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PREFACE

This is the second amnual report on research activities which have
been carried out with JAERI tandem during the period from April 1, 1983 to
March 31, 1984. |

The tandem and experimental facilities have operated satisfactorily in
this period. On a regular schedule, the tandem operates in accordance with
the operation cycle which is composed of about 3 months for research
studies and the machine developmeﬂt and then 1 month for the maintenance.
The machine time is rather crowded and is allocated by the program advisory
committee,

Main subjects of our research activities are following five:

1) Atomic and selid state physics

2) Radiation effects in materials

3) Nuclear chemistry

'4) Nuclear physics

5) Fast neutron physiecs

In the period, more than 60 staff members.in JAERI have been working
in the five fields of researches, and about 40 colleagues of universities
and institutions outside JAERI have joined and collaborated in these
studies. The tandem provided various kinds of heavy ions for these
purposes.

A joint seminar on heavy ion nuclear physics and nuclear chemistry was
held at Tokai Research Establishment of JAERI, January, 1984, and several
experimental results described in this annual report were presented in the

seminar. The report of the seminar is published in JAERI-M 84-085.

KA e~ pauniea (Yanad o
Kichinosuke Harada

Director,

Department of Physics

(4)
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1.1 Tandem Accelerator Operation
Tandem Accelerator Group

Accelerators Division, Department of Physics,

Japan Atomic Energy Research Institute

Accelerator operation

The scheduled operation for experiments was performed through the fiscal
year containing four short periods for the scheduled maintainance., The fol-
lowing are summary of the operation from April 1, 1983 to March 31, 1984,

1) Time distribution by terminal voltage

17-18 MV 1 days 0.6 % 11-12 MV 4 days 2.5 %
16~17 22 14.0 10-11 11 7.0
15-16 21 13.4 9-10 15 9.6
14-15 51 32.5 8- 9 2 1.3
13-14 24 15.3 7- 8 1 0.6
12-13 5 3.2
2} Time distribution by projectile

H 2 days 1.3 % Cl 52 days 33.1 %

D 14 8.9 Ni 8 5.1

B 1 0.6 Cu 1 0.6

C 38 24,2 Br 3 1.9

0 21 13.4 In 1 0.6

F 2 1.3 I 1 0.6

si 1 0.6 Others 7 4.5

S 5 3.2 (N,P,Kr,Xe etc. for test)

3) Time distribution by activity

Operation for research 160 days 44 Z

‘Atomic and solid state physics 20.5

Radiation effects in materials 19

Nuclear chemistry 27

nuclear physics 64.5

Fast neutron physics 13

Accelerator development 16
Voltage conditioning 38 10
scheduled maintainance(4 tank openings) 85 23
Unschduled repairs (2 tank openings) 13 4
Holidays and vacation 70 19

The negative ions were produced by Hiconex sputter cone SOULCE, Heinicke-

-3 -
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T HAIEAIMIVAMAIWAJ I |Ia!ualma|IVBlVa|VlB[Vﬂ 0 Penning source and a direct
i ’ .
1 |n i 1 extraction duoplasmatron
S = ,
= =sTe 7 o5 lio source. Practical amounts of
2 (L |Be] clnlo I F_|Ne , ;
NN P A 2 negative ions of 72 elements
11z 1314 NSN&ITNs
3 |NofMg arjstipisiciiarl 3 have been extracted from the
A :
19 (2021|2223 |24 (25|26 (27|28 |23 |30 {31 |32{33|34]35]36 ion sources and 26 kinds of
4 |k |calselTi|v |er|Mn|Fe |coln Zn|Ga/Ge |as k| 4
NN N ions of them were already
37|38 [39(40(a1]42]|43]44 (4546 |47[48]49{50 |51 |52| = |54
S [rolsr \{‘ Zr [Nh Moy Te Ry |Rn Q’ \M\Cd 2480 8T ’S& 5 tried to accelerate to date.
55|56 (57 [r2[72 [74|75]|76 |77 |78 |78 00|81 [02 [0z ]84]85 s
6 [cs|Ba| | IHr To W [RelOe Lir [Pt |4y 1 Ho | TLIPbB1 fPo At [Rn 6 | They are now usable for expe-
n N Dy : . ‘
57188 |82]50] o1 |92 riments. In the periodic ta-
T |FrlralAc|m|ra |y 7 ]
. ble of fig.l, the extracted
57-71 E: 58(59160)61 (62 |63[6a[65]66 67|68 |69 |70 (71 [57-71
Ge [ Pr [ Nd| Pm i
Lanthonide 1 ;\\et \r e Sm ‘Eu Gd Th Dy HelErITmIv bu ) and accelerated ions are
{14 [0 A|Da|a|Va[Rafmel  vI 18| 18] Dejive|ve el O | shown.

Fig.l. Periodic table showing the extracted
{(hatched) and accelerated{(doubly hatch-
ed) ions.

Tank openings
The accelerator was opened four times for the scheduled maintainance and
two times for the unexpected repairs in the period. Since August, 1983, no
opening during the machine time periods has happened.
1) April 15-May 12, 1983
Scheduled maintainance.
2) June 28-July 1, 1983
Unscheduled repair. BReplacement of timing drive belt of 10 KVA
terminal generator.
3) July 5-7, 1983
Unschduled repair. Repair of mechanical joint between rotating
shaft and 15 KVA terminal generator.
4) July 22-29, 1983
Legal inspection of service platforms.
5) September 5-20, 1983
Scheduled maintainance.
6) January 5-25, 1984

Scheduled maintainance.
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1.2 Production and Acceleration of Various Heavy Ions

at the JAERI Tandem Accelerator

Fisuke Minehara, Shinichi Abe, gusumu Hanashima, Masumi Ohoshima,

Tadashi Yoshida, Chiaki Kobayashi, Yutaka Sato and Mamoru Kanda

Accelerators Division, Department of Physics, Japan Atomic Energy

Research Institute

Lons of 93e, Lex, 31p,7%a, 805, 19151931, 4 209,

have been successfully accelerated by the JAERI tandem accelerator.
Negatively~-charged atomic and molecular icns of these elements were
obtained from a negative jon sputter source (NISS as an abbreviation) by
using the cesium surface ionization gun developed in our laboratory.
Details of the ion source and the gun were already reported in the
previous paperl)’z).

Several tens of cones and several kinds of gases were tested to
tnow how much current we could get from them, and how stable and how
long they worked. After this test, 13 cones of Be, Be(, BN, GaAs, Se,
ZnSe, CdSe, Ir, Bi and BiZOB’ and NHB’ PH3, SeHz, and ASH3 gases were
selected and applied to accelerate Be, N, P, As, Se, Ir and Bi.

Table 1 Typical parameters of the ion sources, negative ion

currents and iem source materials.

Ion Source NISS NISS NISS NISS
Beam Species Se Se CAs Ir
Negative Ion Current 3900nA* 76lnA* 635nA 530nA*
Ton Source Materials ZnSe C+SeH2 C+AsH3 Ir
Gas Spray / 0.53torrl/s 0.27torrl/s /
Extraction Voltage 24KV 24KV 24KV 24KV
Current 0.7mA 2. 1lmA 1.3mA 1.5mA
Focus Voltage 13.3KV 12.6KV 12.8KV 13KV
Einzel Voltage 20.1KV 17.8KV 18, 1KV 19.4KV
Ionizer Voltage 6.0V 5.8V 5.9V 5,5V
Current 214A 29A 29A 27A
Oven Current C.15A 0.16A ¢.18A 0.174

%:+This indicates the summed current of ion beams which we could not

resolve into their isotope currents.
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Typical results of the test are shown in table 1. This table contains
typical parameters of the ion sources, negative ion currents and ion
source materials.

Table 2 Beam currents and operational parameters of the tandem

accelerator. IS and AM mean the ion source and the analyzing magnet,

respectively.

Element Be N P As Se Ir Bi
Atomic Number (4 7 15 33 34 77 83
Mass Number |9 14 31 75 80 191,193 209
Ion Source Be C+NH3 C+PH3 C+ASH3 ZnSe Ix BiZOB
Materials

Negative Ion |BeH CN~ CP~ CAs Se” Ir BiOz-
Charge State |3+ 5+ 10+ 10+ 10+ 10+ 10+

Beam Current
(after IS) 100nA  3400nA  B50nA  635nA 5000nA* 530nA*  2000nA
Beam Current
(after AM) 1.0pnA 60pnA llpnA  2lpnA 50pnA i.lpnA  2.0pnA
Final Energy [(52MeV  38MeV 143MeV  145MeV 146MeV 146MeV L145MeV

*:This indicates the summed current of ion beams which we could not

resolve into their isotope currents.

Thirty elements including these 7 elements tested here have been
accelerated and used for experiments., Forty nine elements other than
the 30 elements have been extracted from the iorn sources. Typical beam
current, final energy, charge state and so on are summarized in table 2,
The beam current were measured by electron-suppressed Faraday cups
arranged along the beam lines.

References

1} E.Minehara, S.Abe, C.Kobayashi and S.Kikuﬁhi., Proc. 4th Symp. on Ien
Sources and Ion Application Technology, Tokyo, June 24th-26th, 1981,
p261.

