams on different turns (r=236-893 mm). The electrodes made of
2.5 mm thick OFC are installed in the radial direction as shown in Fig. 1. The electrode
are radially 58 mm long and azimuthally 40 mm wide for the inner threes, 60 mm for the
middle fours and 93 mm for the outer threes. The amount of field correction necessary
for outer 10 circular coils are calculated by using the phase differences measured with
this probe.

A baflle slit system consisting of four leaves is placed just before the entrance
of the inflector. Other baffle slit systems are placed at the entrance of the magnetic
channel and the field gradient corrector. Another baflle slit system is also placed at the

extraction hole of the acceleration chamber.

II. RESULTS OF FIRST YEAR’S OPERATION
(1) Extraction current and transmission

The first beam, 50 MeV *He?*, was extracted from the cyclotron in March 1991.
The beam acceleration tests have been conducted for HY(10, 45, 70 and 90 MeV), D*(10,
35 and 50 MeV), “He?*(20, 50 and 100 MeV), °Ar8*+(175 MeV), “PAr'3+(460 MeV) and
#K 1%+ (520 MeV). The result of the beam acceleration test are summarized in Table
2.5) Protons and deuterons are generated by the multicusp ion source, and other ions
by the ECR ion source.

The 90 MeV protons were successfully extracted with a beam current of 10 gA.
The stability of extracted beam for light ions is typically +5 %. The beam transmission
efficiency between before injection and after extraction is typically 4-5 %. The best
transmission and extraction efficiency was 15 % (*He®* 50 MeV) and 89 % (Ht 70
MeV), respectively. The extraction efficiency is the beam intensity ratio of the main

probe at r=900 mm to the magnetic channel probe (just after deflector). The phase
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slit T on the opposite side of the puller is effective to optimize the extraction efficiency.
The transmission from cyclotron entrance to r=200 mm is about 20 %. This is limited
mainly by the rf phase acceptance and the efficiency of a beam buncher installed at the
entrance of cyclotrdn. A typical value of measured bunching efficiency is about 2.5. The
transmission is estimated at 21(= 2.5 x 30/360) % assuming that the phase acceptance
is 30 degrees.

Table 2 Results of extracted intensity and transmission. (+:Phase slit I is inserted.)

Injection Extracted Extraction  Overall
Ion Energy Harmonic Frequency voltage intensity  Efficiency Transmis-
(MeV)  number (MHz) (kV) (epA) (%) sion(%)
H* 10 2 14 .97 3.10 10 a4 3.8
45 1 15.46 8.64 30 85* 4.0
90 1 21.14 15.11 10 53* 2.0
Dt 10 2 10.63 3.10 11 45 3.7
35 2 19.70 11.00 41 71" 4.6
50 1 11.76 9.53 21 64" 7.2
‘He?t 20 2 10.67 3.40 5.7 55 11
50 2 16.77 8.53 20 82" 15
100 1 11.81 10.15 10 51" 6.4
. Y 175 3 15.14  10.06 3.0 60 5.7
0713+ 460 2 16.24 11.71 0.011 26 2.8
SIKr20+ 520 2 11.98 8.81 0.004 17 1.0

(2) Correction of isochronous field by phase probe

Deviation of magnetic field from the isochronous one can be corrected by using
the phase probe. A typical pickup signal induced by ion beams is shown in Fig. 10.
The signal voltage was adjusted by a variable attenuator and a 40 dB fast amplifier.
Relative phase difference from the pickup signal of the second electrode were detected by
a digital storage oscilloscope. Current correction for each circular trim coil was made by
a least-square fitting method so as to minimize the field deviation from the isochronous
field. The phase deviations can be finally reduced within +5 degrees after a few times

iterative corrections.

(3) Emittance

The phase space configuration of extracted beams can be measured by an emittance
monitor at the exit of cyclotron. The emittance monitor consists of two sets of beam
defining slits and position-sensitive multiwire electrodes for measuring horizontal and
vertical emittance. The slits are made of 12 mm thick copper. The electrodes are

composed of 48 gold-plated tungsten wires with a diameter of 0.1 mm. The drift length
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Fig.10 Pickup signal of the phase probe induced by ion beams.

between the slits and detectors is 1.6 m. The horizontal and vertical emittance for

104 8+ 175 MeV are 14.0r mm-mrad and 9.97 mm-mrad, respectively.

(4) Buncher

The beam buncher is placed at 1581.6 mm below the medium plane of the cy-
clotron. The buncher is of two-gap klystron type with A/2 mode. A high-voltage
clectrode is placed between two grounded electrodes. The electrode gap is 29 mm. The
clectrode has a beam aperture of 30 mm diam. The resonant frequency range of sinu-
soidal voltage is 11 to 22 MHz. The bunching efficiency of 2.5 to 3 has been obtained

for all ions.
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1.3 lon Sources and Injection Line

I. ION SOURCES

Two ion sources, a multi-cusp ion source for light ions and an ECR ion source for
heavy ions, were installed for the JAERI AVF cyclotron. The sources were manufactured
at Ton Beam Applications s.a. in Belgium in 1989. Test operation and connection with
the computer control system were carried out at Nithama works of Sumitomo Heavy
Industries, Ltd. in 1990. Operation of the sources at JAERI started in February 1991.
The ability of ion generation required for beams injected into the cyclotron has been
attained. Ton beams are transported through the injection line and axially injected into
the cyclotron.

(1) ECR Ion Source Table 1 Design parameters of the JAERI ECR

The JAERI ECR ion source is ion source.

. 1st stage
{ model TOPU the b
° I_no _e 0C 0_ S,and & Pasie ECR frequency 143 GHz
design is almost identical to the first RF power; maximum 2kW
OCTOPUS, which was constructed typical 8-200W
in 1985 at the Centre de Recherches  |2nd stage
du Cyclotron in Louvain-la-Neuve le.:ngt h between mirros 60 cm
o diameter 18cm
(Belgium).! The performance of the multipole octupole (SmCo)
first OCTOPUS has been improved RF frequency 6.4 GHz
through dificati b ECR field 02291 T
rough some modifications such as RF power: maximum 3KW
reduction of the bore diameter of the typical 06-15kW
- multi-pole magnets and change of RF feed axial
RF feeding into the 2nd stage cham- vacuumpump turbomolecular
) _ ) T typical pressurein
ber from radial to axial, etc.” The operation
JAERI ECR ion source is equipped 1st stage 1.0-2.0#10° Pa
with the RF frequency of 6.4 GHz 2nd stage 0.7-1.0+10* Pa
for the 2nd stage and the pumps of extraction stage 1.0-3.0¢10° Pa

turbomolecular type, while those for the first OCTOPUS are 8.5 GHz and oil diffusion
type, respectively. It was found that the gas pressure in a typical tuning is close in
both sources, while the pressure at the extraction stage is lower for the JAERI ECR ion
source by factor 3. The characteristics of the JAERI ECR ion source is summarized in
Table 1 and the cross section is shown in Fig. 1.

The source is provided three identical gas feed and flow control systems allowing
independent operation. One feeds a main gas into the 2nd stage, the other two feed

support gases into the 1st and the 2nd stages. A low temperature oven and a rod in-
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Fig.1 Cross section of the JAERI ECR ion source.

sertion mechanism prepared for producinlg ions of metal elements can be installed in
the 2nd stage chamber. The operating parameters for ion production are four mirror
coil currents, RF powers, gas flow rates, extraction and puller voltages and puller posi-
tion. They are operated and monitored through a computer control system of the AVF
cyclotron.

The ion generation test at JAERI has been made for O%, Ar®+, Ar'®* and K20+
to ensure generation of beam currents more than 1 egA. The test was successful for
every ion species. The beams except for 0%t were injected into the cyclotron, and
acceleration and beam extraction tests have been carried out. The maximum ion beam
currents are listed in Table 2. It turned out from the data of the JAERI ECR ion source
that the currents were improved at lower charge states, but reduced at higher charge
states in comparison with the first QCTOPUS.? The difference may be due to the lower
RF frequency of the 2nd stage of the JAERI ECR ion source.

Emittance for 80 % current density of Ar®t jon beam was measured at an extraction
voltage of 10 kV in a wide range of mirror coil currents by an emittance monitoring
system, at a diagnosis chamber after the analyzing system, consisting of a pair of a
slit and a multi-wired detector. The measured emittance varied in a range from 100 to
1707 mm-mrad depending on mirror coil currents and was a quarter to half of the beam

acceptance of the injection line.
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Table 2 Beam currents extracted from the JAERI ECR ion source. (epA)

charge state He C N O Ne Ar Kr Xe

1 83 170 370 140 '

2 325 | 121 128 | 300 | 147

3 70 140 190 136 113

4 50 a7 2 102

5 7 a3 116

6 18 120 58 78

7 10 2 4

8 115 - 3B 10

9 44 17
10 47 19
11 13 3B 18
12 4 19
13 1 31 19
14 0.2 18
15 17
16 17
17 13
18 12
19 10
2
21 48
22 3.5
23 15

For designing radiation shield of the source, the X-ray leakage outside the source
was measured in terms of dose-rate equivalent by an ionization chamber as functions of
the RF power of the 2nd stage and the thickness of shielding material when generating
Ar and Kr jons. The X-ray shield was designed so that the dose-rate outside the shield
should be below 64Sv/h under operation of the source. The 2nd stage chamber, the
main X-ray source, was covered by a laminate lead of 50 mm thick. Large gaps between
coils and an iron yoke or turbomolecular pumps were filled by lead. To shield the residual
X-ray leak from these local shields, an iron cage of 22 mm thick was installed around
the source.

The highest dose-rate of 37 uSv/h, however, was observed when the source pa-
rameters were optimized to generate O°t at the 2nd stage power of 700 W. Much less
dose-rate of about 5 uSv/h was observed for Ar®t and Kr'®t generation at the 2nd
stage RF powers of 900 and 1200 W, respectively. Additional shield may be necessary

for different source parameters.
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(2) Multicusp Ion Source Table 3 Characteristics of the multi-cusp ion
The specification of the multi- souree.
cusp ion source and its side view are Chan_lber
shown in Fig. 2 and Table 3, respec- e pem
tively. The cylindrical source cham- magnet .
ber, 15 cm in length, 10 cm in diam- ?:rt:l; ilofpieces 486mC0
eter, is made of copper. A tungsten filament
filament, 15cm in length, is set along voltage . 0- 1BV
the central axis in the chamber. The arccurrent 0- 1004
arc plasma is confined by magnetic voltage 0- 400 A
field of four rows of ten SmCo mag- current 0- 15A
nets mounted on the outer side of the
chamber and six SmCo magnets at
the end of the chamber. The beam
extraction system consists of an ex- Ej }U ;5% ng
traction and a movable puller elec- CHAMBER
trode, and the gap between the elec-
trodes is variable. The source can — L bezm
be simply operated mainly by arc p -
voltage, arc current, gas flow, puller ‘

voltage and puller position. They $mCo MAGNET | PULLER 4 |
are operated and monitored through (fnsice) / \l/

the computer control system of the INSULATOR GLASER LENS

cyclotron. It covers a wide extrac- i” o 5? &

TMP

tion voltage range of 3 kV to 20 Fig.2 Side view of the multi-cusp ion source.
kV to meet the acceleration energy

range of the cyclotron.

The beam current from the source was not suflicient at low extraction voltages for
the original extraction and puller electrodes with a single hole of 6.5 mm diameter. A
large amount of beam current was lost around the puller electrode because of a large
divergence of the extracted beam. To reduce the divergence by a smaller aspect ratio
of the diameters to the gap between the extraction and the puller electrodes, they were
replaced by multi-hole type electrodes with nineteen holes of 1.8 mm diameter. This
increased beam current by ten times at an extraction voltage of 3 kV. The maximum
beam currents of H* (1.3 emA) and D* (1.0 emA) were stably extracted, in which the
short term flutter was less than 5 % by peak-to-peak. The multi-hole puller electrode is

damaged by beam sputtering, however, and its effect turned out to be serious when high
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current of He?+ beam was extracted. Therefore now we generate He?* beam usually by
the ECR source.

II. INJECTION LINE

Ion beams generated by the multi-cusp and the ECR ion sources are transported
to the cyclotron through the injection line and axially injected into the cyclotron. The
line was designed to accept beams with large emittance by adopting large diameter of

beam ducts and wide pole gaps of bending magnets. A schematic layout of the ion

W EAM : ANALYZING MAGNET
K 1TH: INFLECTION MAGNET
1BM : 90°BENDING MAGNET
CYCLOTRON [§D*: SOLENOID LENS
MULTI-COS? 5. 6L : GLASER LENS
[§* ES* NS

: DIAGNOSTIC CHAMBER
wilh FARADAY CU?
B8 : BUNCHER
BC : P-CHOPPER

Fig.3 Schematic layout of the ion sources and the injection line.

sources and the injection line to the cyclotron is shown in Fig. 3. The injection line
consists of a 90° analyzing magnet (EAM) for the ECR source, an inflection magnet
(IIM) as an analyzer for the multi-cusp source, a 90° bending magnet (IBM) for vertical
injection into the cyclotron and eight solenoid lenses which were chosen to focus beams
with large diameters. The magnets EAM and IBM are of double-focusing, having 102
mm pole gap and 400 mm radius of curvature, and were designed to minimize the
contribution of sextupole magnetic field. The injection line is also equipped with eight
chambers for beam diagnosis, each of which is provided with a Faraday cup, X-Y slits
and a three-wired beam profile monitor. The diameter of the beam ducts is 152.4 mm.
A beam buncher and a pulse voltage chopper (P-chopper) are set near the entrance of

the cyclotron yoke.
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Fig.4 Beam envelope for the JAERI ECR ion source.

The beam emittance of ECR ion sources has been reported at 2007 mm-mrad or
less.#) It is desirable, however, to assume emittance larger than the reported value
to maximize beam transmission, since there are intrinsic difficulties to optimize design
parameters of the extraction lens under the strong magnetic field of the ECR ion source.
The beam optics calculation was made using a code "TRANSPORT’ assuming that
emittance value is 4007 mm-mrad (beam diameter: 10 mm at the focus of the Glaser lens
EGL). Solenoid lens and quadrupole lens were examined in the beam optics calculation,
and the former showed better focusing.” Therefore we adopted solenoid lenses in spite
of the large amount of electric power. The beam emittance of the multi-cusp ion source
was assumed at 3007 mm-mrad with a beam diameter 10 mm at the focus of the Glaser
lens MGL. The beam envelope using solenoid lenses is shown in Fig. 4 for the ECR
ion source. The beam size is large between IIM and IBM to reduce the effect of space
charge. The buncher and a baffle slit of the P-chopper are set at beam waists. In actual
beam transport to the cyclotron, the beam transmission has been improved by careful
optimization of beam transport. Examples of the transmission are listed in Table 4.
The transmission of the ECR source beams is less dependent on ion species and beam
current, The measured emittance for 80 % current density of the beams from the JAERI
ECR ion source is a quarter to a half of the acceptance and the transmission expected

to be improved up to 95 %, which may be limited by collision with residual gases in the
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Table 4 Beam transmission from the ion sources to the cyclotron.
a) ECRion source

ion | Vex(kV)| ES2 IS1 IS3 IS5 |1 at ES2(epA)
A | 100 100 | 091 | 083 | 078 58

85 100 | 094 | 092 | 084 | 2%
He” [T g5 100 ] 091 | 091 | 086 2

b) Multi-cusp ion source

ion | Vex(kV) IS1 IS3 IS5 I at IS1(epA)
12.5 1.00 0.99 0.96 16
8.7 1.00 1.00 0.94 1.6
H’ 8.7 1.00 0.84 0.58 760
3.1 1.00 0.79 0.68 9%
3.1 1.00 0.60 0.48 500

line.”The transmission of the beam from the multi-cusp source strongly depends on the
extraction voltage and beam current as seen in Table 4-b. It is higher than 90 % for
low beam current and at high extraction voltage, while it is very low along the injection
line at low extraction voltage and high beam current. This is attributed to large beam
divergence beyond the beam acceptance of the line, which is caused at the extraction

region. The origination of the divergence, however, has not been clarified so far.
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1.4 Beam Transport System

(1) Outline of the System
A beam transport system illustrated in Fig. 1 was constructed for the AVF cy-

clotron (K=110) facilities in which various irradiation experiments using high-energy
light and heavy ion beams were planned on the separate beam courses.

The transport system consists of bending and focusing magnets, beam monitors,
beam scanners, rotary beam shutters, etc.. There are 9 bending magnets, 85 quadrupole
magnets and 10 beam steering magnets in 10 horizontal and 4 vertical beam courses
which transport ion beams to 17 target ports on the ways or at the ends of the beam
courses located in the 8 ion rooms. There are also 27 Faraday cups, 27 profile monitors,
25 alumina monitors, 25 beam slit systems, an emittance monitor and a non- destructive
current monitor to monitor beam current and/or beam profile for adjusting parameters
of magnets. They have been mounted on the chambers called ”diagnostic stations”, lo-
cated at the focusing points or the ends of the beam lines. An achromatic and telescopic
beam transport system was designed for high transmission efficiency of ion beams and

good adjustability of the magnet parameters using the beam optics calculation program

TRANSPORT.