2) S.Abe, E.Minehara, C.Kobayashi and S.Kikuchi., Proc.6th Symp. on Ion
Sources and Ion-Assisted Technology, Tokyo, June 7th-9th, 1982,
pl85.
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1.3 KrF and XeF Ion Beams for the Tandem Electrostatic Accelerator
Eisuke Minehara, Tadashi Yoshida, Shinichi Abe and Susumu Hanashima

Accelerators Division, Department of Physics, Japan Atomic Energy

Research Institute

Negative atomic ioms of inert gas elements heavier than helium are
unstable and their electron affinities have been observed to be negative.
The inert gases have been thought to be so inactive that they could not
react with others to make any compound having positive electron affinities.
Therefore, it had not been tried to obtain any negatively-charged ion beam
of the inert gases and their compounds before our work. In the previous
work(1l,2), we first confirmed the formation and extraction of KrF and
XeF 1ions from a Penning ion source with radial extraction by measuring
their mass fragmentation patterns. There is a large possibility that we
can accelerate Kr and Xe ion beams in tandem electrostatic accelerators by
utilizing them.

Krypton and xenon diflucrides were prepared by using a
eryo-quenched electric discharge apparatus(3). The apparatus is

illustrated in fig.l. They are so unstable that they have to be stored

EM B4=-3-17-3 [_ [
MAND -
METER
PG 6T -
86 i & PYREX REACTYON J
CHAMBER
Na F TRAP
LD TRAP Ai-GASET
RS
Fp BOWE L]
Kr Fy o /] ROTARY
Xafy WP
BOTTLE %“57

Fig.l. A cryo-quenched electric discharge apparatus.
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in a stainless steel bottle at 77°K to avoid the thermal disintegrationm.
An evaporation and gas feed system shown in fig.2 was reported in detail

in the previous work. The system was designed for keeping the

TO JON SOURCE .

Fig.2. An evaporation and gas feed system.

1,2. metering valve, 3. pirani gauges, 4. negative and positive pressure
Bourdon tube gauge, 5. cold bath, 6. warm bath, 7. heater, 8. refrigerator
and coolant circulation pump, 9. rotary pump, 10. oil trap, 1ll. soda~lime
trap, 12. argon bomb and regulator, 13. manifold valves, 14. gas bottle
and Bourdon tube gauge, and 15. gas container.

temperature and vapour pressure of the difluorides constant. The system
was repeatedly prefluorinated with F2 gas before use. During their
feeding to the ion source from the system, we often have to cool the
system intermittently in order to eliminate intruder peaks of impurities in
the mass spectra. By using the system, we could confirm the formation of
the KrF and XeF ioms.

A streamlined version of the system shown in fig.3 was specially
designed for feeding the difluorides constantly and minimizing their
condensation and thermal disintegration during the transfer. In order
to avoid their condensation and thermal disintegration and to maximize
their feeding to the ion source, we removed a pair of pirani gauges, one
of the metering valves and gas bottles for mass-magnetic field
calibration and long teflon and stainless steel piping lines.

The system was prefluorinated for a few days with 1 kg/cm2 F2

gas before use, The negative ion injector of the JAFRI tandem
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accelerator(4) was used as a test apparatus to increase the KrF and
XeF intensities. We could have the negative ion currents one order of
magnitude larger than the currents reported previously. Typical
EM 84-3 -18-1
BT : BOURDON TUBE

" BY: BELLOWS WMVE
By BT  MV: METERING VALVE

. O o
gﬁv GAS MANIFOLDS

ION SOURCE
MY o REGULATOR
8Y QA?
, w —X—X
AL-GASKET
FLANGES Bv

BV
o ROTARY PUMP
KrF, or XeFa
SAMPLE — oL MIST TRAP BOMB
BOTTLE l I

BATH

Fig.3. A streamlined version of the gas feed system.

intensities for KrF  and XeF were 100nA and 50na, and the maximum

ones 320nA and 150nA, respectively.

The trial to accelerate them by the tandem accelerator is now in
progress. This technique will be applicable to several interesting
fields, for examples, nuclear physics using high energy Kr and Xe iop
beams, measurements on solar neutrino flux and monitoring of "Kr
exhausted from nuclear fuel reprocessing plants.

We would like to express our gratitude to Dr.T.Sakurai of Physical
Chemistry Laboratory, Division of Chemistry, JAERI, for his help in
synthesis and supply of the krypton and xenon diflucrides.

References

(1) E.Minehara and S.Abe.,Nucl.Instr. and Meth. 190(1981)215.

(2) E.Minehara and S.Abe.,Nucl.Instr. and Meth. 212(1982)533,

(3) V.N.Prusakov and V.B.Sokolov, Soviet At. Energy, 31(1971)990.

(4) M.Maruyama, "The JAERI Tandem Accelerator Facility", Proceedings of
the Third International Conference on Electrostatic Accelerator

Technology, Oak Ridge, Tennessee, April 13-16, 1981.
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1.4 Development of Technics for Automated Accelerator Comtrol

Susumu Hanashima, Eisuke Minehara, Isao Ohuchi, Katsuzo Horie, Susumu

Kanda and Yoshihiro Tsukihashi
Department of Physics, Japan Atomic Energy Research Institute

I, Improvement of a computer system for JAERT tandem

We went on with works to switch a system program to new one for JAERT
tandem. The new system program ig intended to enable easy addition of
high level control features to the accelerator control system, while the
0old is not. The new system consists of a commercially available
multi-tasking operating system{(0S5/32), a basic CAMAC communication system
arnd application programs. The basic CAMAC communication system provides
communication between control consoles and the accelerator. It also
provides interfaces between operating parameters of the accelerator and
the application programs. These interfaces enable us to write the appli-
cation programs for accelerator control without any knowledge for internal
data structures of the communication system. In the system, addition or
deletion of some feature for high level contrel is done with only starting
or stopping such a task having the feature without stopping accelerator

control,

Hardware and software of the computer system for the control system
have been expanded for that purpose. There are 1 M bytes of main memory
and about 170 M bytes of disc storages under 2 CPU(a main system and a
backup system ). The multi-tasking operating system(0S/32) and Pascal
compiler were installed and have been used for program development. Till

the lst quarter of 1984, design and coding of CAMAC handler and basic

design of the system were completed,

2., Tests of feasibility of computer aided parameter setting for the

tandem

There are many parameters for beam transport of the tandem. Thus it
is one of the most important subject to develop technics for automated
setting of beam optical parameters. In the tandem, all optical parameters
are controlled through a computer system and they lie on a main memory of

the computer. It gives us the first basis for thinking about computer

aided beam tansportation.
For the purpose, we tested reproducibility of beam-optical conditions
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of the tandem, at first. 1In the test, some ion beam was extracted from a
negative ion source of the tandem and manually transported through the
accelerator to a Faraday cup behind an analyzer of the final energy. All
the setting value for control of the tandem were stored to a disc file for
later use. After that, the parameters of the tandem were changed to
accelerate other beams. Next, the stored parameter set was recalled to
reproduce the old beam condition. Current settings for three bending
magnets in the system were manually tuned to reproduce the old readings of
the magnetic fields. Current in-the Faraday cup was compared to the old
current reading and over all reproducibility was tested. In this way,
12C, 16O, lgF and 35Cl ion beams were accelerated and their current
readings in the Faraday cup showed no degradation in the beam
transportation in a day or even after a few months.

The second experiment was performed to examine an algolithm to set
parameters for a specific beam, In the method, a set of parameters that
provides enough transportation for some beam is used as a reference. The
new set of parameters are calculated to give the same optical effect to
the beam as the reference. A computer program is used to set the parame-
ters( about 40 parameters including steerers ). In the program, ratio
between pre-acceleration voltage and the terminal voltage of the tandem is
gelected to be same as the reference's one. In the way, 12C5+ at Vvt=15.0
wv, 1265 v ve=14.1 My, POFOF ar ve=15.0 mv, V9% at ve=14.1 wv and

+
35Cl9 at Vt=14.] MV were successfully transported using a single set

of parameters for 1206+ at Vt=15.0 MV as the reference.

In the present work, capability of the automated beam trasportation
was demonstrated to some extent. On the other hand, problems have ap-
peared. One of them is how to keep the reference data stable through
months, maintenances, etc. Another is how to tume ion sources to match
with the acceptance of the tandem which is realized by the above method.
For the first problem, we will improve accuracy of the devices(high
voltage power supplies, current power supplies, etc.) to remove the prob-
lem. For the second, we consider a feedback tuning method from a beam

monitor is effective.

—11~Q12) -
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1T ATOMIC AND SOLID STATE PHYSICS
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2.1 Transmission Sputterings of Titanium and Silicon Carbide by

Heavy lons
Teikichi A.Sasgaki*, Yuji Baba®*, Kiichi Hojou* and Takeo Aruga*¥

#*Department of Chemistry and *¥Department of Fuels and Materials Research,

Japan Atomic Energy Research Institute.

Transmission sputiering has been confirmsd o provide very useful
information about the spatial distribution of deposited energy in solid.
However, it has not been popular because of experimental difficulty in
preparing the thin target appropriate for the ion bombardment. To date,
the most experiments have been performed using heavy icns whose energles
are less than 1 MeV.1} Energetic heavy ions make it possible to study the
transmission sputtering of the thick target without being worried with
physical and chemical heterogeneities charactreristic to the thin target.
In this communication, we present results of the transmissiorn sputtering
for bombardments with 114 MeV F7t and 140 MeV €19% ions.

Target foils of high-purity Ti with various thickness were placed on
Lg catcher foils. In the case of CVD-3iC target a wsdge-shaped specimen
was prepared by means of automatic polishing over 4 days using a diamond
paste of 1/ micron. A shiny Pt foil was used as catcher of the sputtered
Si and C atoms. Heavy ions from tandem accelerater of JAERI impinged at
normal incidence and the beam currents were monitored with two removable
Faraday cups. About 6 mmd around the beam center was kept to be uniform
intensity using an ion-beam scanner. Information about the sputtering
yield was obtained with AES by the use of 5 keV electrons.

Relative yield of the sputtering for various target thickness is
shown in Fig.1 together with deposited-energy distributicn of the incident
ion. For comparison, a blow-up for the region of the target thickness
where the sputtering has been observed is made. A good agreement between
the experimental data and calculated deposited-energy distribution implies
that the AES is one of useful techniques for the determinations of energy
depesition in the solid. The sputtering yield Y is estimated as follows,

C(Ti)en
it
N(F) (1)

+
where N(F) and C{Ti) are total fluence of F7 ions and concentration of the
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Ti atoms in the mono-atomic layer respectively, and ny the number of the Ag
atomic layer where the Ti atoms are trapped. Although C(Ti)x ng depends
upon energy spectrum of the sputtered atoms, it is evident that the peak
position of the experimental curve in Fig.1 is from a number of the
sputtered atoms implanted in the layer of ~10 A from the surface. Since
signal-height ratio h(Ti)/h(Ag) determined from the AES measurements is
correlated with C{Ti) and gsensitivity factors § of the Auger electrons as

‘h(Ti) _ S(TiLMM) C(Ti)

h{Ag) S(AgMNN) C(Ag)
eq.{1) can be written as

;- StAg) n(Ti) S(AgMNN)-nR _ 3)

N(F) h{Ag) S(Tipn)

Replacing with the known experimsntal varameters, we obtain Y £ 4.8 ng -

(2)

Because the value of np is considered to be 3-% at the maximum position in
Fig.1, Y ig of the order of 14-24.

In Fig.2 the result of the transmission sgputtering for the CVD-3iC is
presgented,. Since the specimen used 1s somewhat porous, the diserepancy
between the expeimental data and calculated deposited-energy distribution

is considered to be due to density effect.

Peak - height ratio of ha/hy

020F 9% __ « & 1
06 (14 Mev F''—=Ti/Ag _ 1 L= SiC/Py B
Re \
' 0.15F b
| 1
0.4 l' #l
0.10} | 1
| |
1 \
02 0.05} : \
!
/ \\
0 O%6 20" 24 28
Thickness [ pml Thickness  { pm)
Fig.1 Ti/Ag ratio on Ag foil Fig.2 Si/Pt ratio on Pt foil ,
. . 15,
irradiated with ‘1.8}(1014 ions/cm2 irradiated with 1.2x10 7 ions/ecm
+
of 174 MeV F 1. — of 140 Mev €177,
depcsited—energy distribution, deposited-energy distribution,
~———-1 experimental. we~—-: experimental.
Reference

1) G.Ayrault et al.: J.Appl.Phys. 53(1982)6968, and references therein.
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2.2 Beam-Foil Interaction of Highly Tonized Chlorine Ions

in High Energy Region

Hidenori Yamaguchi, Kunio Ozawa, Kiyoshi Xawatsura, Masao Sataka
* ®& KA
Tetsuo Kitahara , Akira Kikuchi , Ken-ichiro Komaki 5
Rkk wk

Akio Ootuka and Fuminori Fujimoto

Department of Physics, Japan Atomic Energy Research Institute,
* %
Yamanashi Medical University, Faculty of Engineering, Ibaraki

Fedkde
University and College of General Education, University of Tokyo

In the previous reportl),,we have shown the first results on the
measurements of the distribution of charge states and the multiple
scattering widths of angular distributions of highly charged chlorine
ions passing through thin carbon foils (2,5-180 ug/cmz). The results
suggested that the multiple scattering process of high energy ions
scattered by the thin foils has a correlation with the charge exchange
process and that the above two processes are not in equilibrium for the
foils thinner than about 10 ug/cmze

To get further information on the correlation between the multiple
scattering and charge state as a function of foil thicknesses, a series

37Cl10+ ions

of measurements has been performed for 150 MeV incident
with the experimental arrangement using a two—dimensional position
sensitive detector (2D-PSD) instead of one-dimensional PSD. The foil
thicknesses were measured by an energy loss technique and by the yield
counting of the elastic scattering of high energy chlorine ions passing
through the foils. The 2D-PSD (24%24 mmz) purchased from Hamamatsu
Photonics was used to obtain simultanecusly two kinds of spectra

corresponding to charge state and angular distributions. The charge

9

2 2
no feil 2.5 pgiem 52.7 ug/cm
Fig. 1. Charge state and angular distributions, measured with

2D-PSD, emerging from carbon foils of various thicknesses after

376110+

impact of 150 MeV ions.
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state and angular distributions of highly charged chlorine ions in the
foil-exited beams are measured in the parallel and perpendicular
directions to the electric field between the electrostatic deflectors,
respectively.

The data were accumulated in the list mode and analyzed by a PDP
11/45 computer. The foil-exited 2-parameter specfra for the faint

37Cl10+ ions are shown in

beams (v100 cps on the target foil) of 150 MeV
Fig. 1 (a), (b) and (c¢) for the cases of no foil, after traversing 2.5
and 52.7 ug/cm2 carbon foils, respectively. A remarkable target-
thickness dependence of both the charge state and angular distributions
in the foil-exited beams is observed.

Figure 2 shows the charge state distributions integrated over the

scattering angle of Cl ions emerging 10? = T T T T T T T

from 2.5 to 180 ug/cm2 carbon foils C-& 2.5 ug/em’
3710+ - 8.5
Cl - 52.7
- 180

ions. The result shows that the |

following impact of 150 MeV

distribution for the foils of 2.5 and ]
10"
8.5 ug/cm2 in thickness displays

characteristic nonequilibrium behav-~

1 ll]lll[

ior. The mean charge states increase

to the higher ones with increasing
the foil thicknesses and are about 107

the equilibrium value of g¢=15 for the

T T TTTIT

feoils thicker than 50 ug/cmz, which

1

reflects importance of the multiple

CHARGE DISTRIBUTION

150 MeV &’

scattering. The shape of each (g

distribution is a simple Gaussian for

T TTITT

the lower charges but the populations

'™ - C-foil

for the charges of q=16 and 17

deviate from the Gaussian distribu-

1o IR N Y SN RN SRS I |

PEidl]

Lyl L

Lerend L4l |

tion due to the greater binding energy 8 9 10 11 12 13 14 15 16 17
of the K-shell electrons. CHARGE STATE (q)

In Fig. 3 is represented the Fig. 2. Charge state distri-
charge state dependence of the half butions of 150 MeV 37Cl ions
angle of scattering (61/2), i.e. full with initial charge of 10+
width at half maximum (FWHM) of the impinging on the carbon foils
angular distribution, for the various of various thicknesses.

thicknesses of foils as parameters.
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The widths of the angular distributions

for the emerging ions show a tendency L 0 180 pg/cm?
' )
to increase with the increasing charge g tgg?
state of projectiles emerging from the m+ 147
ra B85
foils. Furthermore, a significant ol v 25

enhancement in the widths above charge 3
state of g=15 becomes readily evident, g -
reflecting the greater binding energy of -

K-shell electrons compared with L-shell ) 1; _——G___4}__—{?”’D/’,,D’

ones, which is consistent with the -
experimental findings as shown in

Fig. 2 for the post-foil charge state

distributions. A most striking feature 0 : . :

2 13 14 15 {6 1}
is the remarkable broadening of 16+

jons exiting from the thinnest foil of CHARGE STATE {+q)

2.5 ug/cmz. Present results are similar Fig. 3 Charge state dependence

2)

to those obtained by Kanter™  on the of half angle of scattering
multiple scattering width for 1-4 MeV as a function of foil thick-
+ +

N projectiles in thin carbon foils. ness for 150 MeV 37Cl10 ions.

The dependence of B on q represents
1/2 16+ 17+
that the ions of higher charge states (Cl and €l ) experience hard
collisions with small impact parameters in the foil.
More detailed analyses are in progress especially on the impact

parameter dependence of charge states.

References
1) H. Yamaguchi et al: "JAERI TANDEM Annual Report 1982", JAERI-M
83-095 (1983) 15.
2) E.P. Kanter: Phys. Rev. A28 (1983) 140l.
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2.3 Beam-Foil Spectra of Chlorine Ions in High FEnergy Region (I)
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A beam-foil investigation of multi-charged ions has started. The
experimental apparatus is shown in Fig. 1. The ion beam enters a target
chamber in which the ion beam is excited by foils. The foils can be
moved 30 cm parallel to the beam so that the lifetime measurement can be
made. The photon spectra emitted from foil-excited jons are measured by
a 2.2 m grazing incidence spectrometer mounted at 90° to the beam
direction. The photons are detected with a channel electron multiplier.
The wavelength range from 50 to 2000 £ is covered with use of three
interchangeable gratings. The ion beam is measured by a biased Faraday

cup behind the foil. Data aquisition system is standard one making use

}?J Electron

7,# Energy

Faraday Cup Analyzer .
as
Deflector
CBIIQ
lon Beam I { Faraday Cup
— - ‘ - : : =+
from JAERI t 1 : Positlon
Tandem Accelerator Fa ! Sansltive
o
gnruduy Detector
Current up
Integrator
Grazing Pulse | Pulse
Incldence ~lo— 1 Amplifier Amplifier
Spectrometer J—
. MC A MCA : Mullichannel
Digital Computer | | Digital Computer {,3;}5’,‘;,1;‘;,‘;7:73'2;,,
tor System Control [ 7| for Data Acquisition Analyzing Computer System

1/Q Device

Fig. 1. Schematic diagram of the apparatus.
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2000 T T I ) T T T T
of the multi-scaler portion of

multichannel analyzer. The ion o
cu.rrent is monitored by a asc ‘ e _ C-foi |
ecurrent integrator. A trigger
pulse from the integrator

advances the channel address N
and scans the spectrometer.