(2) Beam Optics

Ion beams extracted from an AVF cyclotron have large emittance and energy varia-
tion in comparison with electrostatic accelerators. To transport such ion beams without
any beam loss in the beam ducts, the transport system was designed achromatically.
Ton beams with large momentum spread are dispersed by one dipole magnet system
and achromatized by another dipole magnet system. The analyzing magnet (TAM) and
the switching magnet(TSM) form achromatic system in the horizontal beam courses
except LD, HC and HD in which deflecting angles at TSM are much smaller than that
at TAM(80 degree). In HE course which branches from HC course, achromatic system
also can be formed by an analyzing magnet(TAMHE). A dispersive beam is formed in
LE course by a 25 degree bending magnet and in vertical courses HX, HY and HZ by
their 90 degree bending magnets. Achromatic beams are transported in LX course with
a couple of 45 degree bending magnets. Specifications of magneté are shown in table 1.

The beam transport system was divided into small sections so that the number
of adjusting parameter is reduced and beam image of the entrance is exactly the same
as of the exit. The layout and parameters of magnets in each section were adjusted to
form simple and telescopic transport system. The waist of the beam envelope is formed

at the end of each section at which a beam diagnostic station or target port is located.
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An example of beam envelopes for HE course is shown in Fig.2.

(3) Beam Monitors

A typical diagnostic station is equipped with a Faraday cup, a beam profile mon-
itor, an alumina monitor and a beam slit system.

The Faraday cup is used as a beam current monitor and also as a beam stopper
in the interlock system of the cyclotron facility. The cup is made of copper and cooled
by purified water. To measure beam current accurately, it has a secondary electron
suppressing plate at which -500V is applied.

The beam profile monitor has three wires for monitoring of the projected profile
of beam current density in three directions: vertical, horizontal and an oblique(45 deg.}
directions. The position of the wires, driven along the 45 deg. direction by an air
cylinder, is detected by a rotary-encoder and indicated graphically.

The alumina monitor is used for observation of the cross-sectional beam shape,
which is monitored by a TV camera system.

The beam slit systemn is composed of the horizontal and the vertical slits, inde-
pendently mounted at 45 deg. ports of the diagnostic station. The beam current can
be monitored separately at each slit tip, made of copper and cooled by water. Each tip
is driven by a stepping motor and the position is detected by counting control pulses of
the motor.

For measurement of the beam emittance, a beam emittance monitor is equipped.
The monitor is a combination of a slit system and a multi-wire system. The former
system has a couple of 0.25mm gaps in x- and y- directions. The latter system has
two sets of isolated 48 wire sensors for measurement of the beam distribution in x- and
y- directions. These systems are driven by different stepping motors and the position
is detected in the same way as the beam slit system. The horizontal and the vertical
emittance can be measured with only one scan. The distribution in the divergence-
position phase space is indicated graphically.

For measurement of the beam current without interrupting most of the beam
current, a non-destructive current monitor is used. The monitor has a tungsten rod
0.5mm in diameter, which rotates at 60 - 200 rpm across the beam. The beam current

is calibrated with the Faraday cup.
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Table 1 Specifications of magnets

SWITCHING MAGNET

Shape of pole tip circular

Pole gap (mm) 70

Maximum field (T) 1.7

Maximum deflection angle (deg.) 74

Maximum excitation current (A) 525

Maximum voltage (V) 155

ANALYZING MAGNET

TAM - TAMHE

Deflection angle (deg.) 80 55
Curvature radius (m) 1 1
Maximum field (T) 1.6 1.6
Entrance angle (deg.) +31.5 +14.6
Exit angle (deg.) +31.5 +14.6
Pole gap(mm) 60 | 60
Maximum excitation current (A) 290 290
Maximum voltage (V) 160 125
Stability of current (/8hrs) <10°® <10*
QUADRUPOLE MAGNET

Shape of pole tip hyperbolic

Pole gap (mm) 115

Pole length (mm) 260

Maximum field gradient (T/m) 10

Maximum excitation current (A) 213

Maximum voltage (V) 37
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1.5 Beam Chopping System

The JAERI AVF cyclotron provides various ion beam characteristics in order to
meet a number of requirements for beam utilization in the research program and pulsed
beam irradiation is one of the important characteristics. The chopping system was
designed and made to reduce repetition of naturally bunched beam from the cyclotron
(11 MHz ~ 22 MHz) down to 1 kHz ~ IMHz.") A pulse voltage chopper (P-chopper) was
installed in the injection line to chop DC beams from the ion sources into pulse beams
with intervals of 1 us ~ 1 ms and with duration several times the RF period of the
cyclotron. This results in extraction of trains of plural beam pulses from the cyclotron.
To extract a single pulse from a train, a sinuscidal voltage chopper (S-chopper) was

installed after the exit of the cyclotron.

(1) Beam Chopping Process

A pair of parallel-plate electrodes were adopted for both choppers and their voltage
waves synchronize with the cyclotron RF. The schematic arrangement of the choppers
in the cyclotron system is shown in Fig. 1, and the chopping process is illustrated in
Fig.2. The beam pulse after the P-chopper has a total time width 7' several times the
cyclotron RF period 7.. The zero volt period of the P-chopper voltage 7, is chosen
so that the duration at the maximum beam current equals to the effective bunching
phase #, (assumed at 150° of 7.) ; 7, — t; = #;, where ; is the ion transit time through
the P-chopper electrodes. The resultant beam pulse is modulated by the buncher into
plural bunches, followed by injection into the cyclotron. A bunch is separated into a
pulse train, which consists of several pulses, by natural bunching during the acceleration.
Each pulse is further divided into plural pulses (n pulses) by multi-turn extraction at
the deflector. The time length of the extracted beam train is longer than the beam

pulse width after the P-chopper, resulting from additional pulses from the multi-turn

extraction.
. . . 0
The period of the sinuscidal -e:—u-%—— CYCLeTiON
voltage wave is 2m7. (1/m: reduc- BEFLE  §-C20PER

SLIT ELECTRODE = BUNCHER

tion rate), and the length of a beam _ ; _
rirtical o "FARADAY CUP
pulse train must be shorter than the o | e e TBUFELE SLIT

eriod to e i
perio xtract a single beam pulse - b CHOBEE BLECTRONE

from the train. This is realized when LoN 30URCE
T is shorter than T,,0r = 2m7.—(n—

1)7. — t3, as illustrated in Fig. 2. Fig.1 Schematic layout of beam chopping system.
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(2) Optimization of Parameters

The design of beamn transport op- 1 ) =

tics and the arrangement of optical ele-

ments around the choppers restrict the h) T LT R
parameters concerning the chopper ge- = \ ;

ometry. On the other hand, we are t

t

allowed to choose a maximum value C beam diameler

of the P-chopper voltage V,mar within

a limitation of high voltage applica-
tion. I we choose a large value of m,

a large T and a small Vo, are al-

lowed. Contrary to that, however, the
S-chopper voltage applied on k-1 and
k+1 th pulses are lower for larger m

(see Fig. 2-h,i) and the maximum S-

chopper voltage V... is required to

be smaller than 40 kV to avoid dielec- g) =

tric breakdown. There is another re- — ﬂ AL |
striction on the S-chopper that the fre- ! h ) . LTz TIyEIe -,
quency can cover a range within a fac- = ; n ﬂ ﬂ ;

tor three because of a limitation on the o mlli-lors extragtiog t

capacitance of the tuning condenser. 1)
The essential point for the optimization = \/ !

is to search a combination of reason- ] )

=
able values of Ve and m. In con- =
sideration of practical allowance we re- t
quired a strict condition that the devi- Fig.1 Diagram of beam chopping process (an

ation should be larger than 1.5 time the example for chopping rate 1/6).
a)D.C beam current from ion sources.

b)P-chopper voltage wave.
ber of multi-turn extraction n was not c)Beam deviation at P-chopper baflle slit.

defined and we assumed it at five. d)Beam pulse after passing through P-
chopper.

It was found that 1.5 kV was e)Effective buncher phase.

practically reasonable for the maximum {)Acceleration phase.

g)A group of plural beam pulses in cyclotron.
b)A train of plural beam pulses extracted
from cyclotron.

for almost all ion species and energies. i)S-chopper voltage wave.

j)Beam pulse after S-chopper.

slit gap for both choppers. The num-

value of V0, and resulted in reason-

able choice of T' value of the S-chopper

As a result of above consideration



we chose 4, 5 and 6 as the num-
ber m, and 1 to 3 MHz for the
S-chopper frequency range. Fi-
nally optimized parameters are
listed in Table 1. Ht beam with
energy higher than 75 MeV can
not be chopped into a single
beam pulse because of techni-
cal limitation in choice of small
T value.

(3) Test Operation

JAERI-M 93-047

Table 1 Design parameter of the chopping system.

P-chopper| S-chopper
electrode length (cm)| 13 120
electrode gap (cm) 8 4
drift length (cm) 60 80
slit gap (cm) 24 0.4
maximum voltage (V) 1.5 40
frequency (MHz)| 0001 - 1.0 1.0- 30
reduction rate 1/m - 1/4, /5, 1/6

The chopping system was tested with He?™ beams at extraction voltage of 8.5
kV and an acceleration energy 50 MeV. We observed beam pulse signals detected by
Faraday cups after the P- and the S-choppers using an oscilloscope. The signals after the

P-chopper were clearly observed in the same duration as that of the P-chopper voltage.

Several signals were observed after the cyclotron, corresponding to one signal of them.

However, the correct number of the pulses and the number of multi-turn extraction were

not determined because of the poor signal to noise ratio. When the S-chopper was on

and P-chopper off, one of every six beam pulses was observed after the S-chopper. We

ensured that the pulse interval was the same as that of the P-chopper voltage with both

choppers on, and finally a single pulse was extracted from a pulse train.

REFERENCES

1) W. Yokota, K. Arakawa, Y. Nakamura, T. Kamiya, M. Fukuda, T. Tachikawa, T.
Mita and T. Satoh, Proc. of Twelfth Int. Conf. on Cyclotrons and their Applications,
1989, Berlin, Germany, pp.388-391.
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1.6 Beam Scanners

Uniform irradiation of high-energy intense ion beams over a wide area is one of
the most characteristics beam applications required from different fields of R&D in the
ART project. Two-dimensional beam scanners have been designed and constructed
for the cyclotron by using horizontal and vertical bending electromagnets feeded with
alternating excitation current in triangular wave form. To avoid the power loss caused
by the eddy current, these magnets are made of stacked thin iron plates. An ion beam is
scanned in a fixed frequency of 50 Hz in one direction, and also scanned simultaneously
in different frequencies of 0.5, 1.0, 2.5, 5.0 Hz in the normal direction. The maximum
scanned area of 100x100 mm is available at the beam line LD for various accelerated
energies within 50 MeV in proton beams. Beam scanners were installed on three beam
lines(HY,LX and LD). The specifications of beam scanners are shown in Table 1.

Two-dimensional relative dose distributions of the irradiation by beam scanners
were measured with cellulose-triacetate(CTA) film dosimeters.”) The dosimetry is based
on the linear dose response of radiation-induced optical densities at 280nm. An example
of measured dose distributions in the irradiated film is shown in Fig. 1. In this case, the
dose uniformity is within £10% in the center area of 20x20 mm. There are three peaks
along the x-axis: on the left hand side,the middle and the right hand side. These peaks
cause inhomogeneity in the distribution. This feature of the distribution is common
to most of irradiation results. This is because time-dependent magnetic field of the
scanning magnet has distortions as shown in Fig. 2. The distortion near the peak is
caused by the induced electromotive force and the one near the zero- cross point is caused
by the transistor-off period for polarity change. In this experiment, the homogeneity is

independent of scanning frequency but a little dependent on the beam size.

REFERENCES
1) Sunaga,H., et al., Radioisotopes,Vol.37,P84-87 (1988).
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Table 1 Specifications of beam scanners for the cyclotron.

Target Port LDl LX1 HY1
?1rec§10? of horizontal vertical vertical
irradiation

Scanned area of 20X20~100X100 10X10~20X20 20X20~50X50

irradiation (mm)

One scanning
period(sec)

0.1,0.25,0.5,1.0

0.1,0.25,0.5,1.0

0.1,0.25,0.5,1.0

Frequency of
magnetic
field(H=z)

%x:50
v:0.5,1.0,2.5,5.0

x:50
¥:0.5,1.0,2.5,5.0

%:0.5,1.0,2.5,5.0
y:50
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1.7 Vacuum System

(1) General Description
The vacuum system for JAERI AVF cyclotron!) has been designed based on a plan

as follows:

1) Whole vacuum system is divided into 25 vacuum sections as shown in Fig. 1. Each

section is managed independently and systematically.

2) The vacuum system is controlled separately from cyclotron control, and operated

in remote or local mode.

3) Aluminum ducts, metal gaskets and all-metal gate valves were adopted to reduce
outgassing from the vacuum components, because high transmission rate of ion

beams is required mainly for heavy ion acceleration.

VCYC |

[ Gyelatron |
AVF Cyclotron X

ION INJECTION SYSTEM

Multlcusp|

10N SOURCE
SYSTEM

O L}
%, T ot 3
o
e>th DI -0m
LR 4
% Q,
s U

ecA[_fo
VECT,

HY1 AM: Analyzing magnet
BM: Bending magnet
{ BS: Baam scanner
BU: Beam buncher
o HE1 o HE2 DQ: Doublat quadrupols magnet
EA e O THa - \ o) DS: Beam diagnastic statlon
7 5 EM: Emitiance monltor
£\ 5 FCV: Fast closing valve
L V) GV: Gate valve
'. IM: Inflection magnet
HGA X PC: Pulsed type chopper
@ RAS: Rotary beam shutter
SC: Sine wave chepper
SL; Solgnold magne
SM: Switching magnet
SQ: Singlet quadrupoie magnet
ST: Stearing magneat
TP: Target port
TQ: Tripplet guadripale magnet
¥P: Yacuum pump

BEAM TRANSPORT SYSTEM

Fig.1 General construction and division of vacuum sections on the vacuum system for JAERI
AVF cyclotron.
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4) Sputter ion pumps (IP) and cryogenic pumps (CRYO) were chosen for simple com-
position and oil-free condition of the system. Magnetic suspended turbo molecular

pumps (MSTMP) were used for auxiliary evacuation.

5) Some parts of the vacuum controllers sensitive against radiation exposure were

installed at the places where the radiation level is relatively low.

(2) Pressure Required and Beam Transmission

Beam current loss depends on the total path length of the ion, the residual gas
pressure and the cross section of charge exchange reaction with the gas, since the con-
tribution of Coulomb scattering to the total beam current loss is generally much smaller

than that of charge exchange reaction.

In the cyclotron, as the total number of turn N is much larger than 1, the total

path length X is expressed by

N 27 R, & 2 1
X=Y L, =222y /i=2 Rw(-—N —), 1
n=1 VN n-.:l\/ﬁ T 3 +2 ( )

where R, is the extraction radius, L, the traveling distance of accelerated ions at n-th

turn in the cyclotron. The average orbit radius is equal to about 2/3 of the extraction
radius.
And, N is written as
K Q
4eVp sin (‘%") sin (% + .’lzﬂ) M

- @
where K is the K-number of the cyclotron, e unit charge, Vp (MV) the dee voltage, b
the harmonic number, @ the dee angle, ¢, the acceleration phase, Q the charge state
and M the mass number.

For the maximum energy (295 MeV) of #Kr'** in the JAERI AVF cyclotron, N
is evaluated at 210 for h=3 and Vp = 33.5 x 10~3, and X is calculated at 815 m for
R,,=0.923 m. Assuming the pressure in the vacuum chamber (P) is 6.7 x 107° Pa and
the cross section of the charge exchange? (o7) is 9.1 x 1077 cm?, the transmission
rate of 84Kr'®t in the vacuum chamber is estimated at 0.88 by using the equation:
fr =exp(—247 x 10". P .op- X).

The transmission rate of #Kr'®* in the ion injection system is evaluated at fr=0.93
for the 24 m beam-line, assuming that o7® is 1.7 x 107cm?, which is given for 100
keV, and that the pressure of the injection beam-line is 6.7 x 10-¢ Pa.

To estimate the beam transmission rate in the beam transport system, o7 is written

by the equation®):

or = op, + o0 = g x 10—19@—0.4ﬁ—2 + 3 x 10—28Q'2.5ﬁ—7’ (3)
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where oy, is the cross section of electron loss, o¢ that of electron capture and 3 the
velocity ratio of ion beam to light. For 310 MeV 19X 27+ the equation (3) gives
1.7 % 10-16cm? where oy, is 4.6 x 1077cm? and o¢ is 1.2 X 10~'%cm?. The beam loss at
6.7 x 103 Pa is estimated at only 1.5 % for the longest beam-line of 54 m length, and
that for 2.5 MeV protons is almost the same as that for 310 MeV 12Xe?™.

From the above results, the beam loss due to the interaction of ions with residual
gases at the pressure required is expected to be 20 % at the maximum for heavy ion

beams.

(3) Vacuum System

The main specifications of the vacuum system are shown in Table 1. Each vacuum
section is partitioned off the gate valves so that the restoration work for vacuum failure
can be localized. The cyclotron is protected from vacuum accidents by eight fast closing
gate valves (closing time:16 msec) installed in several beam-lines. Figure 2 illustrates
the vacuum system of the cyclotron. The main pumps are four CRYO’s (4000 £/s},
each pair of them is directly mounted at the bottom of each resonator, and a MSTMP
(2000 £/s) is connected with the vacuum chamber. Differential evacuation systems are
provided to easily exchange the inflector and puller electrodes, and to pull out the main

and deflector probes without breakdown of high vacuum.

Table 1 Number of pumps, valves and gauges.

Sputter ion pump
ryogenic pump
Magnetic suspended turbo molecular pump
Rotary ﬁum
Gate valve g:nore than 4 in.)
Gate valve (fast closing, 4 in.)
Right angle valve (4 in.)
Ionization gauge
Portable evacuation unit

B DO =00
i tnbhoiow

In the ion injection system, the evacuation system consists of CRYO’s (1600 £/s)
and MSTMP’s (270 £/s) which were installed at the beam diagnostic stations. A thick
beam-line duct of § in. in diameter was selected for the ion injection to minimize the
beam loss resulting from the large beam emittance.

An example of vacuum sections in the beam transport system after extraction
from the cyclotron is shown in Fig. 3. The beam-line duct of 4 in. in diameter is made
of aluminum alloy (A6063) to reduce outgassing and radioactivation. The arrangement
and result of measuring outgassing rate of the aluminum duct is shown in Fig. 4. The

measured value agrees with the designed one.
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Fig.2 Vacuum system of the JAERI AVF cyclotron.
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The vacuum section is roughly evacuated by a portable unit consisting of a
MSTMP and a rotary pump. High vacuum condition is held by two IP’s (60 ¢/s)
in the section. A rotary pump was installed to exclusively evacuate the narrow space
where an axial vacuum seal is used around the driving shaft of a rotary beam shutter,
inserted in a penetration beam-line duct across the radiation shielding wall. Each vac-
wum section is also equipped with a wide-range vacuum gauge consisting of a pair of a
Pirani and a cold-cathode gauge, and also provided with the leak lines for dry nitrogen
gas and the open air.

The pressure distribution is estimated based on the outgassing rate®) from compo-
nent materials and geometrical structures. Figure 5 shows the calculated pressure distri-
bution in the cyclotron. The total outgassing load was evaluated at 1.6 x 10~°Pa-m?/s,
and the pressure was estimated at 2.8 x 107° Pa at the top of the dee, and 7.3 x 10-°
Pa at the bottom in the perpendicular injection hole.

Vacuum chamber

Earth plate
Injection hole p,y)e

Resonator

10.4 i Cryoggemc pump
5 "

o

g ‘\;

7 — .

E \

a

-5
10

Fig.5 Pressure distribution in the JAERI AVF cyclotron.

(4) Present Status

There has been no serious trouble in the vacuum system since the start of evacu-
ation in October, 1990. After a year passed, the pressure is 2 to 3 x107% Pa in the ion
injection system, 1 to 2 x 107 Pa in the vacuum chamber of the cyclotron and 0.4 to
6 x 10~° Pa in the greater part of beam transport system.

The vacuum condition of the cyclotron system is going up to a steady state grad-
ually, and the pressure required in whole vacuum sections will be also satisfied in near

future.
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1.8  Utility

I. COOLING SYSTEM
(1) General Description

The cooling system of the JAERI AVF cyclotron consists of three separate closed
loop : ion sources and injection loop, cyclotron loop and beam transport loop. Each
loop provides a mechanically sealed water pump, heat-exchanger and demineralizers so
as to isolate the primary cooling water with low electric conductivity from the secondary

one.

This system was designed according to several technical criteria as follows;

1) it has excellent durability so that the system can be continuously operated for a

long time,
2) the temperature of circulating water is constant in the primary loop,
3) radioactivity in the primary loop dose not release into the environment,

4) the electrical conductivity of the primary water is enough low to insulate high-

voltage devices such as dees and deflector electrodes.

(2) Design

Figure 1 shows a block diagram of the cooling system. The water temperature at
the outlet of the heat-exchanger is monitored by a resistance thermometer, of which the
signal is fed back to a temperature controller. The water temperature is controlled by
changing the flow rate into the heat-exchanger. The primary cooling water is regulated
at a constant temperature of 30°C.

All of the components and water pipes are made of stainless steel to minimize
metal dissolution into the primary loop. A number of water connection nylon hoses
are used for mechanical flexibility and electric insulation. The low-conductivity water
is supplied by mixed-bed demineralizers and each split stream {about 10% of total flow
rate) is recycled through a demineralizer to keep the conductivity less than 1 uS/cm
except a vacuum cooling loop.

A couple of demineralization towers (DT), in serial connection,each of which is
filled with jon exchange tesin are installed in each loop. The flow sequence from one
tower to another can be changed easily by valve operation. This coupling system is
effective to reduce the volume of the radioactive resin waste. The cooling towers (CT)
in the secondary loops are installed on the roof of the cyclotron building to cool the

primary water by the heat exchangers. To protect the secondary water from extraneous



JAERI-M 93-047

contaminations, a closed type cooling towers were adopted for the secondary cooling
loops. A chilled water vessel (CWV,1000 m®) to supply water (12°C) cooled by a
turbo refrigerator was provided to keep the temperature of the primary loop constant
in hot season. The expansion tank (EXT,1.5 m®) is also auxiliary provided to supply
demineralized water. The characteristics of the primary cooling system are shown in
Table 1. The amount of the ion exchange resin was estimated on the basis of data
on the corrosive metallic ions which are solved into purified water. The total surface
area of stainless steel and copper in contact with purified water were 34 m? for the ion
sources and the injection system, 256 m? the cyclotron system and 653 m? the beam
transport system. The corrosion thickness for copper was empirically estimated at about
2 um/year.)) If the value is the same as that for stainless steel, the life time of the ion
exchange resin is estimated to be about one year from the total surface area and the
corrosion thickness. The values of the resin volume required are listed in Table 1. A
mixture consisting of the same volume of anion (IRN-77) and cation (IRN-78) resins is
actually used for the ion exchange resin.

Since the vacuum cooling system dose not require demineralization of water, raw
water cooled by a chiller unit is only circulated in the primary loop. Rotary pumps,
turbo molecular pumps, and cryogenic pumps in the vacuum system are cooled by a
separate system which is operated independently. The information of the operational
status of the cooling system is indicated graphically on the operation panel in the pump
room. The operational status can be monitored at the graphic panel in the cyclotron

control room:.

Table 1 Characteristics of primary cooling system.

Cooling Pressure Pump Ion exchange I

CSC‘){(;I{'IS\? capacity loss pressure | resin volume hgla;gg

(kW) (kg/cm?) (kg/cm?) @)
I‘]’n’;:gn“;f 139 6.0 9.5 30X2 40A
Cyclotron 778 12.0 15.0 135 %2 125A
| trfn“:;‘(‘m 471 6.0 9.0 3402 150A
Vacuum 19 2.0 5.0 - 25A
pump
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II. POWER SUPPLY SYSTEM
(1) General Description
Basic considerations for power supply system of JAERI AVF cyclotron are as

follows.

1) Power supplies consist of saturable-core reactors and power transistors because it
has been pointed out? that the noise due to large surge ON-state current from SCR

may affect other circuits.

2) Stability of the magnet power supplies is regulated depending on the stability of

their magnetic fields. Their current capacity has 10 % allowance.

3) To save the construction cost of the power supply system, several power supplies

for common use were installed, each of which can feed electricity to plural magnets

through a load selector.

4) A grounding conductor of the first class was prepared exclusively for many devices
with large current capacity. The measured earth resistance was 0.8 {} with copper

grounding electrode 105 m deep.”

5) A smoke detector was mounted in each power supply box to prevent the firing

damage, of which the signal is always monitored in the cyclotron control room.

6) A radiation-resistant and flame-retardant cable (FSR-PHCT,*®) ethylene-propylene
rubber insulated hypalon sheathed flexible cable) was selected as a power cable for

the magnets.

(2) Construction of Power Supply

AC 415 and AC 200 V of three-phases, AC 100 V of single-phase power are supplied
to 4 switchboards located in the cyclotron power supply room, the ion source room, the
water cooling room and the cyclotron control room. Electric power is supplied to each
power supply through a magnetic circuit breaker (MCB) or an earth leakage breaker.
Figure 2 shows a circuit diagram of 415 V lines as a typical example. In this diagram,
MCB’s of 500, 200 and 125 A are arranged in CYC_POW_10, 20 and _30 power supply
boxes, respectively.

* The block diagram of the power supply for each magnet is shown in Fig. 3. Three-
phases AC input voltage is dropped down by the transformer, and rectified in full-wave
mode. After the DC output is smoothed down by using a LC circuit, it is stabilized
and controlled at a constant current by a transistor bank, and finally fed to loading

elements. The transistor bank is equipped with many power transistors (25D873), each
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of which has 8 A of I and 140 V of Vg as DC characteristics. The power supply of
the cyclotron main coil with a rated-current of 900 A is composed of 340 transistors
divided into 10 banks.

The power supplies are controlled and monitored by universal device controllers
(UDC).®) The monitoring signals of the output current through a shunt resistor and line-

to-line voltage are transmitted to the UDC via a 4 channel ADC. The control data from

-0
O

2> g
i
3g & /
—o20 —
3 To CYC_POW_40 _
- N o
tz =z 22 Switchboard
g@, ‘-j;& gg { Cyclotron power supply room)
N
(6] L8] (&) /
(4] ™ o
A | % > 2 m ; 2
a| 8 gl N I:l8 hd 250" x 3 C: 3 Conductors with cross section of 250 mm
4 o
CYC_POW_30
2V/G00A) {17.4V/700A) (7.7VN1300A)  (8.1V/AODA)  {7.5W/150A})  (BOV/200A)  (9.1V/200A)  {9.5V/2004)
O ) () o)
(&) o (&) (&) (&)
"2} wy © Ll ‘;
al o ol o a
L=d b= (=) = 8
Bl B g e -

C6 coil
|_{cCCe)

Main coil | |Mag.channe! C1 coil
{CMM {CMC) | {CCCT)

Fig. 2 Circuit diagram of three-phases 415 V lines for the power supplies of AVF cyclotron.

L_cce?)

Transformer Rectifier Choke coil Condenser Pola:_'.ity changer
3-phase i:_' £
415/21?10\7 25D873xn Shuntresistor = !° :
50 Hz - r 1 = | Load[]
Transistor| ! i = |
bank J{"“’JWV\N 5o ;
T | T - -
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Fig. 3 Block diagram of a power supply for each magnet.
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a group control unit (GCU) or a local panel are send to a DAC and an error amplifier
through the UDC. The safety interlock signals from the transformer, the rectifier unit
and the transistor bank, are also transmitted to the UDC.

The current stability was given depending on the required stability of the magnetic
fields. The main coil of the cyclotron and the 80° analyzing magnets need a very high
stability within 1 x 10~3. In this power supply, the temperature of the shunt resistor
enclosed in a cylinder tube is controlled to regulate stably the load current of magnets.
The circular trimming coils for the cyclotron, solenoid lenses and quadrupole magnets
for beam lines allow relatively low stability within £1 x 10=*.

An example of measured stability data for the cyclotron main coil is shown in Fig.
4. The stability during 4 hours was estimated at 5.8 x 10~°. The current ripple was
also regulated at 1.3 x 10~%, which was much less than the required value.

A 5 kVA uninterruptible power supply was connected with computer control lines
so that short time failures of commercial electric power do not affect the computer

system.

Power supply : CYC_POW_10| =
Load : CMM (main coil)

= |Output : 900 A, 2625V
— |Detected voltage : 2.979010 V

+1x 107
j _

Fig. 4 Measured stability of the power supply when 900 A current was supplied to the
cyclotron main coil.

(3) Power Consumption

The maximum amount of power consumption for whole cyclotron system was
initially estimated at 1800 kVA in midsummer. The currents through the feeders during
cyclotron operation were measured by using a digital clump meter (HIOKI, 3261) in

+13

early June, when an accelerated beam of 460 MeV *°Ar*!® was transported to the
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experiment port HE2 at the end of the second longest beam course. The measured
current of each feeder was 1140 A for 415 V lines (820 kVA), 990 A for 200 V lines (340
kVA) and 140 A for 100 V lines (14 kVA), respectively. The total power consumption in
the whole cyclotron system was evaluated at 1180 kVA which was 66 % of the initially

estimated value.

(4) Cabling

A number of cables were laid along the beam courses. Many bent sleeves for cable
penetration were installed under building construction, and were filled with the cables,
occupying 30 % of their opening space for the radiation shielding.

The temperature rise due to the cable heating in the sleeve was estimated at

65°C at the maximum current. This value is tolerable because the limiting hottest-spot
temperature of the PHCT cable is 80°C.

£ No.1 power &> No.2 power
fteeder teadsr

Central, Commercial power Emergency power
substation |34 3w e6kV 7500 kVA 50Hz ; 3 3W 6.6kV 500 kVA 50Hz

‘Luad Braak | eedesreseses J{¥acuum Switch
(Vacuumn grlgcalll&r) i SSw['lch) i * Doutie gww)
L8

72KV 72KV
200 A 200

a

High
voliage
fu

ret b
z?a(or
280 kw

[eia] [Cine] [oine] [Ewe] [Fire G fine

Fig. 5 Trunk connection diagram of the electric-supply lines for ion beam research facility.
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(5) Electric-Supply Lines

Electric-supply lines of 66 kV extra-high voltage were replaced with the 6.6 kV
high voltage electric-supply lines because of limitation of the power capacity. The trunk
connection diagram” of the electric-supply lines is shown in Fig. 5. The cyclotron
system has been operated smoothly without any failure during the first year’s operation,
although power failures were induced sometimes by lightnings which struck 6.6 kV lines

in our site in sumimer.
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1.9 Control System

(1) Introduction

The computer control system of the cyclotron was designed so that an inexperi-
enced operator can control devices smoothly without special knowledge about computers
and programming. Using a man-machine interface and automated sequential programs,
the operator can turn the cyclotron on or off and adjust device parameters efficiently.
Such functions contribute to the reduction of the beam production time.

For the cyclotron operation, a knowledge based expert system has been developed
to assist an operator with theoretical and empirical knowledges, which are required for

the efficient beam production and transport.

(2) System Architecture

The system composed of computer networks like a tree structure is divided into
three layers, as shown in Fig. 1. In the top layer, a central computer named system
control unit(SCU) manages the whole system and serves operators with man-machine
interfaces and operation functions. In the middle layer, two subcomputers named group
control unit(GCU) control several groups of devices. In the bottom layer, universal de-
vice controllers(UDC’s), single-board computers, are installed in each device for specific

control.

Operator @

Knowledge Based]
Conzale ’ s
Expert Svstem
Ethernet
D—' L L [
Local Local
Console Console
e =) 6 C U]
Message-Tree Message-Tree

OUC

LR AP

Fig.1l Architecture of the cyclotron control system.

SCU, GCU’s and the knowledge based expert system are connected to each other
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through an Ethernet. GCU communicates with UDC’s through a signal-multiplexed
communication systern named Message-Tree.

SCU comprises a central processing unit(Micro VAX 3500), two hard disks, and
several kinds of interface devices. Using touch-screens, rotary-encoders and graphic
displays provided from SCU, the operator can control devices smoothly. Communicating
with GCU’s, SCU manages device conditions and control processes. Various files such
as program and parameter files are stored and maintained in SCU. For a new beam
production, SCU calculates a new set of parameters from stored parameter files on
accelerated beams.

Two GCU’s(rt VAX1000) execute the control sequences for each group of devices
according to commands of SCU. All devices are divided into four groups: ion sources, the
injection system, the cyclotron, and the beam transport system. One GCU manages the
first three groups, and the other manages the last group through Message-Tree. Local
consoles can connect with a GCU to control devices directly.

A UDC is an eight-bit single-board computer standardized for easy development
and maintenance. 420 UDC’s are used in the whole system. System and application
softwares are programed and installed into two ROM’s. A UDC controls each devices
intelligently by executing eight tasks at the maximum capacity. Devices can be operated
directly using a local panel connected with a UDC. The local panel indicates preset and
actual values of the device,and provides several buttons for operation.

A Message-Tree is a signal-multiplexed communication system between GCU and
UDC'’s, and consists of an interface board installed in GCU, named message tree com-
municator(MTC), a signal distributor named message tree brancher(MTB) and UDC’s.
Fifty UDC’s can be connected to a MTC through a Message-Tree, and five MTC’s can
be connected to a GCU.

Message-Tree is a polling-addressing communication system; a MTC is a master
and UDC’s are slaves. MTC sends order message to all UDC’s through a MTB. A MTB
distributes the messages to all connected UDC’s. UDC’s receive the message identified
by the UDC number and send response messages including only changed status data to
reduce communication loads. These communications are executed every 100 ms. The

major features of Message-Tree are the following:
¢ electromagnetic noise immunity by using optical-fiber cables;
e transmission speed of 375 kbit/s;
¢ transmission capability of 2.6 km;

e synchronous data-link control(SDLC) protocol.



JAERI-M 93-047

(3) Operation

The cyclotron is normally operated using an operator console in the control room.
The operator console consists of a pair of identical control units, and a monitor unit com-
posed of a monitor TV for beam diagnostics, a 400 MHz oscilloscope for fast-signal mea-
surement, etc. Each control unit provides a display-panel(20-inch CRT), an operation-
panel(14-inch CRT), an adjustment-panel(14-inch CRT), the touch-screens on these pan-
els, and four rotary-encoders. An operator can control devices by touching color-coded
cells on the displays in combination with four rotary-encoders. The response time from
a change of parameter to the display of the actual changed parameter is about 250 ms.
The cyclotron is operated efficiently using two control units simultaneously.

When a fault occurs, a fail-safe sequence is executed automatically and the alarm
is given as a sound signal and on display. An operator can receive information about
the fault to clear up the causes.

Various data on every run of beam acceleration, such as ion species, acceleration
energy and device parameters, are recorded in a log-file which is useful to refer records

on past operations.

(4) Software
The operating system is VMS for SCU, and VAXELN for GCU, and C language

is mainly used in these systems. Since GCU has no magnetic disk, the control programs
and the device information stored in SCU are loaded into GCU’s at system start-up.