The preliminary result 1000 =

Counts

of chlorine spectrum in the - - .
wavelength region 370-470 A
is shown in Fig. 2. The lines
attributed to An=0 transitions L )
belonging to Cl XIV-C1l XV mainly : . Y .t
35.,7% AT . e

B
D' A -""\_‘,_',. \_‘

appear. Incident ion was ™

| ] | ] 1 1
400 . 450
current of the beam passed through chelength (Angstrom}

at beam energy 80 MeV. The 0 !

the foil was about 50 nA. The Fig. 2. The measured spectrum of
entrance and exit slits of the - B0 MeV chlorine iomns.
spectrometer were vertical and the grating used was one of 600
grooves/mm. The spectrum was taken at 2 mm downstream from the foil
whose thickness was 30 ug/cmz. Wavelength scale for the spectrum was
fixed at the 384 A peak ( CI XV Zs 251/2 - 2p 2P3/2). Three strong lines
identified in the spectrum are tabulated in Table 1. These measured
wavelengths are in good agreement with experimental results measured by

Ishii et al.l) and Forester et al.z) The origin of weak lines can not be

identified at present.

Table 1.
Spectrum Wavelength(i) Transition
2 2
XV 384.0 2s Sl/2 - 2p P3/2
2 2
v . -
X 415.7 28 81/2 2p Pl/2
X1V 458.3 2s2p lPl - 2p2 1D2
References

1) K.Ishii et al.: Physica Scripta, 18 (1978) 57.
2) J.P.Forester et al.: Phys. Rev. A18 (1978) 1476.
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2.4 Defect Production Cross Sections of Aluminum

for Energetic Heavy Ion Irradiations

. % . . * * k¥
Akihiro Iwase , Shigemi Sasaki , Tadao Iwata and Takeshi Nihira
&
Department of Physics, Japan Atomic Energy Research Institute and

%
Faculty of Engineering, Ibaraki University.

Defect production in metals by energetic heavy ion irradiation has been
of great interest recently because high energy cascade damage by energetic
heavy ions simulates the damage structure for fission and fusion reactor
Irradiations. Moreover, defect production in metals by energetic heavy iomns
has an advantage that the damage rate by heavy ions is very large and that,
in only a few hours, heavy ions produce radiation damage which is expected
for reactor irradiations in several years.

Defect production cross section is the number of displaced atoms for unit
fluence of incident particles, and is one of the most important parameters
in radiation damage studies. The number of displaced atoms are commonly
calculated by the modified Kinchin-Pease model which is based on the damage
calculation code MARLOWE.I) But the discrepancy between the calculated
values and the experimental ones has been reported recently in a case of
heavy ion and neutron irradiations.z_”)

In this experiment, we measured the defect production cross sections of
aluminum for several ion-irradiations by means of electrical resistivity
measurements at liquid helium temperatures. The defect production cross

secticn 94 is related to the irradiation induced electrical resistivity

increment Ap by the following equation.S)
_ 1 dgap)
04" PEE , (L)

where pf is the Frenkel pair resistivity and d(4p)/d® is the change of
the electrical resistivity per incident ion/cm®. A value of pf=3_9x10-49cm

was used in the present work.s)

The specimens were thin Al foils with thicknesses of 0.2-0.51m which were
7

grown onto AlZO substrates by vapor deposition at a pressure below 3x10°

3
Torr. The irradiations were performed below 12.5K, with 0.5, 1.0 and 1.5 MeV
1H+, 1.33 MeVv “He' and l.46MeV“0Ar2+ from 2MV Van de Graaff accelerator, and

with 99Mev % c18%, 140Mev ¥ c1°F, 160 Mev 81Br?°T and 195Mev *271'%T from
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the JAERI tandem accelerator. The thicknesses of the specimens are much
smaller than the ranges of the incident ions, thus we did not implant ions

in the specimens.

-
(=13
w

Fig.l shows the results of

our measurements on d(Ap)/dd

-
U

t

=]

i
g
<
= .
= "tafena,, against . The changes of
g 112 (195Mew) g ‘o 8
§1§‘ ‘:%grw.,upuu ot | electrical resistivity have
1 ®dopo
3 Eﬁﬁﬁin@g' "ABZFJégﬁi? been corrected for the elec-
& + ]
b0 C17 7 {140MeV) . .
RN 4 trical size effect.T)B) The
£ Het(1.334eV)
2 figure shows that d{tp) /dd
"; =27 R, iy + i . . .
a1 HT (0. 5HeV) decrease with increasing 4p.
) +
b HY(1.5MeV) . ,
e (1.3%e These behaviors are attributed
& 10 L 1 i L 1 " 1
0 1 2 3 4 5 6 7 8 ¢o the irradiation annealing
. Resistivity change fo (10 7Qem) L,
Fig.l The change of resistivity per effect, In order to eliminate
ion/cm? as a functionm of Ap. this effect, we adopted the

values of d(Ap)/dd, which were extrapolated from the linear portions of the
curves to zero resistivity increments, for the determinations of the defect
production cross sections.

Fig.2 shows the damage efficiency, the ratio of the experimental defect
cross section to the calculated one as a function of the median primary knock
on atom(PKA) energy T1/2’ where half of the displaced atoms result from PKA
with energies higher than Tl/2' Here the calculated defect production cross

section was evaluated by the following equation.

06 I I
A He max
[ ] fa =
054 ;‘EQL\ - I V{(T) (do/dT)4T,(2)
n ‘\ Br E
& cl a A d
8 04 2 4 —| where E, is the average
9 )
ot a
Ce threshold ener T
LE 03~ ® JAERI[present work) I\Ar — 8Y» T ax
the maximum transfer
Y a ANL
202 -4 energy to PKA, do/dT is
§ o ORNL the differential
- —
0. scattering cross section
0 | 1 and v(T) is the number
107 10° 10* 10°

of at displaced b
PKA Median Energy Tl/l (eV) oms dispraced BY

PKA with energy T. In

Fig. 2 Damage efficiency in Al as a function )
the numerical evaluation,
of PKA median energy T .
1/2 we used Lucasson’s

recommended value 27 eV for Ed,g) Winterbon’s formula for do/dTlD) and
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modified Kinchin-Pease expression for v(T).!} In Fig.2, the results of ANL?)
)
and ORNL!!’ are plotted for comparison. The figure shows that the damage

efficiency decreases monotonously with the median PKA energy T This

fact suggests that the recombinations of Frenkel defects in thiliascade
damage region, which are not considered in the calculations, occur more
frequently for the cascade damage produced by PKA of higher energy. Fig.Z
also shows that the present results are in good agreement with those of other
experiments although the enérgy ranges of ioné used in the three experiments
are very different. The agreement of the damage efficiency as a function of
Tl/2 indicates that, for the defect preduction cross secticon, the median

PKA energy T is a good parameter that characterizes the PKA energy

1/2
spectrum.
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ITI RADIATION EFFECTS IN MATERIALS
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3.1 TIrradiation Damages in Oxygen Ion Irradiated L120

Kenji Noda*, Yoshinobu Ishii*, Hisayuki Matsui**,

Mikio Horiki**, Tomoc Kirihara#** and Hitoshi Watanabe#®

*Department of Fuels and Materials Research, Japan Atomic Energy Research

Institute, ** Faculty of Engineering, Nagoya University.

Lithium oxide (Lizo) is a prime candidate of the tritium breeding blanket
materials of a fusion experimental reactor designed at Japan Atomic Energy
Research Institute (JAERI). A severe irradiation damage will be introduced
in the blanket material by neutroms with energies up to 14 MeV, tritons
(2.7 MeV) and helium ions (2.1 MeV) produced by 6Li(n,OL)3H reaction. Since
highly energetic oxygen ion irradiation produces enormous irradiation defects
for a short period in comparison with thermal neutron reactor irradiation,
paramagnetic defects in LiZO single crystals irradiated with oxygen ions
generated by a tandem accelerator at JAERI were studied using an electron spin
resonance (ESR) methodl). In the present study, an optical absorption study
has been done for oxygen ion irradiated LiZO single crystals, in order to
investigate the behavior of non-paramagnetic defects as well as paramagnetic
defects.

Specimens used were thin disks (about 6 mmpx0Q.5 mm) cleaved from Li20
single crystalsz) and they were irradiated to 4x1018 to 6x101910ns/m2 at an
ambient temperature in the high temperature irradiation chamber or the swell-
ing test chamber attached to the tandem accelerator by oxygen ions with an
energy of 100 MeV. The temperature of the specimens during the irradiation is
considered to rise to about 450 K. After the irradiatiom, optical absorption
spectra of the specimens were measured at room temperature.