The programs for GCU are described in a concurrent interpretive language for se-
quence control of accelerators, named OPELA(OPEration Language for Accelerator).V)
These programs can be debugged and modified easily and executed fast by using the
intermediate codes. In these programs devices are treated as logic names to set and
refer to parameter values.

The operating system of UDC{UDC44) has been developed for multitask program-
ming to control devices. UDC44 consists of a kernel, a basic I/O system(BIOS) and a
serial interface unit(SIU) handler. The kernel can manage eight tasks, and the BIOS
manages communication registers and input-output ports. The SIU handler is a com-
munication task for Message-Tree. Application programs can be written in a high-level
language PL/M5I.

(5) Knowledge Based Expert System

The knowledge based expert system assists operators in adjusting parameters with
operational sequences. This system is programed by OPS83. These sequences, written
in the IF-THEN form, are stored in the knowledge base and referred according to the

operational condition. The operational sequences are divided into eight blocks from
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axial injection to extraction of the cyclotron, so that even an inexperienced operator can
understand the sequences clearly. This system can be useful by acquiring the knowledges

of operations from experienced operators.

REFERENCES

1) Iso,K., et al., A concurrent interpretive language for sequence control of accelera-
tors”, in proceedings of first workshop on control systems, Tsukuba, Japan, 1987,
pp-100-103.



JAERI-M 93-047

1.10 Safety Interlock System

The main tasks of the safety interlock system for the JAERI AVF cyclotron is to
protect a person from the hazards due to unexpected radiations. The system mainly
consists of hard wired and electromechanical relays. When high-energy ions are gener-
ated and/or transported in a radiation-shielded room, no one can enter the room by the
interlock system. To generate high-energy ions safety in the cyclotron room, the status

of the safety interlock system are requested as following conditions:
1} No one is in the room.
2) Shielding doors for entrance and exit are closed.

3) Radiation level in the working area outside the radiation shield is not over the safety

limit.
4) The room is ventilated.
5) A safety working switch is not operated.

The safety interlock system enables to operate the cyclotron. The status of "Op-
eration” is defined as the condition in which the RF voltage is generated on the dee
electrodes. The RF voltage can be generated, when all of the interlock conditions are
satisfied completely. If one of the interlock conditions is broken, the RF voltage can not
be generated, or RF voltage generation is stopped immediately.

The operation of the cyclotron is divided into two modes. One is termed ’Ad-
justment Mode’ in which the operating parameters are adjusted while ion beams are
stopped at a Faraday cup just after the cyclotron. The other is termed ’Irradiation
Mode’ in which the ion beams are transported to the ion rooms for experiment. Details
of the interlock conditions are shown in Fig. 1.

The limit of neutron generation in the ion rooms should depends on the capability
of radiation shielding of each ion room. This means permissible neutron generation rate
differs with each ion room. Since the neutron yield depends on ion particle, its energy
and beam current, the permissible maximum beam current is given for each particle as
a function of its energy. If the beam current exceeds the limit value of the room, the
beam transport in the injection line is stopped automatically according to the interlock
sequence. In consideration of neutron induced the activation of air in the cyclotron vault
and in the light ion rooms, ventilation speed can be changed with the ion species and

energies.
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Now in the cyclotron facility, radiation field due to induced radioactivity is still
in low level. However, the radiation level is expected to be steadily increased in the
circumference of accelerated beam lines because light ions with high-energy and intense

beam currents are requested for research experiments.
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Interlock items of the control roam | Condition
- Safety beam stopping switches OFF
- Emergency switch OFF
Interlock items of the cyclotron vautt | Condition
- Doors of the cyclotron vault CLOSE
- Door of the cable transit room CLOSE
- Emergency door opening switch OFf
- Safety working switch OFf
- Human Counter” ABSENCE
- Ventilation OPERATE

|

|

Interlock items for Adjustment mode | Condition Interlock items for Irradiation mode | Condition

- FC'¢ just after the cyclotron CLOSE - All doors CLOSE

- A1 of FC just before 55 CLOSE - Al of emergency

- Al1 of RS's CLOSE door opening switches OFF
- A1l safety working switches OFF
- Human Counter ABSENCE
- Ventilation OPERATE
Interlock items of ion roams

expecting the selected course Condition
for jon beam trensportation '
- A1l of FC's before RS's CLose
- Al of RS's CLOSE
|
( Operatian mode *Adjustment” J r Operation mode *Irradiation”

Fig.l

%] Human Counter:

Interlock Condition of Cyclotron Operation.

to detect whether anyone is in the rooms.

*2 FC: Paraday Cup
*3 RS: Rotary Shutter

A system called "Non-Touch Cards"™ are human counters
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2. ELECTROSTATIC ACCELERATORS
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2.1 3MV Tandem Electrostatic Accelerator

Satoshi TAJIMA, Isao TAKADA, Kiyoshi MIZUHASHI,
Yuichi SAITQO, Sadanori UNO, Kiyonori OKOSHI,
Yasuyuki ISHII, Masahiro ISHII, Keijchi YOTSUMOTO

and Ryuichi TANAKA

Department of Advanced Radiation Technology

Japan Atomic Energy Research Institute

I . INTRODUCTION
As a source of heavy ion beam covering an energy range from 0.8 to

5] MeV for the advanced radiation technology project, the model 9SDH-2 of
Pelletron tandem accelerator { National Electrostatics Corp., USA )l) was
selected. The Installation of the accelerator and the beamline compo-
nents started in December 1990. The first beam of 15 MeV Ni ions was

accelerated on February 22, 1991. The accelerator completed at the end of

March 1991 after acceptance tests.
This report outlines the accelerator system, the performance, and

the initial operation for experiments.

0. ACCELERATOR SYSTEM
The tandem accelerator consists of a 3MV high voltage generator, two

negative ion sources, a beam transport system and a control system. A

layout of the accelerator system is shown in Fig.l.

PR .
BEAMLINE TC(57)

e SR S

90  BENDING | BT
MAGNET 1 g S e e R

SWITCHI NG
KAGNET

/ 4k

Fig.l lLayout of the 3MV Tandem Accelerator System, S1 and S2

are Negative Ion Sources.
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(1) 3MV High Voltage Generator
The insulating column structure of the generator, shown in Fig.2,

consisting of a low energy column, a high voltage terminal and a high
energy column is housed in a pressure vessel. The pressure vessel, 5.64m
in length and 1.22m in diameter, was designed at the maximum SF¢ gas pres-
sure of 8.8kglcm2G. There are two Pelletron chains in the high energy
column to deliver the maximum charging current of 250xA from ground to
the terminal. The low and high energy accelerating tubes are placed in
the low and high energy column, respectively. Both tubes are assembled by
six units, and the maximum voltage load is 500kV/unit. Each unit has
eighteen accelerating gaps with the maximum voltage load of 27.8kV. To
make the uniform voltage distribution along the tubes, the grading resis-

tors are fixed over each gap.

Pressure Vessel High Voltage Terminal

o

~

Gas Stripper

Low Energy Accelerating 3
Column EE - Tube '

Fig.2 Structure of the 3MV Tandem Accelerator.

A gas stripper for exchanging negative ions to positive omes and a
turbomolecular pump to recirculate nitrogen gas in the stripper are
located in the high voltage terminal. The recirculation was very effec-
tive to prevent the gas load in the accelerating tubes. The recirculation

efficiency was about 80%.
| A corona probe system is provided to stabilize the terminal voltage

which is determined by the balance between the charging current and the
load current consisting of beam current, accelerating tube grading current

and corona probe current. The probe keeps the balance by increasing or
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decreasing the corona current so that the terminal voltage or beam energy
may maintain the preset value. A generating voltmeter to measure the
terminal voltage is located on the accelerator vessel and a emergy slit to

detect the beam energy is placed in each beamline behind a switching mag-

net.

(2) Negative Ion Sources

Two different type of negative ion sources are conmnected with the
tandem accelerator; one is a charge exchange RF ion source, and the other
a cesium sputter ion source. The former one (NEC, ALPHATROSS ([S1l]) is
operated exclusively for generating helium ions. It consists of two
stages. In the first stage the helium plasma is made by RF and magnetic
fields in a quartz tube. He' ions are pushed out from the plasma to
second stage by 6kV probe in the quartz tube. In the second stage He™
ions are produced by charge exchange collisions between Het ions and
rubidium vapor. Finally, He™ yield of about 1.5xA can be extracted from
the source.

The latter one (NEC, SNICS [S2]) produces a wide variety of the high
intensity negative ions from hydrogen to bismuth except several ion spe-
cies such as rare gases. The negative ioms are generated from the cathode,
containing the element of interest, sputtered by cesium ions. Various ion
species, H (30xA), D (l4), C (230), O (16), Si (16), Fe (2.4), Ni (98)

and Au (75) have been available so far from the source.

(3) Beam Transport System

The beam transport line comsists of three parts, a injection beam-
line, a post-acceleration beamline and three target beamlines. The beam-
line consists of oil-free vacuum components to prevent the organic contam-
inations.

The injection beamline is equipped with two bending magnets; ome is
a 30 degree switching magnet for selecting an ion source of Sl or S2, and
the other is a 90 degree mass analyzing magnet. The mass energy product
of both magnets were designed at 16 amu - MeV allowing to bend 80keV nega-
tive ions with masses from 1 to 200amu. The switching magnet equipped
with five beam ports is located at the end of the post-acceleration beam-
line to select a target beamline of TA, TB, TC and TD of which the bending
angle is 30, 15, 5 and -40 degree, respectively. The mass energy product
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of the magnet is 150 amu - Mev at 30 degree. TD line is to be completed in
the 2nd phase construction of TIARA, '

Three experimental apparatuses were installed at the end of the
three beamlines in the target room No.l. A heavy ion microbeam apparatus
is located on TB line. An apparatus for heavy ion irradiation to cells in

air with penetration depth control was connected with TC line.

(4) Control System
Two microcomputers (Heuricon Corp. 25MHz 68030) in a VME crate take

care of management and development of a software and of digital real-time
communication between a control console and local devices?). The acceler-
ator system has about 800 input/output signals to control or readback by
the control computer. These are interfaced to CAMAC. The control console
consists of two main operator terminals, a touch panel terminal, a facili-
ty display terminal, eight analog assignable meters, a CRT for beam pro-
file monitor and a digital oscilloscope for analyzing beam profiles. The
parameters for normal operation can be controlled on the graphic display
of the main operator terminal by using a mouse and a keyboard, and also

can be controlled on the touch panel terminal.

(5) SFg Gas Handling System
The SFg gas handling system were installed in the air conditioning

machine room No.l. SFg gas transfer can be operated automatically only
pushing a button of recovery or filling. It takes 4.4hrs for gas transfer
between the accelerator vessel and a storage tank located on the roof of
the Cyclotron Building, when the pressure of the accelerator vessel is
6kg/cmZG.

(6) Safety system

The safety system for accelerator operation are basically the same
for the tandem accelerator and the cyclotron. The interlock system for
the tandem accelerator was designed so that the accelerator system can be
operated when persons are outside the accelerator room and the door is
clbsed, and also accelerated beams can be transported to the target room
when target room is in the same conditions. If any one of interlock condi-
tions breaks, the accelerator operation should be stopped immediately.

The accelerator room and target room are equipped with a couple of
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radiation monitors for gamma rays and fast neutrons. The shielding door

does not open if the measured values of the monitors exceed the preset

alarm values.

. PERFORMANCE OF THE ACCELERATOR

The acceptance tests of the accelerator system were carried out
successfully from the end of February to March in 1991. Their perform-
ance are summarized in Table 1. The training of the operation and the
accumulation of various operation data for the experiments were also
conducted till the end of October 1991. The results of acceptance tests
and some operation data are described below.

To determine the acceleration energy the generating voltmeter (GVM)
was calibrated by using the nuclear reaction, 7Li(p, n)TBe of which the
threshold energy is 1.880 MeV. Figure 3 shows neutron counts from the Li
target with increasing proton energy gradually., The correction value for

the GVM reading was 0.947.

1000

800

7L (p,n) "Be

8

NEUTRON CPS
8

200 -

o Gl co 8 T T 2 g T T
1.94 1.96 t.98 2.00 2.02 2.04 2.06

ENERGY(MeV)

Fig.3 Measurement of the Threshold Proton Energy in the Nuclear
Reaction 7Li(p,n) for Calibration of the Generating Voltmeter.

The high voltage ripples (peak to peak value) at the terminal were
measured by capacitive pick-off (CPO), which is located on the accelerator
vessel against the terminal and calibrated with reference ripples. The

ripples at the terminal voltage of 3MV were less than 600V in GVM mode
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operation and less than 800V in slit mode operation, which satisfied the
guaranteed value of the stability, 3x107%, '

After the test of beam transmission, the acceptance tests of beam
current measurement at the ends of beamlines were carried out. The meas-
ured beam currents exceeded the guaranteed beam current values for all the
tested ion species and energies, listed in Table 1. The typical values of
beam current at the ends of beamlines measured in the machine time (3-1)

are listed in Table 2.

Table 1 Performance of the Tandem Accelerator.

Acceleration voltage: 0.4~3.0 MV (variable)

Voitage stablility: IxX 0% (P-P)

lon mass for acceleration: 1~200 amu

Maximum charging current: 250 g A

Maximum injection energy: 80 keV

Acceleration energy: 1+ ion 0.8~ 6.0 MeV
2+ jon 1.2~ 9.0 MseV
3+ ion §.6~12.0 MeV
4+ ion ~15.0 MeV
5+ jon ~18.0 MeV

Beam intensity on target: H" 0.8 MeV 2.5 A
H* 6.0 MeV 5.0 A
He'™ 0.8 MeV 0.5 A
He?* 9.0 MeV 1.0 A
C %+ 12.0 Me¥ 10,0 A
Nit* 15.0 MeV 4.0 A
Au®t 12,0 MeV 15,0 A

Table 2 Typical Beam Currents at the End of Beamline.
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The charge distribution of positive ions after passing through the
stripper gas depends on ion species, acceleration energy and gas pressure,
The distributions were measured as a function of the gas pressure and the
terminal voltage for different ions. The charge distribution of carbon,
nickel and gold at 3MV are shown in Fig.4. The relation between measured
beam current of different ion species and gas pressure are plotted in

Fig.5. It indicates the stripper gas pressure at the maximum beam current

depend on ion species.
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Fig.4 Charge State Distributions Fig.5 Beam Currents Measured for
of C, Ni and Au Ions at 3MV after Several Ion Species at 3MV as a
Passing Through the Stripper Gas. Function of Stripper Gas Pressure.

IV. OPERATION
The accelerator operation test was followed by the acceptance and

the installation of experimental apparatuses at the beamline ends in the
target room No.l, the heavy ion microbeam apparatus, the apparatus for

heavy ion irradiation to cells in air with penetration depth control, and

a chamber for ion implantation and ion beam analysis.

The tandem accelerator was smoothly operated for the first machine
time (3-1) for experiment from November 1991 to March 1992 except a ma-
chine trouble. It was a break off of an insulating rod in the accelera-
tor vessel, delivering rotating power to a terminal generator. The rod
was replaced with new one. The break down time due to the trouble was only
a week. Other miner machine troubles did not disturb the scheduled opera-
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tiom.

The main experiments were development of heavy ion microbeam tech-
nique (TB), measurement of single-event current transients in integrated
circuits using the microbeam (TB), ion implantation and ion beam analysis
for inorganic materials (TA), and development of irradiation technique for

biological samples (TC).
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Fig.6 Contribution of Each Fig.7 Contribution of Each
Experimental Field in the Supplied Ion Species in the
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Fig.8 Monthly Operation Hours in 1991 Fiscal Year.
The contribution of each field of experiment in the operation time

is summarized in Fig.6. The contribution of each supplied ion species in

the yearly operation time for experiments are also summarized in Fig.7.
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Supplied ion species were 1H, 2H, 4He, 120, 16O, 328, S8Ni and 197pu.  The
yearly opération time of the tandem accelerator for the fiscal year 1991

was 705 hours. Monthly operation hours throughout the year are shown in

Fig.8.
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2.2 Multiple lon Beam Irradiation Facility of the TIARA

Keiichi Yotsumoto, Satoshi Tajima, Isao Takada, Kiyoshi
Mizuhashi, Tomihiro Kamiya, Yuichi Saitoh, Sadanori Uno,
Kiyonori Ohgoshi

Department of Advanced Radiation Technology, JAERI

I. Introduction
The second phase construction work for the TIARA started in 1991 after

completion of the AVF Cyclotron and the 3 MV Tandem accelerator facilities.
Both of a 3MV and a 400 kV electrostatic accelerators are installed in a new
building adjacent to the 3 MV Tandem accelerator facility which was completed
in the first phase of the construction work.

A salient feature of the TIARA is to combine different ion beams from
the electrostatic accelerators on target. In the triple-beam irradiation all the
three accelerators are operated simultaneously and different ion beams are
introduced to a target chamber. Since these accelerators can be operated
independently and simultaneously three different combinations of dual-beam
irradiation are also possible. These multiple ion beam irradiation technique will
be effectively applied for simulating radiation damage of materials for nuclear
fusion reactor. This paragraph outlines of the new ion beam irradiation facility
being under construction.

I1. Accelerators

3 MV D.C. accelerator is of a multi stage cascade rectifier type
manufactured by NISSIN HIGH VOLTAGE CO., LTD.( N H V). Schematic
Jayout of the accelerator is shown in Fig.1. The high voltage generator is
separated from the acceleration section in the pressure vessel which is 2.5 m in
diameter and 7.1 m in length. In order to control the terminal voltage a
capacitive-resistor type high voltage measuring circuit is mounted in parallel
with the acceleration tube. The circuit signal is led to the high-frequency power
supply of the high voltage generator to regulate the terminal voltage. This
system often has been applied to electron microscope so far and provides an
extremely high voltage stability of 1x10-5 at the acceleration terminal. The ion
source is of an RF type and can produce either positive ions or electrons.
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Deflection Magnet for Motor Generator
Electron Beam \

[
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High Voltage Measuring Circuit /
High Voltage Generator

Acceleration Tube

Fig. 1. General layout of the 3 MV D.C.Accelerator

To minimize beam instability the acceleration terminal is designed only to house
the RF source with three source-gas bottles, and the power supply of which the
motor generator is driven by a rotating shaft is incorporated in the high voltage
generator. The electron beam from the RF source can be accelerated by
changing the polarity of the high voltage generator. The output characteristics
of the accelerator are shown in Table 1.

Table 1. Qutput characteristics of the 3MV D.C. accelerator

Acceleration voltage : +0.4 MV ~3.0 MV

Voltage stability + 1x 10-5

Ion beam currents : H 300 pA (at 3MV)
H 100 (at 0.4 MV)
He 200 (at 3MV)
He 50 (at 0.4 MV)

electron beams e 100 (at 3MV)
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The 400 kV D.C. accelerator is an air open of Cockcroft-Walton type
also manufactured by N H V. The general view of the accelerator is shown in
Fig.2. The high voltage terminal, 1.6 meter square and 0.84 m in height, is
supported on four insulated ceramic columns surrounding the high voltage
generator.

e pd

High voltage Terminal

Analyzing Magnet

Acceleration Tube

Ll L1231

T T 4

/ Shielding Concrete Wall

Isolation Transformer

Deflection Magnet for

Electronmicroscope

S Switching Magnet

Fig.2. General layout of the 400 kV D.C. Accelerator

The ion source is of a Freeman type with a sputtering electrode and an oven,
which produces ions in a wide range of mass. A 90° analyzing magnet with a
mass resolution of more than 100 is located between the ion source and the
acceleration section. The oil filled isolating transformer supplies electric power
to the high voltage terminal through a special transmission line in paralle] with
the acceleration tube. The output characteristics of the accelerator are shown in
Table.2.
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Table.2. The output characteristics of the 400 kV D.C. accelerator

Acceleration voltage : 10kV ~ 400kV
Voltage stability : *3 X 10-3

Beam currents : Typical value on the target
B 30 pA Si 30 pA
P 30 As 30
Ar 30 Ag 4

I1I. Beam lines
A general layout of the accelerator irradiation facilities is shown in Fig.3.

Three target chambers for the multiple ion beam irradiation will be installed in
the target room No.2. An new beam line from 3 MV tandem accelerator
manufactured by National Electrostatic Corporation (NEC) is also provided in
the room through the shielding wall in which beam line-shield is embedded.
Three different ion beams enter the chamber at an angle of 15 between the
lines. To lead the ion beam down into an electron microscope with
multianalytical functions,which will be installed in the target room No.4 in the
basement a 50" deflection magnet is installed between the outlet of the 400 kV
D.C.accelerator and a switching magnet.

A microprobe system is installed in the target room No.3 on the beam
line from the 3 MV D.C. A 90" focussing uniform field magnet is located in the
3 MV D.C. accelerator's room at a distance of 8.6 m from the exit of the
accelerator to achieve a focussed beam size of submicron level. This magnet has
a mass energy product of 48 and a mean deflection radius of 1.5 m. To direct
the electron beams down to the target room No.5 the electron deflection and
beam line system is installed at the exit of the accelerator.

IV. Summary
The building construction work will be completed in March 1993

followed by the installation of accelerators and beam lines.The acceptance test
operation will be done in July 1993.
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3. BEAM TECHNOLOGY
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3.1 The Computer System for Experimental Data Handling

Koichi NISHIMURA, Sohei OKADA®, Watalu YOKOTA™,
Mitsuhiro FUKUDA", Yoshimasa OBA"™ and Hiromasa
WATANABE

Ion Beam Research Administration Division, ‘Irradiation
Service Division,”Ion Accelerator Division, JAERI,
*“*RIKEI Co.Ltd.

Introduction
A wide variety of experiments for research on materials is proposed at
TIARA. Many sorts of measurements are carried out for analyses of atomic
structures by RBS, structural changes by time-resolved X-ray spectroscopy and
electronic/defect structures by positron annihilation spectroscopy control. The
computer system for device control, data acquisition and handling is required for

the analyses.
- This system enables remote control, data transfer and visualization through

a fiber optic network free from RF noises and otherr disturbances.

Network
The network is constructed by use of fiber optic Ethernet conforming to

IEEE802.3. The protocols of TCP/IP and DECnet are supported. Fig. 1
schematically shows the network topology. The network is available at various
places in the Ion Beam Irradiation Research Building such as a computer room,
experiment preparation rooms and terminal rooms. It is also connected to
JAERInet, which makes it possible to access host computers (FACOM M-780 and
VP-260) at JAERI Tokai. Functions of mail, remote-login and file transfer from/to
some universities through TISN are equipped.

A software named Gator Share is installed in order to connect the network to
Machintosh personal computer and Laser Writer. It is connected to Ethernet via
Cyman's GatorBoxCS which acts as protcol converter between Apple Tolk and
TCP/IP.
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JAERInct
Coax ETHERNET
VAX6000/310
Computer room ISOL room RI meas. room
Research build. SMPT: 8 multi port transceiver
g:lor SMPT Gl Gi G3 | computer room
.4
4MPT: 4 multi port transceiver,
Ton source Light ion G1: Single port transceiver
MPT | (st bench room SMPT | prep. room
i Fiber Optic ETHERNET G3: Fiber-lo-coax transceiver
kY Heavy ion
E: G1 |Clean room SMPT | prep. room
Gl BMPT G G! | Fumiture room
Physical exp. Heavy jon Multiple beam
room mess. room meas. room

Fig. 1 Network topology at TIARA

Computer System

The computer system architecture is shown in Fig. 2. The computer is 32-
bit operated VAX6000/310 of Digital Equipment Corp. It is equipped with a 32MB
memory, a magnetic disk drive with 3.6GB capacity, an array processor AP500, a
system console terminal and a laser printer. The graphic displays are DEC

station5000/200 and VT286.

Software
The operating systems of the VAX6000/310 and DECstation5000/200 are

VAX/VMS and ULTRIX, respectively. The application programs are installed as
graphic, digital signal processing and scientific subroutine library. The graphics
routines are composed of UNIRAS package and DEC GKS. The digital signal
processing routine uses 1LS, and the scientific subroutine library IMSL.

An graphic program for data analysis was developed. Data can be displayed
in different ways such as two dimensional event graph, two dimensional staff
graph, three dimensional staff graph and three dimensional plot with contour
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maps. A communication software through networks between VAX6000/310 and
personal computer or workstation ( UNIX, VMS) was also developed. Fig. 3
shows a schematic diagram of the communication system. Such communication
programs are coded by VAX-FORTRAN and VAX-C. The communication
protocols of DECnet is used for VAX, TCP/IP for UNIX machines and DECnet/

PCSA for personal computers.

MEMORY VAX6000/310
ME CPU.FPU

| VAXBIBUS ]

[kpBso | [RLEST] [TkB7o8] [DMB32]  [DWBUA [DEBNT

Array processor

@ @ TK70 8MPT

Color terminal
6250/1600bpi g0

ol
e 03| O

Lascr printer DECstation

w | 5000
3.6GB storage - | |

D-Scan
CH5504

Fig. 2 Computer system architecture

DECnet
VAXE6000 I AT
model 300 { <~ V. ]
SEND
-~ . RECEIVE
GETFPFRKT
SEND CONNECT
RECEIVE DISCONNEC
GETPEKT
CONNECT WINITCP I
DISCOININE y UNIX-WS ]
T  sendc
PAUSE recelive
RESTART getpkt
L RSTOP w DECnet é?;:’:;:::ect
PCSA
PC9800 |
r~ meand
’ recoive
Retpkt
connect
disconnect

Fig. 3 Schematic diagram communication program
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3.2 IRAC : A Code System to Calculate Induced Radioactivity

Produced by lons and Neutrons

Dgysumu TANAKA, UMitsuhiro FUKUDA, *'Koichi
NISHIMURA, 'Watalu YOKOTA, Y Tomihiro KAMIYA,
1)'Hi romasa WATANARE,?’Tadao SHIRAISHI,
3'Kentaro HATA and ‘’Naoki YAMANO

Dpepartment of Advanced Radiation Technology,
pepartment of JMTR Project,

3'Dpepartment of Radioisotopes, JAERI,

Y Sumitomo Atomic Energy Ind., Ltd.

1, INTRODUCTION

To meet various research plans in the Advanced Radiation
Technology (ART) project!, four different type ion
accelerators were installed in TIARA to cover a wide
variety of ion species in different energies from several
tens keV to several hundreds MeV. Target chambers and
measuring instruments have been installed at the beam
course ends of the accelerators to start experiments.

Radicactivity is induced in the accelerator components,
the target chambers and target samples irradiated by

energetic ions and secondary produced neutron beams. It
depends on the projectile energy, beam current and the
material of the components and the samples. In the

planning stage of experiment, estimation of the induced
radiocactivity is required for radiation protections to
reduce the radicactivity, and to minimize radiation
exposure to personnel and the amount of radicactive wastes.
The IRAC and IRAC3D code systems?’ have been developed
in JAERI to provide a comprehensive computational
capability to calculate radioactivity and gamma-ray dose
rate at TIARA. The IRAC system 1is applicable to one-
dimensional multi-material configurations for general
purpose. The IRAC3D system extends the IRAC system
capability to three—-dimensional multi-material
configurations.
This report describes the outline of the IRAC code
system.
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2., QUTLINE OF THFE TRAC CODE SYSTEM

The - IRAC code system computes the nuclide transmutations
due to nuclear reactions and the consequent decays in plane
multi-layered targets. It consists c¢f the functional
modules and data libraries for analyzing the induced
radicactivity and the gamma-ray dose. The flow chart of the
IRAC code system is shown in Fig. 1.

MASWES XEDIT [ ALICES8S

Atomic Mass
ACSELA

Library
'—(Empirical formula )

DECAYLIB
—-(Experimental data )
Cross Cross )
GAMMALIRB
IRAC

section | section —(Card image data
Calculation of induced nuclides,

library likbrary
radicactivities and dose equivalents

{neutron) (ion) Thermal neutron ]
Out put

cross section
library

Fig. 1 Flow chart of induced radicactivity calculation

in the TRAC code system

1) IRAC : Module for calculation of induced radicactivity
The IRAC({Induced Radicactivity Analysis code) is main
functicnal module in the IRAC code system, The induced
nuclides, radivcactive nuclides, and gamma-ray dose
equivalent rate are computed for the incident particles,
ion and/or neutrons, at specified irradiaticon and cooling
periods. Energy degradation of energetic ions in the
target material is calculated by using stopping power and
projected range ocobtained by subroutines of OSCAR code? .
For energy degradaticn of neutrons, it assumed that the
incident energy is kept constant in the target material.
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Matrix exponential method adopted in ORIGENZ code? are
used to calculate transmutation of nuclides. ‘
2) XEDIT Module for generating activation cross sections
The XEDIT module is an editing tool for generating ion-
and neutron- activation cross section libraries in the IRAC
code system. The cross section libraries are obtained by
editing a library of ACSELA(Activation Cross Section
Library calculated by ALICE85 code®), experimental data,
data calculated by empirical formula and card image data
for specified incident particle and the target nuclides of
interest.
3) ACSELA
The IRAC code system has a major activation cross
section library, ACSELA, calculated with the ALICE85 code.
The cross sections for combinations of 7 incident particles
and 76 Table 1 lists the
incident particles and target nuclides in the library.

Activation cross section library

nuclides were calculated.

Table 1 Incident particles and target nuclides
in the cross section library ACSELA
Incident x, 28, ‘He, 2c, 1'N, *‘Ar,
particles Neutron
H ('H) 1 Ga(®%Ga, "Ga)
c ('?c,13¢) I Ge ("%Ge, "2Ge, "3Ge,
N (MN) ! T4Ge, "*Ge)
o (1%0) \ As (75As)
Na (?3Na) ! Nb (*NDb)
Mg (2'Mg, 25Mg, 26Mg) 1 Mo (®2Mo, **Mo, *Mo,
Al (2Al) | %Mo, °™Mo, *®Mo,
si(?%si,?%si, 3%1) : 100Mo)
P (3P} 1 Ag(!%7ag,109Ag)
Target s (323, 34s5) ' In(}13In,1%5In)
nuclides | ca(®‘ca,®ica) : sn (112sn,114sn, 1°sn
Cr (SOCI‘, 52CI, S3cr | 11651‘1, 117Sn’ HSSn,
54Cr) l' IIQSn'12DSn’1225n’
Mn {>3Mn) ' 124gn)
Fe (3'Fe, %Fe,5'Fe) | Ta(!®lTa)
Co (SQCO) W (lSZW’ 183W, lSQW’
Ni(SONi, SONi,62N1) . 1%6W)
Cu (53Cu, #2Cu) I Au(1%7An)
zn (%42n, %%2n, %72n, I Pb (296pb, 297Pb, ??%Pb)
687n) \ Bi(29%B1)
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4) DECAYLIB : Decay data library
The DECAYLIB provides decay data over 2600 nuclides
generated by using Evaluated Nuclear Structure Data File,

ENSDF® , It contains nuclide half-lives, decay modes,
natural abundances, daughter nuclides, and comments for
updating histories. It has the same format as the decay

data library of the ORIGENZ code.
5) GAMMALIB : Photon data library

The GAMMALIB generated with the ENSDF gives the photon
intensities emitted per 100 disintegrations of each parent
nuclide. The photon intensities are classified in 18
energy groups up to 11 MeV. The photon data include
annihilation radiation, but dose not include characteristic

X-rays.

3., SUMMARY

The IRAC code system has been developed for calculation
of the induced radiocactivity and gamma-ray dose rate at
TIARA. Activation cross sections are not available at
present for all the combinations of incident particles with
target nuclides. We intend to extend the activation cross
section library by calculating with an advanced ALICE

code.
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3.3 Experimental Facilities for Accelerator Shielding and

Spectrum Measurement of Monoenergetic Neutron Source

Shun-ichi TANAKA, Hiroshi NAKASHIMA, Susumu TANAKA™,
Ryuichi TANAKA*, Takashi NAKAMURA*™, Mamoru BABA™™,
Mineo IMAMURA*, Kazuo SHIN™"®, Hideo HIRAYAMA®™*

Department of Reactor Engineering, “Takasaki Radiation
Chemistry Research Establishment, JAERI,

** Tohoku University, * University of Tokyo,

** Kyvoto University,

##* High Energy Physics Research Laboratory

I. INTRODUCTION
A lot of accelerators have been widely used in nuclear physics,

material science, medicine, biclogy and industries. Besides, accelerators
are going to become crucial in nuclear energy research and industry.
Several accelerator projects; SPring-8 synchrotron radiation facility, ETA
high energetic intense proton accelerator for OMEGA project, ESNIT deutron
accelerator for material irradiation testing, a free electron lazer
facility and a positron factory are under progress and plan teo facilitate
nuclear energy research and developement in JAERI. These high energy and
intense accelerators demand exquisite shielding design in construction of
the accelerator building and wuser's facilities, because many kinds of
energetic and intense radiations are produced. The basic data of
radiation production by energetic ion beams, nuclear reactions of high
energy neutrons, activation cross sections and shielding are essential to
develop the shielding design method for accelerators.

Hence, some experiments have been planned by a research group on ion-
accelerator shielding under the Research Committee of Advanced Radiation
Technology, and experimental facilities and instruments have been prepared
to acquire the data from 15 to 90 MeV with respect to the accelerator
shielding in the TIARA.

1I. EXPERTIMENTAL PLAN AND FACILITIES*?

The following experiments have been designated; A)measurement of

neutrons and secondary <-rays penetrating through typical shielding
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materials: iron, concrete and polyethylene, Bjmeasurement of activation
cross section of materials used in accelerators, C)measurement of neutron
total and double differential cross sections of standard and typical
nuclides for shielding calculations, D)measurement of neutron and photon
production data by charged particles.

A monoenergetic neutron source facility has been buiit for the
experiments as shown in Fig.1. A proton beam extracted from the cyclotron
is focused on a Li enriched target in the target changer. The thickness
of the 7Li target is selected so that the energy loss of Incident protons
in the target is about 2 MeV, corresponding to the thickness of 2 mm for 20
MeV and 7 mm for 90 MeV protons. S8ix different 7Li targets in their
thickness are available 1in the target changer. Residual protons
penetrating through the target are bent down to an angle of 50 degree by a
clearing magnet and introduced into the beam dump with a Faraday cup.
While, the monoenergetic neutrons emitted in the forward direction by the
7Li(p,n) reaction are transported to the experimental room{Ion Room No.3)
through a rotary shutter of 100 mm diameter. The experimental space with a
cross section of 120 cm x 120 em is useful for set-up of the shield

materials up to the maximum thickness of 230 cm.