A typical example of optical absorption spectra of LiZO single crystals
irradiated to BXIOlgions/m2 is shown in Fig. 1. A remarkable absorption band
is observed at about 310 nm in wave length and the Intensity increases with the
jon fluence. 1In addition to this band, relatively weak bands are observed at
about 375 and 570 nm. The 375 and 570 nm bands become to be observable at high
fluence. These bands were also observed for Li20 single crystals and the
sintered pellets irradiated in JRR-2 or 4 by thermal neutrons and the 310 om
band was found to be predominant in the neutron irradiated Li203), In the

study of neutron irradiated LiZO, the 310 nm band was determined to be due to

o4
the F -center {(an oxygen ion vacancy trapping an electron) from the experimental
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result that the isochronal annealing behavior
of the band was in good agreement with that of
the F+~center in an ESR study of neutron irra-
diated L1204). In addition, the 375 and 570 om
bands were conjectured to be associated with

T aggregate centers, since the bands were ob-
servable in the specimens containing the F+-
centers in high concentration. Thus, in oxygen
ion irradiated“LiZO as well as in neutron irra-
diated LiZO, the F+—centers are domiﬁant irra-
diation defects and increase with the fluence.
At the high fluence, formation of F aggregate
centers is considered to occur.

Fig. 2 shows that concentration of de-
fects corresponding to the 310, 375 and 570 nm
bands as a function of the ion fluence. The
concentration of the defects corresponding to
the 310 nm band (the F+*center) was calculated
using Smakula's equation of which parameters
were adequately determined to make the calcu-
lated results consistent with those obtained
in an ESR study of oxygen ion irradiated LiZO
l). The concentration of the defects corre-
sponding to the 375 and 570 nm bands was rela-
tively calculated with Smakula's equation on
the assumption that the values of the param-
eters were equal to those in case of the
310 nm band. In Fig. 2 the gradient of rela-
tionship between the councentration of the de-
fects considered to be F aggregate centers
and the ion fluence is larger than that of
the F+—centers. This suggests that some
parts of the F+—centers are annihilated by

migration of the interstitial oxygen atoms

LiaQ Single Crystal
2= Qxygen lon Irradiation
= 3% 109 j0ns/m2
e
[
L]
Q
]
L
a
Q
1|

9200 400 §00 800 1000
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Fig. 1 A typical absorption
spectrum of oxygen ion

irradiated Li,.O.
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Fig. 2 Concentration of defects
corresponding to the 310,
375 and 570 nm bands.

and the some parts combine to form the F aggregate centers. The formation

rate of F aggregate centers increases with the ion fluence, since the prob-

fq o + . .
ability for coalescence of the F -centers becomes large with the concentration

+ ‘ .
of the F -centers. As a result, fraction of the F aggregate centers in
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irradiation defects is considered to increase

gradually with the ion fluence. ® 4
. 310nm :
The recovery behavior of the 310 and 1.0 ~Omeen_ O
570 nm bands in the oxygen ion irradiated LiZO :; *TC)/P;\£Q -3
. o0 ‘\
was investigated by isochronal annealing c f O \\C)
experiments. The specimens were maintained = / ® \\‘\ ”
3 -
- 1Y
for 30 min. at each annealing temperature and ® Q.5 '@ RS
. ) = s7onm/ 1 & Q
the temperature was increased stepwise up to g s \ N
670 K at intervals of about 50 K. Fig. 3 g yo 'Qﬂ 1
. . )
shows the intensity of the 310 or 570 nm band t=30mm. \E)
normalized to that before annéaling as a func- oLy 1 ! { N
0 300 500 700
tion of the annealing temperature. The 310 nm Annealing Temperature(K)
band begins to decrease at about 520 K and Fig. 3 Annealing behavior of the
almost disappears at about 670 K. On the 310 and 570 nm bands.

other hand, the 570 nm band increases once

around 420 K and vanished at 670 K. Comparing the above results with those
in case of the thermal neutron irradiation, the temperature at which the
recovery occurs shifts to high temperature side in case of oxygen ion irradi-
ated LiZO. This shows that the high temperature is required to recover the
highly concentrated F+—centers and F aggregate centers. From this result,
the recovery of these defects is conjectured to be caused not by vacancy
clustering but by migration of oxygen interstitial atoms from the surrounding
of the defects. '

The authors wish to express their thanks to Dr. K. Ozawa for making the

optical abscorption spectrometer available.
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3.2 Measurement of Mean Projected Ranges for Carbon-Ion

in Stainless Steel
Shozo Hamada, Tomotsugu Sawai and Kensuke Shiraishi
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Institute.

The heavy-ion irradiation experiment is useful to evaluate the
radiation damage of the materials in’a short pericd. The radiation damage
produced by ions has a strong gradient and highly damage region is limited
to a zone around the mean projected range of the incident-~ion. Then, fairly
accurate estimation of the mean projected range is required for the obser-
vation of the heavily damaged region with transmission electron microscopy.
However, the mean projected range has not vet been well evaluated‘for
high-energy heavy—ion irradiation to the materals. In this experiment,
the mean projected range for carbon-ion with energies of 40 to 90 MeV
injected into stainless steel were measured and compared with the calculationms.

Type 316 stainless steel plates of 2.5 mm x 12 mm with 0.2 mm in
thickness were solution annealed for 1 h at 1373 K in a vacuum of 1073 Pa
followed by rapid cooling to ambient tempeﬁature, The plates were
irradiated with 40 ~ 90 MeV carbon-ions at ambient temperature by using the
swelling chamber in 1igh£—ion target room of the JAERI Tandem Accelerator.

After the irradiation, the plate was electroplated with nickel on both the

x107% x107L
1 T 1y T T T J
[ 16 .
12 w0
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~~ =3
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s T :
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""""" - ~ ] L 0
14 15 16 17 18 12 20
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Fig.l Microstructure on the tran-  Fig.2 Depth dependance of displace-
setion of 316 stainless ateel ment damage and injected ion distri-
irradiated with 40 MeV carbon ions bution for 40 MeV carbon injected
to 1.5 x 10%** ions/m* at ambient into amorphous iron with a current
temperature. density of 10 mA/m*.
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irradiated and back surfaces to a thickness of about 1.5 mm, and then sliced
in a plane normal to the original incident surface wiﬁh low-speed diamond
saw. The sectioned sample was )
mechanically polished and etched (a
by a saturated solution cof CuCl

in aqua regia. The optical

micrograph of the etched surface
revealed a pair of parallel

lines at the depths of 18 pm

and 19 pm from the incident

surface for 40 MeV carbon-ion

—
o
—t

irradiation{Fig.1l). x1021 —

Figure 2 shows the Mi: 8L iy -~ 3
displacement damage and injected ;ﬁé 6 /£ -
ion distribution curves for 40 %’i i /] -2 §
MeV carbon-ion irradiation into :;E 4l %
amorphous iren calculated by % g , 1 E
the expanded E-DEP-1 computer Z:S i — N
code with Ziegler’s electronic G lrr{Tﬂ_ h l
stopping power(l). The curves 7.3 Di:;g (Pm)lS.S 19.0
for the damage and carbon Fig.3 (a):Transmission electron micro-

graph of the damage region and (b):the
number density of dislocation locp in
peak at depths of 18.6 and 18.7 the relevant region.

distributions, respectively,

ym from the ion-incident surface;

The mean projected range of the carbon-ion into iron is closely approximated
by the peak position of the displacement damage curve. The crcss sectional
micrograph given as Fig.3(a) is a typical damage structure in the region
relevant to a pair of parallel lines shown in Fig.l. The damage structure
observed in the micrograph consists of the dislocation loops. The average
diameters of the loops were little changed throughout the damage region to
be about 30 nm. The depth distribution of the number demsity of the
dislocation loop is presented in Fig.3(b). The depth histogram for the
dislocation loop is in fairly good agreenent with the calculated displacement
damage profile. Moreover, the dislocation loop produced by carben-ion
irradiation is distributed in depths ranging from 18.1 to 18.7 um. Then,
the center line between the etched lines seen in Fig.l is deduced to

correspond to the mean projected range and the range in Type 316 stainless
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steel can be measured fairly
projected range measured for
MeV is presented in Table 1. and
compared with the calculated
The underestimation of the

electronic stopping powers is.

considered to be the cause of larger

mean projected range in the
calculation.
was simply estimated from the

difference in incident energies

divided by the difference in the relevant mean projected ranges.

values.

The stopping power

Table 1 Comparison between measured

accurately with optical microscopy.

incident-ion energies ranging from 40 to 90

and calculated ranges.
Eneragy Ragnge (um)
{MeV) Measured | Caluculated
40 18 18,7
60 3] 32.7
80 u7 49,5
90 57 59,2
The

estimated stopping powers are tabulated in Table 2; Ziegler’s stopping

powers are also given in the table for comparison.

Table 2 Estimated stopping powers and calculated values

by Ziegler.
£ oE R AR (%E')mensured E=E5% (%%) Ziegler
(MeV) (MeV) {um) (um) | (MeV/(mg/cm?®)) (MeV) {(MeV/(mg/cm®})
40 18
et 20 — 13 1.96 50 .83
60 31
— 20 ——— 1B 1,59 70 1.48
80 47
— 10 10 1.27 85 1.26
a0 57

In conclusion, the mean projected range for carbon-ion injected into

Type 316 stainless steel can be measured fairly accurately with optical

microscopy on cross sectional surface of the specimen.
projected range is in good agreemént with the calculation by the expanded

E-DEP~1 code with Ziegler's stopping powers for incident-ion energy ranging

from 40 to 90 MeV.

Reference

(1) J.F.Ziegler : Handbook of Stopping Cross-Sections for Energetic Ien in

All Elements (Pergamon Press, New York, 1980)

The measured mean

The mean
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3.3 Heavy Ion Track Filter of Polyvinylidene Fluoride.

* & %k * %
Yoshihide Komaki, Shinichi Ohno, Hiroshi Ito , Tadao Seguchi , and Matae

Ckkk
Iwasaki.