SWITCHING MAGNET VAULT
r H.LELDWG WALL
TARGET CHANGER 7
RO’TAR‘{ SHUTTE'R
FII.LER(IRO?\ SAND AND [RON BALL) i

GEARING MAGNET \\\\\ \\\\\\\\E\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

PROTOM BEAM F N \\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 %{///

SHIELDING MATERIAL H

FOR EXPERIMENT i

BEAM DUMP

T
el
¥
o

gy
S /
FARADAY CLUP

Fig.1l Schematic view of the monoenergetic neutron beam line.
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TIT. Neutron Source Characteristics

The energy spectrum was measured using a recoll-proton telescope
detector at the exit of the rotary shutter.2® An experimental set-up and
an arrangement for the measurement are shown in Photo.l1 and Fig.2. The
counter is composed of a polyethylene radiater Si-SSD(AE-detector), and
Nal (E-detector), by which the TOF spectrum of recoll protons associated

with the H{n,n) reaction is measured.

Recoil proton detector ////,/

Fe Collimater 10 x ICcm?

Photo Multiplier Tube

Neutron

|2f3:;;&{//

Polyetheylen Radiator

Fig.2 Arrangement of neutron spectrum measurement with the recoil

proton telescope.

A neutron spectrum produced with 43 MeV proton beam is exhibited in
Fig.3, which has been measured at a position of 5.5 m far from the
TLi-target. The peak intensity at 40.7 MeV was 1.19%104(#5%) n/cm® per
uC, consisting well with 1.12x10% n/cm? per pC estimated from the cross
section of 7Li{p,n) reaction, although a continuous component due to the

breakup reaction also was observed in lower energy region.

REFERENCES

1) ¢u.Tanaka et al., Proc. of 2nd Int. Symp. on Advanced Nuclear Energy
Research(JAERT), Mito (1990) p.342.
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G24 (1992).



QG

Photo.1  Ploture of telescope

detector for peutron

F 6 —— e specirun neasurement.

1 Lilgnrt Feoction )

-
ur

o |

fron £ MeV femsAmi

: !
00 b } A

s -4
<3 b
fouet

1000 -

|
f
, .,-.*.'"»f ‘-.,f/\.r-_ - - . .
1 ¢ v, ] . File.3 Bessured negtiron
i Ly l .
!

A “\%J. \ ) spectren produced by
0'“““ u-‘-,,t\,'u.:'.p.e.unf'n.n'ulf.‘;nz.w ?E)E{p,n} I"Gfi(f?i\“}ﬂ (}f’
K i G 30 40 50

; M 43 MeV protonr beas.
gy £V '



JAERI-M 93-047

3.4 Design and Manufacturing of Slow Positron Beam Line

Electrostatically Transported to Double Direction

Sohei CKADA

Department of Material Development, JAERI

1.INTRODUCTION

Ton beam bombardments on solids cause defect producticn. To investigate

and conbtrol thug induced defects is one of key techniques in developing
materials and devices. Positron annihilation spectroscopy is a powerful
tool to detect and analyze vacancy-type defects, which are not directly
detectable by other probes.

Energy-tunable positron beams can afford information about arbitrary
depths of solids, e.g., surface, interface and inside, separatedly. We
manufactured & slow positron beam line named PALADIS (Positron Annihilation
Lattice Defect Investigation §ystem)1) mainly for the depth profiling of
defects induced by ion beams. A new configuration of moderators was

designed to obtain slow positrons.

TT.CONVENTICNAL MODERATOR CONFIGURATION

. . . + .
In almost all slow positron beam lines using *“Na source (f  maximum

energy:546keV) etc., the source is placed close to a thin tungsten foil
moderator, from the oposite side of which reemitted slow positrons are

extracted as shown in Fig.l.

2pm \1

200keV o* =PENETRATION
> | lem (9 6%)

SOURCE
(CLOSE CONTACT)

FORWARD
~BACKWARD REEMISSION
REEMISSION ITHERMALIZATION (4%)  (SLOVW e)
€ DIFFUSION SLOW e*
ANNIHILATION EXTRACTION=

<INSIDE OF W-FOIL>

Fig.1. The Monte Carlo simulation on positron behavior im the convention-

a2l moderator configuration.
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The figure demonstrates penetration, thermalization, diffusion,
annihilation and reemission of positrons in such & mederator configuration,
which is calculated with a Monte Carlo simulation code SPG (§1ow Positron
Generation) develcped by usE). Here is shown an example of 200 keV
incident positrons onto a tungsten foll of 2 um in thickness.

It is clear from the sgsimulation that non-thermalized energetic
positrons vpenetrate the moderator and contaminate the slow positron beam
obtained from the reemission process. In usual cases the energstic

positrons are eliminated by using a BxB filter and/or a curved solenoid

tube during the magnetic transportation.

ITI.ELECTROSTATICALLY TRANSPORTED SLOW PCSITRON BEAM LINE
WITH A NEW MODERATOR CONFIGURATION

In PALADIS we adopted a new moderator configuration in order to

menufacture a compact beam line electrostatically transpcrted as shown 1in

Fig.z. Reemitted slow positrons are extracted parallel to surfaces of

F T T T T ¥ 1 T T L — SAMPLE
0 500 1000mm MANTPULATIOR
SLOW PCS!ITRON SLOW POSITRON 4
REPELLER GRI!D EXTRACTION GRID Q
B
' ,—SOURCE VIEW PORT
! [NSULATION BEAaM DUC
MODERATOR FLANGE wit
ASSEMBLY d N hsdﬁc E E{

T ) s R ires ot

[NZEL LENS | EINZEL LENS P ZOOM LENS gy

R

, i L fHfpeerion
| ENERGETIG,POSITRONS
jo—l—
o POSITRONS
EXTRACTION
FIELD

J SOLID STATE DETECTOR

Fig.2. A concept of PALADIS {Bositron Annihilation Lattice Defect
Investigation Jystem)
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multiple tungsten moderator foils placed near to the scurce as demonstrated
in Fig.3. The purpose of this new configuration is to eliminate penetrating
energetic positrons at the initial stage of slow positron gensration 1i.e.

in the moderator part (left hand side of Fig.z2).

EFFECTIVE SURFACE AREA for REEMISSION
10mmX10mm

-/
/“\“T P q’“&/

2 pm 5mm

5mm

Smm Zpm bmm 2pm

REEMISS |ON
v | —

REEMISSI1ON REEMISSION

REEMISSICHN REEMISSICN

.

’ o ——=] =as
R —— k ; = — =

N = . -

. 2 ; (RS- ¢ g i ol
SOURCE L y
N —— P -iggifRATION
—_— [lum
200keV et

5
THERMALIZATION (37% in 4 foils) 1SLOW e-
DIFFUSICN EXTRACTION
ANNIHILATION

Fig.3. The Monte Carlo simulation on positron behavior in the new moder-

ator configuration in PALADIS.

We evaluated slow positron yields (the number of reemitted slow
positrons / the total number of B+ emission from 22Na) using SPG by varying
incident positron energies onto the moderatcrs. The B+ energy spectrum was
approximated to be as follows:

HMe -e)i(etoe) ey (1)
Here ¢ is kinetic energy in unit of me? (m:rest mass of electren, c:light
velocity). Effective solid angles made by the moderator gsurfaces viewed
from the point source and a branching ratio of positron reemission at the
gurfaces of the tungsten mcderators {=1/3) were taken into account. The
result is shown in Table 1. It may be concluded that the new configuration

gives not less yields than the conventional one.

Table 1. Slow positron yields in the corwentional and the new moderator

configuration calculated by the Monte Carlo simulation.

THICKNESS OF CONVENTIONAL CONFIGURATION NEW CONFIGURATION

TUNGSTEN FOTL (1 foil) (4 foils)
200 nm 1.49 x 107> 1.37 x 1072
2 \m 2.59 x 107 2.08 x 1070

__864i
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The new moderator configuration will provide ancther slow pesitron beam
line (direction to the left in Fig.2) with only one source by inverting
polarities of the electric potentials of the extraction and the repeller
grid. The maximum acceleration energy of the slow positron beam is 30 keV.
The machine will bhe open to routine applications from 71993 after
installation of a 10 mCi 22Na scurce. In addition tc the depth profiling of
defects with Doppler broadening technique, we plan other types of
experiments to exploit a special merit that magnetic field does not exist

at the point of specimen.

REFERENCES

1)8.0kada, Proc. of the 29th Annual Meeting on Radioisotopes in the
Physical Sciences and Industiries {Tokyo, June 29-July 1, 1992) p.161
(in Japanese).

2)8.Ckada and H.Sunaga, Nucl. Instrum. Methods Phys. Res., Sect.B56/57
(1991)604.
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3.5 Heavy lon Microbeam Apparatus for Single Event Upset Analysis

Tomihiro KAMIYA, Hidenori YUTOH and Ryuichi TANAKA

Department of Advanced Radiation Technology, JAERI

L INTRODUCTION

A heavy ion microbeam apparatus’ illustrated in Fig. 1. was installed
on a beam line of a 3 MV tandem electrostatic accelerator system. Many high
energy microprobe systems have been constructed for ion beam analyses
using light ions®, while this apparatus was designed mainly for study of
single event upset (SEU) using high energy heavy ions. SEU occurs when a
high-energy single heavy ion hits an integrated circuit and generates a large
amount of transient charge. The SEU phenomena depends not only upon
hitting particles, but also upon the hit position on the microcircuit. To test the
positional dependency with a high spatial resolution of less than 1 pm, the
system was designed to meet the following three technical means, (1) a
microbeam focusing spot size less than 1 ym, (2) a beam positioning accuracy
within 1 ym and (3) a single ion hitting.

Target Chamber

deit

N igiexiielillm B asna
i U - A : — :
L= Rectangular Beam ——Aubber Pad%
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Va4 ave Va4 ;7 v Eraae 7 EQE

Floor

Fig.1 Side view of the heavy ion microbeam system. DQ: precision
doublet quadrupole lens PS: preslits, MS: microslits, DS: divergence-
defining-slits and BS: baffle slits.

IL MICROBEAM FOCUSING

The precision focusing system consists of preslits (PS), microslits (MS),
divergence-defining slits (DS), baffle slits (BS) and a doublet quadrupole lens
(DQ). MS have cylindrical tungsten-carbide slit chips. The bore radius and
the mechanical pole length of the magnets of DQ is 10 mm and 120 mm,
respectively. The object distance from MS to the entrance of DQ is 3750 mm
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and the working distance is 200 mm. The demagnification factors in
horizontal and vertical planes are 4.6 and 28, respectively.

The beam size measurement was performed using 15 MeV Ni*"
beams. Fig. 2 (a) shows a two-dimensional secondary electron image of a Cu
mesh (600 lines per inch) over the scanned area of 100 X 100 um?® Fig. 2 (b)
shows examples of the one-dimensional secondary electron maps of the mesh
in the X and Y directions. The sharpness of the varying secondary electron
yield at the each edge defines the beam size. The FWHM of each peak in the
derivative of the secondary electron profile was evaluated as the beam size
using least square fitting.

PR S
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Fig. 2 (a) Two dimensional secondary electron image of the Cu
mesh (600 lines / inch) obtained by microbeam scanning over the
scan area of 100 X 100 um*

(b) One dimensional profiles of secondary electron yield in the
horizontal (upper) and vertical (lower) directions.
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Fig. 3 Beam spot sizes in X and Y directions as functions of MS
gaps. Solid lines indicate demagnification factors for each direction.,
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The beam spot size of 0.70 X 1.1 ym*® was observed under the condition
that the object slit size was 4 X 20 pm” and beam current was 8 pA at the
target. The designed value of 1 ym for the beam spot size was achieved in this
system. Fig. 3 shows a result of the beam size measurement, varying the

microslit gaps.
III. BEAM POSITIONING AND SINGLE ION HIT

To avoid radiation damage caused by energetic heavy ions in the
secondary electron yield mapping of integrated circuits, a reference point is
set outside the sensitive area and an indirect beam positioning” is performed
before SEU measurement. For accurate beam positioning, the displacement
from the reference point to the aimed one is measured by using a scanning
electron microscopy (SEM) or a high-resolution optical microscope.
Positioning uncertainty of the target-stage and the amplitude of the vibration
of the target-holder also affect accuracy of the beam positioning. Those of our
test chamber is estimated at a few um. A new target chamber for SEU
analysis is under designing in consideration described above.

A single ion hit system is being developed to make a single ion hit a
point within a aimed local area. Fig. 4 shows a block diagram of the single ion
hit system. It provides two single ion detectors SE1 and SE2. To eliminate

Fig.4 Schematic diagram of single ion hit. SE1: transmission type
secondary electron detector, SE2: electron multiplier, FP: fast pre-amp,
CFD: constant fraction discriminator, FCM: fast coincidence module.

noise from signals of each detector, a pulse generated by coincident signals

from both detectors at the fast coincidence module is used as a trigger for fast
beam switch to deflect the beam electrostatically. SE1 is a transmission-type
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single ion detector with a thin carbon foil to generate secondary electrons and
with a micro-channel plate (MCP) to detect them. The detection efficiency for
a-particles from a ™ Am source was measured by a silicon surface-barrier
detector as a monitor of ion hit. An efficiency of 60% has been obtained so far
with 10 pg/cm’ carbon foil, and higher efficiency will be expected with heavy
jons, because of the larger number of secondary electron emission from the
foil. However, large mean squared multiple scattering of heavy ions through
the foil contributes to decrease the positioning accuracy. Therefore, an ultra-
thin foil may be required to reduce the total uncertainty in beam positioning
within a reasonable value.

SE2 is an electron multiplier to detect secondary electrons emitted from
the target. The fast beam switching system consists of a high-voltage power
supplier actuated by a trigger signal from the single ion detection system and
an electrostatic beam deflector to prevent further ions from hitting the target
after the single hit.

I1V. Summary

The beam spot size of 1 ym has been achieved so far in microbeam
focusing test using 15 MeV nickel ion beams from a 3MV tandem accelerator.
This means that the first requirement for SEU experiment was satisfied in the
microbeam apparatus. Our development program is now followed by the
development of remaining two techniques, accurate beam positioning and
single ion hit.

Preliminary measurement of single-event current transients were
made on an n-type silicon diode by 15 MeV carbon and nickel ion
microbeams®. Beam positioning was tried to make those ions hit a point
within a sensitive local area of the test samples. The radiation damage of the
diodes induced by high-energy heavy ions was observed clearly after a short
exposure of the microbeam. This suggests the single ion hit technique is
essential for SEU experiment.

References
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[2] K. Traxel, Nucl. Instrum. Methods Phys. Res., Sect. B 50 (1990) 177.
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4. MATERIALS FOR SPACE ENVIRONMENT AND
NUCLEAR FUSION REACTOR
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4.1 lon lIrradiation Chamber Designed for Evaluation of Space Solar Cells

and Modification of Semiconductors

Yousuke MORITA AND Isamu NASHIYAMA

JAERI,Takasaki Radiation Chemistry Research Estab-
lishment

I. INTRODUCTION
The space solar cells is used as the power source of artifi-

cial satellites, and those are directly exposed for protons and
electrons under space environment. As satellites have been
recently designed with higher power and longer life-time than
before, it is important to evaluate the degradation of the space
solar cells by irradiation. In TIARA facility, the chamber for
the above purpose is prepared, and the intensive studies will be
made to evaluate and elucidate the deterioration of electric
properties of the space solar cells by ion irradiation.

In addition, the chamber can be also used for very high-
energy ion implantation in semiconductors with wide area.

11. DESIGN CONCEPT
In Figure 1 is illustrated the schematic drawing of the

chamber which is designed under the following concept.

(1) To study the degradation of the solar cells(min. size
2x2cm2) under proton irradiation, or the deep ion implant into
semiconductor materials, it is needed to irradiate samples with
wide area and uniform dose. There are two types of the sample
holders at the center of the chamber as described below.

(a)the sample holder has irradiation area of 10x10cm2, and
its temperature can be changed from -120°C to 200°C.

(b)the sample holder is capable of sequential irradiation of
three large specimens(10x10cm®) without breaking vacuum at ambi-
ent temperature.

At the rear port, there is a sample holder which has irradi-
ation area of 5x5cm®, and it is more easier to exchange speci-
mens.

(2 To measure the changes of electrical properties of the
solar cells immediately after ion irradiations, a solar simula-
tor(pewer:140mwfcm2(1 solar)xlOOcm2,spectrum:AM—O) and a I-V
measurement system(volt:0-2V,ampere:0-4A) are equipped with the
chamber.

(3) To measure ion fluencies in the irradiation, Faraday cup
and $SD can be used, and in further, a parallel plate avalanche
counter for profiling ion beam and a scintillation counter for
the flux of ions will be also provided.

(I11) DOSE UNIFORMITY

Beam uniformity was checked by using dosimeters of cellulose
triacetate film(CTA) and radiochromic dye £film(RCD). Figure 2
shows the intensity profiles of the incident spot and the scanned
beams (proton, 45MeV) by using CTA dosimeter. In the profile of
the scanned beam, the dose in its central part is ca.l0% higher
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than those in other area. This reflects the feature of bheam-
scanning magnets, By using this chamber, the specimens with the
shape of 10x10cm2 can be irradiated within the dose uniformity of
3% except the central part(ca. 102>,

Solar Simulator

Incident Beam

]

Holder Rear Port

Fig. 1 Schematic Drawing of Chamber for lon Irradiation of Solar

Cells and Semiconductor Materials
5:XY slit, PM:Beam profile moniter, FC:Faraday <cup,
SH:Beam Shutter, BS:Beam stopper, SSD:Silicon.detector

== ALY

AT 1T "f—T]— !

(a) Spot Beam (b) Scanned Beam(Central part of gx8cm
Irradiation:100nA,50s Irradiation:100nA,70min,
gcanned rate:0.5Hz at Y axis
and 50Hz at X axis,
Scanned size:gx8cm®,
Average dose:!67KGY.