* &k

Department of Chemistry and Takasaki Radiation Research Establishment,
ke

Japan Atomic Energy Research Institute, and Institute of Atomic Energy,

Kyoto University.

Fabrication of microfilters by a heavy ion irradiation-chemical etching
method has been mostly attempted for polyesters. We have examined poly-
vinylidene fluoride (PVDF) film using a heavy ion from the JAERI tandem
accelerator, with the result that only ions heavier than the Cl ion being
able to register the tracks on PVDF.l)

A stack of the PVDF films of 9 um in thickness and 13 mm in diameter

was bombarded with beams of the Nilo+ion incident perpendicularly. The
Nilo+ion energies at the entrance of each film are 2.6 MeV/amu and 1.6 MeV/
amu, respectively. The bombarded films, after kept in air at room tempera-
ture for a certain time, were etched in 9N NaOH solution at 85°¢. The hole

density in the membrane ranged from lx108 to 6x108 cm_z, as listed in Table 1.

The enlargement of track diameters, i.e. the effective hole diameters, as
function of the time of etching was verified and measured by the gas flow
rate through the perforated holes, The hole density and the shapes of

perforated holes were observed simultaneously with an electron microscope.

Table 1. Trradiation conditions and hole density in PVDF.
No TIons Energy Current Irrad.time Hole density
V(MeV/amu) (nA) (sec) (cm_z)
1 w26, 1.6 0.1 8 1 x 10°
% 2.6, 1.6 0.1 24 3 x 108
3wt 2.6, 1.6 0.1 50 6 x 10°

Figure 1 shows the effective hole diameter vs. the time of etching
for the hole densities of 1x108 and 6x108 cm_z. In a series of the ex-
periments the films were irradiated with the Nilo+ions at two kinds of
energies. From the figure one sees that the hole diameter increases

linearly after a certain induction time of etching and that the increase in
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hole diameter is only a little affected by a difference in ion energy.

The induction time after which the hole diameter begins to increase may be
necessary for the etching solution to flow aleng the heavy ion track from
both sides of the film and to reach each other forming a channel. The

etching rate along the tracks is then given as V.= 2/(2T), & being the film

1
thickness and T the induction time. The slope of the curves, 5, represents

the rate of increase in track width and thus the radial etching rate is given
as V, = S$/2. The values of v, and V, thus calculated and the ratios Vl/VZ
are presented in Table 2.

A v g - T Table 2.
The etching rate along the track
7
500 pocfrem (Vl), the radial rate(VZ) for
- ] PVDF films etched in 9N NaOH
L 1 solution at 850C.
2 GMeviamu R Nilm v vy Vi1 V3
r . A5 1eMeviamu 1 Z )
a em © Meviamu Alh
otﬁ—ﬁ? 20 0 40 50 3
Etching Time (h) 1x1® 2.6 |20 8 260
5
Figure 1 26 |« 5{, 940
Glﬂﬁ 3 §
Growth of hole diameter in PVDF exposed 1.6 | 3;0 5 780

0+
te the Nil ions and etched in 9N NaOH * From micrographs.

golution at 8500, 9N NaOH , 85'C°, etching

This Table demonstrates that 1) the value of Vl is very large in
comparison with that of VZ’ 2) the value of V2 is small, that is, the
dissolved layer from single surface of the film is thin, and 3) the value of
v, which has been obtained from the measurement of gas flow rate roughly
corresponds to the radial etching rate of tracks in micrographs. The ratios
Vl/V2 explain the shapes of the etched tracks observed in micrographs haying
a taper with a small angle, It was concluded that the hcle diameters in
the microfilter of PVDF fabricated by bombardment of the Ni ion were homo-

ceneous and the diameters measured from the gas flow rate corresponded to

the ones observed on microcgraphs.

Reference ;
1" 1

1) Y. Komaki et al, JAERI TANDEM Annual Report,1982 ,JAERI-M 83-095(1983) 31.
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3.4 Heavy Ion Irradiation Experiments Using

Low Temperature Irradiation Chamber
Eiji Sakai* and Yukio Kazumata*#*

*Department of Nuclear Engineering, Japan Atomic Energy Research Institute

and **Department of Physics, Japan Atomic Energy Research Institute.

Various materials were irradiated at 77 K in the Low Temperature Ir-

radiation Chamber located at the beam line L2 with 60 MeV 11B3+, 143 MeV

58N10+, 150 MeV llSInlO+, 180 MeV 630ull+ and 100 MeV 1205+. The dates of

the experiments, user's names, specimens irradiated, numbers of particles,
purposes of the experiments and the species of heavy ions are listed in
Table 1. The materials irradiated were brought back to individual user's
iaboratories to characterize their own specimens. A small hoist using an
0il pressure cylinder was manufactured to provide a way of holding the lid
of the chamber during opening it. The results of the experiments will be de-

scribed by the individual users in the separate sections.
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Table 1. Heavy ion irradiation experiments performed using Low Temperature

Irradiation Chamber during the fiscal year of 1983

Exper-— Number of

iment User Date  Heavy ion particles Specimen Chargcterization
lst  S.Furumo 10 May 60Mev 1B®T  2.19E12% Ge,etc. T.E.M.
H.Naram0t01983 1.2 E14 Mg0,ete. Optical absorpticn
E.Sakai 8.05E13 Ge Induced radiocact.
E.Sakai 7.21E13  Si Induced radioact.
H.Tomimitsu 1.06El4 51 X-ray topography
2nd  S.Furuno 8 July 143Mev ~onit®t2.24E12  sUS,Al,etc. T.E.M.
M.Komaki 1983 1.16E11 PVDF E.5.R.
H.Maeta 2.11E13 Fe,Ni,etc., ZX-ray diffraction
E.Sakail 2.91E13 GaSe Induced radiocact.
Y.Kazumata 1.99E13 graphite E.S.R.
3rd M.Komaki 2 Dec. 150MeV ll5Inlo+6.65Ell PVDF E.S.R.
S.Furuno 1583 1.25E12 Ge,81,A1 T.E.M.
E.Sakai 5.12E13 Ge Induced radioact.
E.Sakai 2.88E13 Si Induced radioact.
H.Naramoto 6.40E13 sic,Fe MOssbauer effect
4th  S.Furuno 6 Feb. 180Mev OScu''*2.27E13  Ge T.E.M,
H.Natamotolgs4 2.18E12 LiF,etc. Optical absorption
H.Naramoto 9.81E13 MgO0,SicC Optical absorption
E.Sakai 8.0 E13 5i Induced radiocact.
E.Sakai 6.32E13 Ge Induced radioact.
5th H.Naramoto 23 Feb.100MeV 12C5+ 2.19F12 LiF Optical absorption
H.Naramoto 1384 6.28E13 MgO Optical absorption
H.Tomimitsu 1.6 E15 S8i X-ray topography
Y.Kazumata 3.13E14 graphite E.S5.R.
E.Sakai 3.1 E15 Ge Induced radiocact.
% 2,19 x 1012
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3.5 Residual Radicactivities in Semiconductors and Other
Materials for Solid-State Physics Research Irradiated

with High-Eunergy Heavy Ions

Eiji Sakai* and Hideo Nakatani*#

*Department of Nuclear Engineering, Japan Atomic Energy Research Institute

and **Faculty of Engineering, Toyama University.

Measurements of the residuai radioactivities induced in semiconductors
(Ge, Si, GaAs) and other materials(Cu, Mo, stainless steel) irradiated with
various high-energy heavy ions from JAERI tandem accelerator have been con-
tinued using a high-purity germanium gamma-ray detector. Table 1 summarizes
the results obtained from the semiconductors after irradiation during :the
fiscal year 1983 and Table 2 those from other materials. In the Tables, the
species and the numbers of particles of heavy ioms, the residual gamma-ray-
emitting nuclides found, their radicactivities with the corresponding num-—
bers of atoms as well as the numbers of atoms per particle extrapolated to
the end of the irradiation and the final stable daughter nuclides are listed.

Some of the results from the irradiated silicon and germanium were reported

at 1983 Nuclear Science Symposium

1) E.Sakai: IEEE Tramns. Nucl. Sei., NS-31(1984), No.l, 316.
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Residual gamma-ray emitting nuclides, their radiocactivities,

numbers of atoms, numbers of atoms per particle and final
stable daughter nuclides found in germanium, silicon and Gahs
irradiated with various heavy ions