Fig. 2 CTA Profile of 45MeV-proton Beam
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2 Heavy —ion Irradiation System for the Study of Single —event Radiation

Effects on Semiconductors by Using AVF —cyclotron

Hisayoshi ITOH, Toshio HIRAO, Yousuke MORITA, and Isamu
NASHIYAMA

Department of Materials Development, JAERI

L INTRODUCTION

Single-event phenomena such as soft-errors, latchup, and burn-out of
semiconductor devices are induced by the impingement of a single high-energy ion from
the cosmic ray environments in space.l} These phenomena result from that dense electron-
hole pairs generated along the ion track deposit additional charges in memory cells, change
current paths in device circuits, and introduce lattice damage in device structures.2)
However, the fundamental processes of the single-event phenomena, e.g., the transient
behavior of the dense electron-hole pairs, have not yet been clarified up to now. It is
important to reveal those fundamental processes for the complete understanding of the
mechanism of the single-event upsets, the prediction of the error rates in electronic devices
to be used in space, and the development of error-free devices. In addition, it is
ihdispensablc to acquire the data on the single event upsets of the devices fabricated for the
space application.

For the basic research of the single-event phenomena and the test of the error rates
of electronic devices by energetic ions, we have fabricated an ion irradiation equipment
connected to a heavy-ion beam course of JAERI AVF-cyclotron. We study ion irradiation
effects on the elecirical and the optical properties of semiconductor materials and devices

by using this equipment.

II. ION IRRADIATION SYSTEM
The equipment consists of two irradiation chambers HE1 and HEZ2, which are
shown schematically in Figs.1(a) and 1(b), respectively. The typical specification of the

equipment is described below.

Each chamber has an ion pump and turbo molecular pump evacuation system. The
ultimate vacuum pressure is the order of 10-8 Torr. The alignment of the samples to the ion
beam is made with an He-Ne laser (A=0.63um). The fluence rate of heavy-ions is obtained
by detecting the current from the Faraday cups and/or from the sample holders. The
approximate beam profile can be observed with an alumina monitor placed at the target
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position and TV camera. All the X-Y slits, the Faraday cups, the shutters, and the gate
valves are remotely controllable. '

The cryostat on the two-axes goniometer is installed in the chamber HEL. The
temperature of semiconductor samples can be controlled in the range between 20K and
300K. The incident angle of heavy-ions to the sample surface is varied by rotating the
goniometer controlled remotely. The change in the optical properties (reflectivity,
transmission, luminescence, etc.) of samples by ion irradiation is measured with the streak
camera system (Hamamatsu C1587). From those data, we can get the information about
electron-hole pairs and defects induced by the irradiation.

In the chamber HE2, two kinds of goniometers (four-axes and two-axes
goniometers) are installed. Both goniometers are also remotely controllable. Thin metal
films used as an ion-scatterer are attached to the four-axes goniometer stage. Device
samples placed on the two-axes goniometer stage are irradiated with scattered ions which
are homogeneous and have a low fluence rate, and the number of the soft-errors occurred in
the irradiated devices is counted with a computer system. The energy and the fluence of the
scattered ions are detected with an SSD connected with an ion-counting system. The error
rates are obtained from those data. The irradiation conditions such as the incident energy,
the fluence rate, and the effective LET of ions are variable by the use of different scatterers
and by the alternation of the incident angles of ions to the scatterers and to the devices.

REFERENCES _
1) E.L.Petersen, in the Text of Tutorial Short Course in IEEE 1983 Nuclear and Space

Radiation Effects Conference, held on July 17, 1983, in Gatlinburg, TN, USA.
2) J.C.Pickel, in the Text of Tutorial Short Course in IEEE 1983 Nuclear and Space
Radiation Effects Conference, held on July 17, 1983, in Gatlinburg, TN, USA.
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4.3 Measurement of Transient Currents Induced by Heavy ion Microbeams

Toshio HIRAQ, Toshiji NISHUUIMA*, Tomihiro KAMIYA, Hidenori
YUTOH, Yousuke MORITA, Isamu NASHIYAMA, and Ryuichi

TANAKA

Japan Atomic Energy Research Institute
*Electrotechnical Laboratory

1. Introduction

Excess carriers generated by the passage of a single heavy ion in the sensitive region
of memory devices can give rise to non-permanent changes in data patterns stored in the
memory. This phenomenon is known as a single event upset (SEU). As integrated circuits are
scaled down in size, they become more sensitive to SEUs, because the amount of charges
which is sufficient enough to trigger the upset becomes lower with increasing junction sizes of
the devices.

In recent years, several attempts have been made for the direct measurements of
extremely fast transient currents induced by the single ion strikes on the p/n junction, and
charge collection mechanisms such as drift, funneling and diffusion effects have been studied
(1,2,3). However, these measurements were made only for light and heavy ions with limited
ion species and energies.

In the present work, we apply carbon ion microbeams in order to obtained detailed
information about the charge collection mechanisms of the SEUs, and pico-second current

transients in a p/n junction diode are measured under various bias conditions. Total collected

charges are evaluated from the current transients obtained.

2. Experiment

Carbon ion microbeams of approximately 1pm in diameter were provided for the SEU

experiments using a microbeam apparatus connected to the 3MV tandem accelerator at JAERI
Takasaki (4,5). The method of the experimental setup is schematically shown in Fig.1. The
measurements were performed using the microbeams with the energies of 3, 5, 10 and 15

MeV. The samples used in the present experiments were low-capacitance p/n junction diodes

— 100 —
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with a n-type base-layer of doping level 2 x 1015 cm3, 50um® junction area, and 250pum x

250pm chip‘ size. The sample diode was mounted on a chip carrier with 50€2 double-ended
micro stripline(6).

Transient currents were measured under the bias conditions of 15,10, and 15V using
wide-band coaxial cables of 50Q impedance and a 40 GHz wide-band sampling oscilloscope

(Tektronix model CSAR03).
Since radiation damage and signal pileup were observed for beam currents above

~1x10°'2 A, we applied the beam currents less than 10°1# A for the present experiments.

3. Results and Discussion

Figure 2 shows several waveforms of the transient currents induced by 15 MeV
carbon ions in the silicon diode under different bias conditions. The pulse height and total
collected charge increases with bias voltage, corresponding to the increase in the depletion
layer thickness of the diode. The waveform exhibits a sharp peak followed by a slightly long
tail. This current waveform is understood by the superposition of the prompt component with
a rise time about 200ps and the delayed component with a nano-second decay time. The
prompt component is known to be the suﬁl of the drift and the funneling currents. The
former is due to charges collected from the depletion layer of the p / n junction diode. The later
is charges collected from the electron-hole plasma column created along the trajectory of
incident jons beyond the depletion layer. The slow component is due to diffusion of the
excess minority carriers induced around the plasmé column. The current perturbation
observed at around 3ns after the peak in Fig. 2 is caused by the signal reflection ét the cable
connectors.

We introduce a funneling factor defined by QT /QL, in order to make clear the effect of
the funneling, where QT is the total amount of collected charges which can be obtained from
the time integral of the current waveform by applying a correction factor related to an attenu-
ation of the signal intensity through the cable. The ideal amount of charges, Qu, collected

from the depletion layer are theoretically derived by the following equation,
Q =q-LET- p(Si)+ L/ W=LET- p(SD)- L/ 22.5 (pC) (1)

where, q is unit charge, LET linear energy transfer in MeV/(mg/em?), p (Si) the density of

silicon in g/cm3, L the depletion layer thickness, and W the energy necessary for creating one

— 101 —



JAERI-M 93-047

electron-hole pair in silicon. When the funneling factor is less than unity, charges are collected
mostly from the depletion layer. Whereas, when the funneling factor is greater than unity,
additional charges are collected from the substrate by the funneling effects.

We obtained funneling factors for various beam energies and bias conditions as shown
in Table 1. The funneling factors are 1.7~2.6 for 10 MeV and 15 MeV Cions, indicating that

a significant funneling effect exists and the funnel length defined by L - (funneling factor - 1)

is 2~4 pm. For 3 and 5 MeV beams, funneling factors are less than unity, which

corresponds to the fact that the ion ranges are shorter than the depletion layer.

4, Conclusions

By applying carbon ion microbeams combined with a wide band-width measurement
systern, transient currents induced by the heavy ion incidence on a silicon diode are measured
successfully for the first time. Significant funneling effects were found for the carbon-ion

strikes with energies above 10 MeV.
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Figure 1. Block diagram of the electronic system for transient current measurements.
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Figure 2. Effect of bias on SEU transient current induced with 15MeV C** jons.

Table 1. Funneling factors for 3 ~ 15 MeV c*tion
strikes on silicon diodes under various bias voltages.

Funneling Factor

Beam Energy Bias (V) / Depletion Layer (pm)
(MeV) -5/1.96 | -10/2.66 | -15/3.21

3 0.89 .58 0.59

5 0.90 0.48 0.46

10 2.25 1.93 1.71

15 2.65 2.57 2.37
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4.4 Metal lon —implantation in Amorphous Silica Glass

Osamau YODA
Department of Materials Development, JAERI

It is well known that metal clusters enclosed in glass show peculiar optical
properties; absorption of light in the visible region and hence coloring, and
the non-linear optical response to the incident light intensity. If ome can
create metal clusters with the controlled size, shape and concentration in a
transparent matrix such as glass and plastics, those materials would be inter-
esting from the viewpoint of the application to optical devices.

Ton-implantation with the use of an accelerator is one of the most suited
techniques for the introduction of foreign particles into materials. The
position of implantation and the concentration of metal ioms can be controlled
quite easily. However, little is known not only about the states of implanted
particles and the matrix but about the way to form clusters with the definite
size and shape.

With a view to understanding metal ion-implantation in glass and to attempt-
ing the formation of regulated clusters in the matrix, the author has started
to try implantation experiments by use of a tandem ion accelerator (9SDH-2,
NEC) installed recently in JAERI-Takasaki.

So far Au?? and Nilt ions have been implanted in silica glass (Suprasilf@ﬂ,
0.285mm thick, for a fluence level of 3x1016/cm2 with an acceleration energy
of 3MeV. Implanted materials exhibit tints in red and brown by implantation
of gold and nickel, respectively. Small-angle X-ray scatterings (SAXS) from
as-implanted materials have been measured to investigate inhomogeneities which
might be introduced in the expected homogeneous glass matrix.

Figure 1 shows a logarithmic plot of SAXS intensity vs. the momentum trans-
fer k (= 4msin 0/ 2) from matrix glass with 6 and A being half the scatter-
ing angle and the wavelength of X-rays, respectively. In Fig. 2 are shown
SAXS from the glass implanted with gold. Little difference can be observed
between these two figures.

The above situation suggests the following possibilities. 1) The implanted
metal atoms disperse uniformly in a region limited by the acceleration energy.
2) The concentration of metal particles introduced in glass is insufficient to
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reveal adequate contrast in SAXS even though they form clusters.

The slight coloring of the implanted glass mentioned earlier supports the
latter possibility.
size and shape of as-implanted clusters by means of SAXS.
mined the morphology of as-implanted clusters, the author will attempt to
modify the shape and size of the cluster by applying thermal stress as well as
magnetic field.

The author would like to thank Drs. H. Naramoto, S. Yamamoto,
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and A. Miyashita for help in ion-implantation experiments.

Further implantation is then necessary to determine the
After having deter-

H. Takeshita

FSIB20 . ]
TIME = 4000 (sec) Y
L = 1578 Cmm)d -,
GAIN = 512 (chd .
OFFSET = 0 .,
o
PHAI = 8@ (deg? e S,
-,
e
o
- Lo T
L TP . o se
g) .y ER ‘..n. Al A ,‘."‘.“00"-‘ ..’.-.....
0 . ]
¢ .1
K(=2#PAI%s)
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Fig. 2 SAXS from glass implanted with Au.
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5. ORGANIC FUNCTIONAL MATERIALS
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5.1 Irradiation Apparatus for Preparation of Porous Films
by loen Track Effect

1), Masaru YOSHIDAI), Masao TAlADAl),

D Ryoichi KATARATZ

Department of Material Development, Takasaki Radiation
Chemistry Research Establishment, JAERI, 2)

Masaharu ASANO
Hideki OMICHI

D
Department

of Chemistry, Faculty of Engineering, Gunma University

I. INTRODUCTION

Environmentally responsive polymers have been synthesized and their

1-3)

applications have been investigated As one of the applications of
these polymers, we studied, by means of ion beam irradiation on the films,
the possibility of making porous films the pore size of which can respond to
the changes of such environmental conditions as temperature, electric filed,
pH, etc, For this purpose, an irradiation apparatus using heavy ion
beams generated from the Takasaki AYF cyclotron was designed and constructed.
In the present paper, the outline of the apparatus and a preliminary

experimental result are reported.
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B PROCEDURES

4s n raw material  for the

above-mentioped porovs scmbrane, we
used 2 copplyser wmade of  poly-
ethylene glyooi-bis-allvl carbonate
{CR~3§E>) and acrvioyl or meth-
acryioyl sonoser containing pendant
a -amine acid ester or their oligo-
wers as shows in the schemes | and
2 vespectively, It is well known
that the latter polyser exhibits
s eharacteristic thermal-response
in water such as low-temperature
swelling ot high-tewperature
shrinkage éwﬁj, pocordingly, it
iz expected that a cowbination
of radiation-sensitive CH-3% and
therpally-responsive polysers leads
to the porous wesbrane ®with an
an-off switch function.

Figure | shows  the scheme
for the fabrication of ion track
pore in polymer films, The copoly-
wor  films were first irradiated by
heavy  ion  beas, followed by a2
chemieal etching fo obiain the ion

track pore in the copoiymer files

W, EXPERINERTAL
Figure 2 shows the photogranh

of  the irradiation apparatus
connected to the ion besm Hine {(BY-
t port) of the AVF cyelotrop.  The
components  of this apparatus iw as
tollows:  chaghar, film rolier

yurntable, Faraday cup, Deas viewer,

variabie-type stit and wacuum pump.

3 Artitficially
indeligent (s
2 Vg Meavy o0
frvadiation
) Production of
~ imtant tracks

4 Crat £t 1 3 ik thE ]
N oo Dhemical
fatent tracks
BITTE Y s R TR IR

Time

Fig, 1 Scheme for the fahrivation of ion
track pore in poiymer films

ahicy

Fig, 2 A&n irrediation spperatus for the
praparation of jon track pore
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8

The vacuum system keeps the vacuum level at 5x 10 ° Torr.

Figure 3 shows the illustration of the irradiation apparatus, The
chamber, 35¢m in diameter and 86cm in height, can be used either for the
irradiation of small square samples and for the roll of films, For small

square film irradiation, six samples of Hcm square can be set on the turntable

sample holder. The angle of incident ion beam is controlled by changing
the direction of the sample holder, The maximum irradiation width and length
of the rolled film are 10cm and a few meter, respectively. In order to

irradiate the film homogeneously, the forward movement of the file is
synchronized with the movement 1in the perpendicular direction. In other

words, the film proceeds in a zigzag pattern during irradiation.

Turntable sample
holder

SO |
=
O Sl

fon beam

\ 2

Film roller

Faraday cup

Quartz Variable-type slit

Turntable System‘m7 z//g/”FiIm roller

(2

E@__z:{?%gu

et 57

Fig. 3 {llustration of the irradiation apparatus
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IV. RESULTS
(1) Ability of irradiation apparatus

Figure 4 shows the efficiency

of evacuation for this irradiation

apparatus. After 7 min s evacuation
with a rtotary pump the degree of
vacuum teached 5><10_3 Torr. Then, a
turbo-pump was acutuated_6 The degree

of vacuum reached 8X 10 ° Torr after

2.5 min and 8><1047 Torr after 20.5
min, It was found that 2.8><1078
Torr or a lower degree of vacuum could
be obtained by baking ( 150°C, 24h ).
This  vacuum level8 satisfies the

specification (5% 10 ° Torr).

{2) Tests of ion beam irradiation

The ion beam of bH0MeV He2+ was

followed by the current monitor. It
was found that the spotted beam
position could be controlled by obser-
vation of light emitted on quartz
target. The shape of the scanned

beam was squarein a size of hcm.

REFERENCES

Turb—pump
start

TO“ZIE' : 2
FOR IR =
- E
;2 -
~— [
e 107 F
= -
= E
o -
g -

10°°
e
O
[ob)
[+b]
& 107°
QL
[

1077 Lﬂv 1 1 1 ]
0 5 10 15 20

Time (minutes)

Fig. 4 Efficiency of evacuation for
the irradiation apparatus

1) Y. Okahata, H.J. Lim, G. Nakamura and S. Hachiya, J. Am. Chem. Soc., 105 .

4855 (1983

Tanaka, 1. Nishio, S.T. Sun and S. Nishio, Science, 218 , 467 {1982)

Yoshida, M. Asano, and M. Kumakura, Eur. Polymer J., 25, 1197 (1989)

Yoshida, M. Asano, M. Kumakura, R. Katakai, T. Mashimo, H. Yuasa, and

7. 159 (199D

Yoshida, M. Tamada, M. Kumakura, and R. Katakai, Radiat. Phys. Chenm.,

2) T.
) M. Trie, Macromolecules, 19, 2890 (1986)
4) M.
5) M

H. Yamanaka., Drug Design and Delivery,
6) AL

8, T(1991)

— 112 —



5.