Heavy ions Number of Irradi-  Residual Radio~  Number Number of Final
(Range) particles ated ma- nuclide activity of atoms per stable
) terial (Halflife) (pCi) atoms particle nuclide
somev 1Bt 5.15E13%  Ge As-71(61h) 1.45E-2 1.7E8  3.3E-6 Ga-71
(60um) /3. 1l4cm As-72(26.0h) 1.27E-2 6.3E7 1.2E-6 Ge-72
As-T73(80.3d) 1.20E-3 4.4E8 8.6E-6 Ge-73
As-74(17.8d4) 1.80E-3 1.5E8 2.9E-6 Ge-74,5e-74
Se~75(118.5d)7.16E-4 3.9E8 7.6E-6  As-75
Br-76¢16.1h) 2.75E~1 8.5ES8 1.7E-5 Se-76
Br-77(57.0h) 1.2 E-1 1.3E9 2.5E-5 Se-77
Kr-79(35.0h) 1.9 E-1 1.3E9 2.5E-5 Br-79
Rb-83(86.2d) 4.7 E-4 1.9E8 3.6E-6 Xr-83
11_3+ . ,
50MeV "B 4.61E13 Six* Be-7(53.3d4) 1.3 E-4  3.2E7 6.9E-7 Li~7
(95um) /3.1l4cm
12 5+ . .
100MeV ~7CT 4.38E1l4 3i Be-7(53.3d) 1.13E-6 2.B8ES9 6.4E-6  Li-7
(190um) /0.86cm Na-22(2.60y) 2.40E-4 1.05E9 2.4E-6  Ne-22
Na-24(15.0h) 3.10E-2 9.0E7 2.2E-8  Mg-24
58 .10+ . .
143MeV. ~ 'Ni 4 .66E12, GaSe Zn-62(9.13n) 1.38 2.4E9 5.2E-4  Ni-62
/0.7%m
63, 11+ .
180MeV Cu 8.00E13, Si ¥Y-87(80.3h) 1l.2E-4 1.8E6 2.3E-8 Sr-87
{29.1um) /3.1l4cm Y-8§7-Y-87m(2.8h) Sr-87
Zr-86(16.5h) 1.0E-3 3.2E6 4,6E-8 Sr-86
Zr-86-Y-86(14.7h) Sr-86
Zr-88(83.4d) 1.24 1.99E10 2.04E-9 Sr-88
Zr-88-Y-88(106.64) Sr-88
Zr-89(78.4h)-Y-89m(16.1s) Y-89
Nb-90(1l4.6h) 1.08E-3 3.0E6 3.5E-7 Zr-990
180Mev 23cu'*t 6.32E13, Ge None
(20.4um) /3.l4em
150mev TP1at%1.84E13, si None
(19.6um) /3.14cm
150Mev T01nt%3.28E13, ce None
(14 .6um) /3.1lbdcm
*# 5.15 x 101? %% Strong beta counting.
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Residual gamma-ray emitting nuclides, their radicactivities,

numbers of atoms, numbers of atoms per particle and final
stable daughter nuclides found in copper and molybdenum
irradiated with various high-energy heavy ions

Heavy ions  Number of Irradi- Residual Radio- =~ Number Number of Final
(Range) particles ated ma- nuclide activity of atoms per atable
- terial (Halflife) (uCi) atoms particle nuclide
somev T1B0T 2.90E13%, Cu Ca-67(78.28h) 1.31E-2 1.97E2 6.8E-6  Zn—67
{35.8um) /1.767cm Ce-69(39.05h) 2.30E~-2 2.30E8 7.95E-6 Ga-67
As=-71(61h) 1.05E-2 1.29E8 4.44E-6 Ga-71
As-72(26h) 1.9 E-2 9.56E7 3.3 E-6  Ge-72
Se-72(8.40d) 7.2 E-4 2.78E7 9.6 E-7 Ge-72
12 6+
8O0MeV ~C 1.47E167 Cu Co-58(70.78d) 4.6 E~4 1.50E7 Fe-57
(48um) /1.767cm Co—-60(5.27y)} 1.72E~4 1.52E9 Ni-60
Zn-65(2644.04) 3.86E-4 3.01ES8 Cu-65
Ga-67(78.26h) 2.12E-3 2.21E7 Zn—-67
Ge-69(39.05h) 1.34E-2 6.97E7 Ga-69
As-71(61h) 9.52E-3 7.74E7 Ga-71
As-72(26.0h) 0.192 6.64E8 Ge-72
As—-73(80.30d) Ge-73
As—74(17.79d) 5.8 E-5 3.3 E6 Ge-74,Se-74
Se-72(8.4d) Ge-72
Se-75(118.45d)7.15E~5 2.71E7 As-75
143Mev 28xi1%%2 45813, Cu 7n-62(9.13h) 1.79 3.1589 1.3 E-4 Ni-62
(10pm) /4.12cm Zn-65(244.1d) 1.6 E-5 1.76E7 7.2 E-7 Cu-65
180MeV 63Cull+ Cu None
(11.6um)
11_3+
50MeV "B 3.34E13, Mo Mo-99(66.02h) 8.23E~4 1.05E7 3.13E-7 Ru-99
(34.3um) /1.55cm Tc-95(34.97d) 2.63E-5 4.24E6 1.27E-7 Mo-95
Tc-96(4.35d) 4.37E-4 8.76E6 2.63E-7 Mo-96
Ru-97(2.88d) 7.11E-4 9.45E6 2.83E-7 Mo-97
Rh-99(15.04) 1.19E-4 8.25E6 2.47E-7 Ru-99
Rh-100(20.8h) 3.60E-2 1.44E8 4.30E-6  Ru-100
Rh-101m(4.34d)6.14E-3 1.23E8 3.68E-6  Ru-101
Pd-100(3.63d) Ru-100
Ag-105(41.29d)2.98E-4 5.68E7 1.70E-6  Pd-105
Ag-106m(8.5d) 6.67E-4 2.62E7 7.83E-7 Pd-106,Cd-
106
* 2,90 x 1013.
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3.6 ESR of Pyro-Graphite Irradiated by C18+ Ions

% k¥ %%
Yukio Kazumata , Shigemi Yuge  and Tadamasa Kimura

*Department of Physics, Japan Atomic Energy Research Institute.
**Unjversity of Electro-Communications.

So far two paramagnetic centers have been observed by high energy
chlorine ion bombardments.l) The one has been assigned to localized
spin centers from no change of g-value and width in its esr spectrum
with annealing and measuring temperature. This center is associated
with clustered-defects formed at the end, near the range, of the
trajectory of the projectile. The other stems from acceptor rich
region on the way of the penetration of the projectile. On the contray
to the former center, this center changes its g-value and width with
annealing and measuring temperature.

Further details of these two spin centers will be described in
this paper; that is, antiferromagnetic interaction between spins in
the localized spin centers and correlation of the latter center with
hopping motion of carriers.

A high concentration of the localized spin centers,~10195pins/cm2,
suggests the mutual interaction between themselves. The nature of the
interaction is found by the change of an intensity of the esr line with

measuring temperature. The results of the measurements have been

followed by the formula,
a b
1 1 1
x(T)= + + (1).

T+€AF T+GF T

Here ¥(T) is the static susceptibility proportional to the intensity.

The characteristic temperatures of GAF and @F stand for antiferro-
magnetic and ferromagnetic Curie's temperature, respectively.

The first term, as is well known, repesents antiferrcmagnetic interac-
tion between spins. The coefficient a; is proportional to the spin
concentration in this interaction. Similarly, the second term is due
to ferromagnetic interaction and the third no interacting spins. From
the fitting of experimental values with the eq.(1), the greater part of
the interactions, about 98 % of the total spin concentration, have been
reduced to the first term and the rest due to the second or the third
term.

Similar localized spin centers observed by the bombardments of low
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energy P+ or D+ ions show weaker interaction between spins and less
concentration of interacting spins. Clearly,the strength of the
interaction and the concentration of the interacting spins depend on
the masses of projectiles, which will correlate with the concentration
of defects in a defect cluster.

Next, discussion will proceed to the spin center from acceptor
rich region. As shown in Fig.l, the g-value and the width with measur-
ing temperature are well fitted by exponential functions. These curves
are quite different from those due to the localized spin centers
mentioned above and conduction carriers. On the conduction carriers in
unirradiated pyro-graphite, the g-value and width increase with
a decrease of measuring temperature, just opposite tendency to the spin
center. TFrom the comparison with these two spin centers in temperature
dependence, the spin centers now taken up will be in the intermediate
state between conduction carriers and the localized spin centers. The
intermediate state probably corresponds to the hopping motion of
carriers. The exponential nature of g-value and width in Fig.l would

be derived from the medel of the hopping carriers.

" -

sor g Fig.l, Change of g-value and width

<o ,/fﬁgr o with measuring temperature for
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Reference

1) Y. Kazumata and S. Yugo; J. Phys. Soc. Jpn. 51(1982) 3753
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3.7 Trradiation Effect with Heavy Ions on Alkali Halides
Hiroshi Naramoto*, Akira Kikuchi** and Kunio Ozawa*#*

*Department of Physics, Japan Atomic Energy Research Institute, **Faculty

of Engineering, Ibaraki University.

Energetic ions interact with solids through the electronic and nuclear
process, and at high energies the interaction process is characterized by
the intense electronic excitation. This process can be visualized especil-
ly in insulators such as alkali halides where the lattice defects are pro-
duced through ionizing radiation. Heavy ions penetrating through alkali
halides are reasonably expected to leave tracks which are locally damaged
regicns, and defect density within tracks varies with the depth from the

1

incident surface. In the present study, the direct measurement is made

for the depth profile of color centers in order to extract the information
associated with the energy dissipation process of heavy ions.