JAERI-M 83-047

2 Trial Preparation of Phthalocyanine,”Copper Hybrid Thin Films
Using PVD and IBS Methods

Yoshinobu IZUMI, Fumio HOSOI, Masao TAMADA
and Hideki OMICHI

Funci. Mat. Lab. 1., Dept. Mat. Develop., Takasaki Radiation
Chemistry Research Establishment, JAERI

INTRODUCTION
Since the early 1980's, the ideas to synthesize hybrid materials have attracted

many scientists in the field of materials development. The hybrid material means the

composite material consisting of such plural materials as organic and inorganic matenials
in the state controlied at a molecular or an atomic level. The plasma polymerization, L-B
method, ion beam sputtering (IBS) deposition and ion implantation method have been
studied and expected as possible candidates to realize hybrid materials by reason that they
are the best methods 1o hybridize materials in the state controlled at a molecular or an
atomic level. It is earnestly expected that the development of such techniques will lead not
only to the modification of conventional materials but also to the production of entirely
new materials. Hara M. and his co-workers studied the epitaxial growth process of
copper phthalocyanine (CuPc) onto various substrates by using OMBE method!. Inaoka
K. and his co-workers have studied the crystal growth process of metallic layer
evaporated onto monocrystalline stearic acid?), and that of stearic acid evaporated onto
inorganic monocrystals34),

lon implantation is expected as one of the possible methods for hybridizing
organic and inorganic materials. Recently, fon implantation into organic materials has
been extensively studied. Many of them aimed ar the improvement of electrical
conductivity of organic materials caused by doping effect. There are some egxamples 1n
which the electrical conductivity of organic materials was raised by ion implantation
method36). It was concluded, however, that the result was caused by decomposition,
degradation or carbonization of organic materials”.

On the other hand, the deposition of metallic substances onto organic materials
by using a low energy IBS technique is expected effective for hybridizing organic and
inorganic materials to improve electrical conductivity and optical properties without
degradation of organic materials.

We planed 1o synthesize hybrid thin films without degradation of organic layer
using PVD, CVD and IBS methods, and fabricated the apparatus for preparing hybrid

thin films. Prior to the study using this apparatus, we made a preparatory experiment of
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the low energy IBS for hybridizing HoPc and Cu, and compared characteristics of IBS
with that of ion implantation. In the present puper, we report an outline of the apparatus

for preparing hybrid thin films and the result of the trial experiment.

THE APPARATUS FOR PREPARING HYBRID THIN FILM

Fig. 1 shows the apparatus for preparing hybrid thin films fabncated in

September of 1991. This apparatus is equipped with the chambers for laser CVD, surface
analysis and IBS deposition. A sample treated in each chamber can be conveyed to

another chamber for next process without contacting with air.

Laser CVD chamber
§

IBS chamber
Jon source

Analysis chamber
(XPS, AES)

i

Windows for laser
beam incidence

i [ vy o

Fig. 1 The apparatus for preparing hybrid thin films

In the laser CVD chamber, orientation-controlled organic thin films can be
synthesized by using CVD of organic gas and ablation of polymer. The orientation-
controlled organic thin films can also be photopolymerized in this chamber. An excimer
laser system (Lambda Physik LPX 105 icc) is equipped as the UV light source for CVD.
This laser can radiate ArF (193 nm) and KrF (248 nm) lights with the pulse energy of
200 mJ/pulse and 300 mJ/pulse, respectively. The IBS chamber is equipped with two ion
sources for ion beam processing. Both of them can generate Art and He* ion beams with
the acceleration energy up 1o 5.0 kV. Four targets for sputtering can be installed within
this chamber. In the analysis chamber, the surface analysis system (Parkin Elmer 235) is
equipped, and XPS and AES are employed to analyze on the hybridized thin films.

EXPERIMENTAL
Mazterials and phyvsical vapor deposition
HoPc thin films with a thickness of about 50 nmn were prepared by the

sublimation from HpPc powder onto the glass substrates, Au vapor deposited substrates
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and fused silica substrates. During that process, the pressure was kept under 10-3 Pa and
the subsirates were kept at 300 K.
IBS deposition . ion implantation and analvses on the hvbridized thin films

H,Pc PVD thin films were loaded into the chambers for IBS deposition of Cu
and Cu* implantation. In the case of Cu IBS, Cu target was sputiered by Ar* ion beams
with an acceleration energy of 0.3-2.0 kV and a current of 225 UA. In the case of

implantation, HoPc PVD thin films were irradiated with Cu* lon beams with an

acceleration enerey of 10.0-50.0 kV, a current of 5 nA and a fluence of 1x1013 jon/cm?.

Before and after IBS deposition of Cu and Cut implantation, Cis, Nis and Cuzyp

photoelectron spectra, UV and FT-IR spectra of the films were measured.

RESULTS AND DISCUSSION o
Fig. 2 shows the UV absorption

<
[#A)

ORIGINAL

spectra of HoPe PVD thin films irradiated g
with Cu* ion beams. Because of the low ﬂi osl
fluence, the absorption due to Cu was :‘2 '
thought negligible, and 1t was considered ool
that the absorption increase in the region
near 500 nm was caused by carbonization 0 , :
150 300 500 700

of HoPe?), On the other hand, the decrease
Wavelength  (nm)

Fig. 2 UV absorption spectra of HoPc PVD
. thin films irradiated with Cu¥ 1on beams.
by Cu* ion beams. Cu* fluence = 1x1013 ionfcm?.

in absorption at 210, 330 and 630 nm was

caused by dissociation or etching of HaPc

Fig. 3 shows the UV absorption - IR
spectra of HgPc thin films deposited with I
Cu by IBS method. The absorbance in the oste o .
region near 500 nm increased similarly to x"',‘!l N
the case in Fig. 2. But this increase in § 0.67’}"\': |
absorbance was due to the absorbance of é 'ﬁ\ / \
deposited Cu, so the carbonization of 2 sl \\{f \
H-Pc during IBS deposition process can v‘{ '
be regarded negligible. Three absorption 0.2F
peaks did not change in intensity in this
case. In other cases with depositions at 005 o0 '5%0(-) 0

hieher Ar+ acceleration energy, on the Wavelength  (nm)
g b

other hand. the kinetic energy of sputtered  Fig. 3 UV absorption spectra of HoPc PVD
thin films deposited with Cu by IBS method.

Cu narticles is higher, and the erching of .
P = 2 Ar*ionenergy = 0.5 kV.
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HaPc layer was caused. Therefore, the deposition of Cu particles with the energy as low
as possible is indispensable in order to avoid the destruction of organic layer, and the

IBS method is superior to ion implantation method as the means for hybridizing HaPc

and Cu.

CONCLUSIONS

 We have studied the low energy ion beam sputtering (IBS) for hybnidizing
HoPc and Cu, and compared with fon implantation. In the case of Cu* ion implantation,
H>Pc PVD thin film was degraded and etched. On the other hand, the degradation and
etching of samples were not induced by Cu IBS deposition. The deposition of Cu

particles with the energy as low as possible is indispensable in order to avoid the

destruction of organic materials, and the 1BS method is superior to ion implantation

method as the means for hybridizing HpPc and Cu.
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5.3 Construction of a Wide Area Irradiation Chamber for

Polymeric Materials and Dose Uniformity

Tsuneoc SASUGA, Hisaaki KUDHO and Tadao SEGUCHI
Department of Material Development,JAERI Takasaki

I. Introduction
Fiber reinforced plastiecs (FRP) and polymer films are used
in space environment as the structural materials and thermal

insulator of artificial satellites and space station. These
materials are subjected to irradiation of electrons, protons and
heavy ions like iron under low and high temperature. For selec-

tion and application of the materials used in space, knowledge
about the ion irradiation effects is necessary.

Glass fiber reinforced plastics (GFRP) are expected to be
used as an insulator for super conducting magnets of a fusion
reactor. In this environment, GFRP is irradiated by 14 MeV neu-
trons and gamma rays under cryogenic condition. It is well known
that neutron irradiation effects of organic materials is caused
by recoiled protons created by collision of the incident neutrons
to the hydrogen atoms in medium!. So that, neutron irradiation
effects could be simulated by proton irradiation.

On the scientific view point, the effects of linear energy

transfer (LET) on polymer degradation is an interesting matter.
The LET effects on chemical reaction and products have been
extensively studied, but the reports of the LET effects on the
mechanical properties of polymeric materials are very few? ™,
Wwe constructed a chamber to irradiate specimens widely and uni-
formly as possible to measure mechanical properties. In this
paper, the design concept of the chamber and the characteristic
of the dose uniformity are presented.

II. Design concept

(1) In order to measure the changes in mechanical properties
of materials, uniform irradiation on wide area of the sample 1is
essential. The chamber is mounted on a port where ion beam can
be scanned to 100 mm x 100 mm.

(2) In irradiation of organic materials, a lot of gas evolu-
tion is unavoidable. $o, the chamber is composed of the to the
two vacuum vessels having individual exhaust systems, and these
vessels can be isolated each other by metal foil inserted between
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the vessels, if required. BS1

(3) Providing for several
kinds of irradiation mode,
like ambient temperature, low GV1 ﬂ C gg
temperature and in situ irra- T
diations, three types of ' A i- 1
sample holder modules are
equipped.

(a) Ambient irradiation
module: Four sample holders TPl
and one empty hole used to ' CV4
observe beam profile are D9
aligned on the turret made of
aluminum. The sample holder
have graphite beam stopper and
cooling water jacket Jjust RE1
behind them. So that, four |
samples can Dbe irradiated RE2
sequentially whiteout breaking | '
vacuum.

(b) Low temperature Figure 1. Illustration of Chamber.

irradiation module: The sample
. di A: Vacuum vessel 1,
can be irradiated below -100 p. yacuum Vessel 2,

C. Sample is cooled down by RP: Rotary pump, TP: Turbo pump,

liquid nitrogen flow through GV: Gate valve, BS1; Beam shutter,
: : b to fo

the thermal conduction jacket. BS2: Gate type beam SLOPPEY r

beam trimming

(c) Stress relaxation
module: The module is used to measure stress relaxation under
irradiation at ambient temperature.

(4) Other equipments: Beam shutter (used during change of
sample), several view and assist ports, and gate type beam stop-
per for trimming the edge of scanned beam are available.

The chamber constructed on the basis of above concept is
illustrated in Figure 1.

III. Dose uniformity

Dose uniformity was checked by using a cellulose tri-acetate
film dosimeter (CTA, 100 mm x 100 mm, 0.125 mm thickness). Figure
9 show the incident spot beam profile in the irradiation by 45 MeV
proton with the current of 100 nA for 50 seconds. The diameter of
beam is approximately 10 mm and the optical density becomes to
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reduced toward outside. As the optical density reflects absorbed
dose, it means the higher in dose toward the center.

S Y S S

Figure 2. The profile of spot beam Figure 3. Scanning beam
{45 MeV proton). profile.

The dose profiles obtained by the scanning of this spot beam
to 80 mm x 80 mm is shown in Figure 3. The scanning rate of the
spot beam is 50 Hz for horizontal direction (x-direction) and 0.5
Hz for vertical direction (y-direction). It cam be seen that the
dose distribution is uniform for y-direction, but the dose at the
edges of beam turning and at the center are high. Figure 4 shows
the dose profile at the left side edge (the area is indicated in
the Figure). The dose is calculated to 67.3 kGy by average and
the edge of beam is 81.0 kGy, i.e., 20 ¥ higher than the average.
Figure 5 shows the profile at the center area (50 mm x 50 mm) of
CTA film. The dose is 66.6 KGy by average and the one at the
center part (about 10 mm width) is 75.4 kGy (13 ¥ higher).

These dose distribution is brought about by the performance
of power source of scanning facility. So, reduction of ununiform-
ity at the center is wunavoidable, but at the edges can be im-
proved by over scanning and trimming of beam edge by beam slit.
By using the gate type beam stopper shown in Figure 1, the speci-
mens with the size of 100 mm x 100 mm can be irradiated uniformly

except the center part.
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N
N
N

Figure 4. Scanning beam profile Figure 5. Scanning beam profile

at the left side edge. at the center part.
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5 4 Radiation —induced Adhesion at fe— PTFE Interfaces — |

Mufamad GAFARI , Hidetoshi YAMABE®*, Yoji NAKAMURA*®*, Teruya
SHINJYO*** , Nobuyosi HOSOITO***, Hidefumi TAKESHITA®*®%,
Yasushi AOKI****, Shunnya YAMAMOTO****, Hiroshi NARAMOTO****,

Nisshin Steel, Steel R&D laboratories, Osaka 592 Japan

*  Nisshin Steel, Steel R&D Laboratories, Chiba 272 Japan

** TFaculty of Science and Technology, Ryukoku University, Otsu
520 Japan

+*++ Toctitut for Chemical Research, Kyoto University, Uji 611
Japan

ssssT pacaki Radiation Chemistry Research Establishment,
JAERI, Takasaki, Gunma, 370-1Z, Japan

I . INTRODUCTION

Interest in Teflon-Metal has been encouraged by the observation that
irradiation of Fe-Teflon with ion beams in the electronic stopping region
results in a significant adhesion enhancement at the Fe-Teflon interfaces.
This discovery may have a technological significance in applications, such
as corrosion protection and thin film technology. Therefore, it is of
fundamental interest to understand the reason for the improvement of the
adhesion at the interfaces. Microscopic methods, such as MHssbauer
spectroscopy could contribute to the understanding of the complicated
structure in the interfaces. In present paper, we will demonstrate the
usefulness of Conversion Electron Mossbauer Spectroscopy (CEMS) for

identification of different components located in the interface.
TI . MATERIALS AND METHODS

The specimens were prepared by sequentially vapor deposition of 25 A °7Fe
and 155 A °°Fe onto the Teflon substrates using electron-bean heating of
the source materials. The pressure in the deposition chamber was 107° and
10~® Torr before and during deposition, respectively. The evaporation rate
( as measured by quartz-crystal oscillator ) was 1 A/min, °7Fe atoms

behave as probes at the interface between Teflon and Fe. The layer of °‘Fe
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acts as protective coating material for °’Fe. The irradiations of samples

were performed with 15 MeV S ions. The samples were bombarded to doses

ranging from 10'* to 10'° ions/cm®. The beam current was kept at about 9

nA/cm?. The CEMS was used for the characterization of interfaces in the

surface region within the range of 7.3 KeV conversion electrons.

II.RESULTS AND DISCUSSION

Fig.1 shows the Mossbauer
spectra of *"Fe atoms on
the Teflon. Before irradia-
tion, the °"Fe atoms located
in the interface consist of
metallic iron and Fe®*. The
irradiation at different do-
ses, however, alters the sh-
ape of the spectra. The ana-
lysis of Mossbauer spectra
of irradiates that iron
atoms located in the
interface are mainly in Fe®*
and Fe?* charge state. Fe®*
charge state is due to form-
ation of Fe-0 compounds. The
Fe?*charge state, however,
is mainly due to the forma-
tion of Fe-F and Fe-F-C
compounds. The formation of
the Fe-F and Fe-F-C compou-
nds at the Fe-Teflon inter-
faces leads to the adhesion
enhancement. In other words,
 the induced Fe-F and Fe-F-C
compounds at the Fe-Teflon
interfaces is correlated
to the adhesion enhancement.

RELATIVE EMISSION

T LT L
Unbombarded

lOIS jons/cmt

ALY

VELOCITY tmm/s)

Fig.l Mossbauer spectra of 7Fe atoms
on Teflon before and after

irradiation
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6. INORGANIC FUNCTIONAL MATERIALS
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6.1 In—situ Observation of Damage Evolution in Sic Crystals

During He + and HZ2 + Dual —ion Beam I[rradiation

K. Hojoul, S. Furuno!, H. Otsu! and K. Izui*

1 Department of Chemistry, Japan Atomic Energy Research
Institute, Tokai-mura, Ibaraki 319-11, Japan

2 Faculty of Education, Nagasaki University, 1-14, Bunkyvo-machi,
Nagasaki—shi, Nagasaki 852, Japan

1 Introduction

In—situ observation of damage evolution in ion irradiated materials is important for simu-
lating plasma-wall interaction as well as 14MeV neutron irradiation damage in a fusion
reactor[1,2].

We constructed an in—situ observation system consisting of 100kV electron microscope
linked with a 10kV ion accelerator and a parallel electron energy loss spectrometer{ Paral—
lel-EELS )[3]. Using this system, we have observed the dynamical processes of structural
changes in SiC crystals irradiated with helium [4] and hydrogen jons [5} at various tempera—
tures and found various irradiation conditions under which amorphization and bubble forma-
tion occurred. Furthermore, compositional changes in SiC due to hydrogen 10n irradiation at
room temperature were found with parallel-EELS[6].

Recently we have developed a new system of in—situ observation and chemical analysis of
materials during dual-ion beam irradiation within a 400kV eclectron microscope {7,8],
aiming to promote simulation experiments to match more complex situations m which ions
of more than two species are simultaneously injected.

In the present experiments, effects of simultaneous He* and H," ion irradiation were
examined and the results were compared with that obtained by He" ion irradiation after H,*
pre—irradiation.

2 Experimental procedures

The specimens used in the present work were SiC sintered polycrystals containing beryl-
lia(BeO) powder less than 1wt%, which were supplied from Hitachi Research 1td. The
structure of SiC crystals were hexagonal 6H type. Disks with about 3mm diameter were cut
out from a plate by ultrasonic machining and a center part of the disk was polished to a
thickness of 10-20um with a dimple grinder to form concave lens shape. Thin films suitable
for electron microscopy were then made by 2.5keV Ar* ion bombardment with etching angle
of about 20° at room temperature.
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