LiF and NaF single crystals were purchased from Harshaw Chemical Co.
and a typical specimen had dimensions 1 x 0.8 x 0.1 cm3. Trradiation was
performed at liquid nitrogen temperature(LNT) with heavy ions from JAERI
tandem accelerator, and specimens were exposed to 180 MeV Cul * and 100 MeV
C5+ ions to the dose of 7 x ]_O12 /cm2. Irradiation with 1.8 MeV protons
was also employed to compare the ceoleoration with that by energetic heavy
ioens. The coloration limited at the near surface region was examined in
the wavelength region of ultra violet and visible light using a micro-
gnergy(eV) >

spectrophoto-meter with the i ol 4

. . . i+
spot size of 2 ym in diameter. LiF Irr. with 188 MeV Cu Ions

Dose: 7.0x10 El2/cm2

Fig. 1 shows the optical

absorption spectra taken at E mﬁ?ﬁ?
the local spots 8 and 18 um § B...18
from the surface in LiF irra- j 2.8[
diated with 180 Mev Cul™* ions

12, 2 &

to the dose of 7 x 10 Jem™ .
Different from a typical ab-

sorption spectrum which was

B.aL. I

obtained in LiF irradiated 308 498 50 508 798
Havelength(nm)

with 1.8 MeV protons, a broad
Fig. 1. Optical absorptlon spectra at the local spots in LiF

+ 12 2
envelope appeared around the irradiated with 180 MeV Cu X ions te 7 x 10 fem™ .
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Fy

make clear the origin of this envelope, optical absorption was measured at

band region accompanying the highly aggregated Fh centers at 528 mm. To

low temperatures. With decreasing the temperature, the F-type centers
should shift the wavelength at the absorption maximum to the shorter one.
However, the envelope observed held its position constant even at LNT. This

implies the formation of Li colloids, and its feature can be seen in the

spectrum A of fig. 1.
P g LiF Irr. with 188 MeV Culi+10ns

In fig. 2, the depth profiles are -or Dose: 7.0x10 £12/cm?
illustrated for four kinds of electron ¥avelength (nm):
> A...5T{ P}
trapped color centers, A, B, Cand D & 3.8 B....316 { F3)
g C...448 [ Fo}

. o 2
which correspond to F, F3, F2 and F4 f 0....528 { Fg
centers, respectively. At the near E 2.al

+
surface region, the F center concent- &

ration is saturated and conversions 1.8}

from F centers to F2, F3 and F4 cen-—

ters are recognized. At the middle 8.8 . .
) ie 2@ 39 P

region of the projected range, the F Depth(um)

Fig. 2.Depth profiles of color centers in LiF irradi-

12 2

enter ofile 1 til turat but +
¢ pr £ 15. 8 1 sa ated ated with 180 MeV Cu 1r ions to 7 x 10 /em“. R de-
P

the F2 center profile has the maximum notes the same quantity as is Fig. 1.
at the depth of ~9 um where the colloidal band is formed as shown in fig. 1.
At the deeper region, every profile tends to decrease, and both profiles of
A and C cross together at ~22 um. This depth coincides with RP the calcu-
lated projected range. In the region beyond Rp’ coloration is still ob-
served and dominant defects are the F centers. Optical absorptiom spectrum
is similar to that induced by ionizing radiation like electrons, which sug-
gests that the secondary electrons generated during the penetration of heavy
ions contribute to the coloration in this region. Thus, it is reasonable to
take the cross point of A and C profiles for the limit of coloration direct-
ly induced by incident ions. |
The depth where the profile C shows the maximum is much shallower than
Rp and is rather close to that where the electronic energy loss amounts to
the maximum. This result supports an idea that Li colloids are formed asso-
ciating with defect generatiomn at the fiuorine lattice through the intense
electronic excitation. In NaF, the colloidal band was also observed, where-
as some differences are found in the details of depth profiles. CS+(1OO MeV
) irradiation did not induce a definite colloidal band, and the main feature

11+ irradiations.

is just between 1.8 MeV proton and 180 Cu
Reference

1) J. M. Loman and R. B, Murray: Radiation Effects 52 (1980) 1.



T

JAERI-M 84-129

3.8 Flectron Microscope Observations of Tracks of High Energy

Heavy Ions in Sclids
Shigemi Furuno, Kazuhiko Izui and Hitoshi Otsu
Department of Chemistry, Japan Atomic Energy Research Institute

The observations of tracks of high energy heavy ions produced in gome
solid materials were made with an electron microscope in order to clarify
the governing factors and mechanisms for track formation. In this report,
the effect of the energy deposition of the incident ions on the track
preduction phenomena is investigated in the deposited films of germanium,
silicon and titanium.

Thin films of germanium, silicon and titanium of 50 £ in thickness
were prepared by vacuum evaporation on collodion films. These specimens
were set on the low temperature stage ccoled at 77 K and were irradiated
with Nit?" and In'"" ions obtained from the JAERI tandem accelerator with
incident angle of about 10°. In order to obtain the wide range of incident
energies, some irradiations were performed with the dions which were
transmitted through thin nickel or aluminium foils mounted in front of the
specimens., In this case, the energies were estimated from the range-energy
relations obtained from the calculated stopping powers by J. F. Zieglera)v
After the irradistions, the observations were carried cut with the elesctron

microscope of JEM-100C type.

Fig. 1 Track of 143 MeV Ni ion Fig. 2 Track of 12 MeV Ni ion

in germanium . ' in germanium
Figures 1 and 2 show the tracks of Ni ions with energies of 143 and 12
MeV in germanium respectively. Correspoding energy depositions are 17 and
5.3 MeV/um3). The widths of the tracks were found to decrease from 100 to
80 & with decreasing the deposited ensrgy.

— 44 —
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Fig. 3 Track of 150 MeV In ion Fig. 4 Tracks of 85 MeV In lons
in germanium . in germaniunm

Figures 3 and 4 show the tracks of In ions with energies of 150 and 85
MeV in germanium respectively. Corresponding energy depositions are 18 and
15 MeV/um3), and the widths of the tracks were 170 and 130 i respectively.
Tn silicon irradiated with 150 MeV In lons no track was observed. From
these observed results, the local temperature along the tracks of 150 MeV
In ions 1is considered to be raised up to the melting point of germanium

(950°C) but not to that of silicon (1400°C).

Fig. 5 No visible track in Fig. 6 Tracks visible in the
titanium film irradiated same area of titanium as
with 150 MeV In ions fig. 5 after annealing

In +the case of titanium irradiated with 150 MeV In ions, mno visible
track appeared as shown in figure 5, but after annealing by illumination of
a strong electron beam, visible tracks appeared as shown in figure 6.

The results of experiments are summarized in table 1, where some
previous works are also referredlﬁz).

Comparing the image contrasts of tracks in the present work with that
obtained in the previous workz), these tracks of Ni and In lons 1in
germanium are thought to consist of both small crystallites of about 10C A

in diameter and evaporated regions. The evaporated regions become dominant

snd the widths of tracks increase with increasing the deposited energy.
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Table 1 Ions and Specimens used in experiments, some parameters and

experimental resulis

Ton Specimen | Melting peint Energy deposition § Width of
of specimen (°c) {(MeV/um) track (A)
143 MeV Wi Ge 958 11 1 100
12 MeV Ni Ge 958 5.3 80
150 MeV In Ge 958 18 170
85 MeV In | Ge 958 15 130
128 MeV C1 Ge 958 5.3 30
150 MeV In Si 1415 12
150 MeV In Ti 1820 19
130 MeV C1 MoOsy 795 5.5 42
130 MeV C1 MoS, 1185 6.4 discrete

These recrystallization and evaporation along the tracks are considered to
arise from the thermal spike effect due to the energy dissipated in
electron excitation. Concerning the result for titanium film, it 1is
inferred that small invisible crystallites or nuclel for recrystallization
sre formed along the path of the 150 MeV In ions, and that by the annealing
treatment the crystallites grow td form the visible +tracks. As already
reported, the tracks of Cl ions in molybdenum disulphide consist of small
spots in linear array, in which the high energy knock-on process 1is
considered to produce discrete structural changes. On the other hand, the
tracks of Cl dions in molybdenum trioxide consist of the regions fully
evaporated by the thermal spike effect due to the energy dissipated in
electron excitation.

From these results, it is concluded that not only knock-on process but
electron excitation process play important rcles in the damasge production

in some materials menticned above .

Reference
1) 8. Furunc, H. Otsu and K. Izui: J. Electron Microsc. 30 (1981) 327.

2) 8. PFurunc, H. Otsu and K. Izui: "JAERI TANDEM Annual Report, 1982"

JAERI-M 83-095 {1983) 43.
3) J. F. Ziegler: Handbook of Stopping Cross Sections for Energetic Ions

in All Elements (Pergamon Press, New York, 1980).
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3.9 X-Ray Diffraction Topographic Observation of 81 Single
5+

+
Crystels Trradiated with 58 MeV B3_ and 100 MeV C Ions

Hiroshi Tomimitsu
Department of Physics, Japan Atomic Energy. Research Institute.

T+ has become very important to investigate.the nature of ion-irradi-
ated materials for the development of heavy-duty sehicondﬁctors, heat-re-
sistant materials, etcl). The present author has also examined the S8i speci-
mens irradiated with 150 MeV Ni9+ and Clg+ ioﬁs, the preliminary resulis be-
ing briefly publishedz). Tn this report, the Si specimens were prepared by
the irradiation with B3+(58 MeV) and C5+(1OO MeV) ions, which were ecxpect-
ed to have much longer ranges in the 51 crystalB).

Similar to the previous examination, the B5i single crystal used in
this experiment was grown by the Oz.method along [001] direction, and was
sliced parsllel to the (001) plane, chemically etched and mechanically pol-
ished, the resultant thickness being 0.3 mm. The 3i wafer thus obtained was
then cut into two rectangular pleces of about 3x3 cme, giving the specimens
for the ion-irradiation. The X-ray diffraction topographs cf these original
9i wafers showed no significant contrast, indicating that they were almost

perfect.
3+

Opne 81 wafer was irradiated with 58 MeV B ions for 4.5 hrs, with an
average ion current of 30 nA receiving a total dose of about leOl ions/em.
For the second wafer irradlated with 100 MeV C5+ ions, the values were 3.5
hrs, 165 nA and zbout 5xlOlLL ions/ch, respectively. In both cases, the Bi
wafers were partially covered with specially designed Mo-masks tc facili-
tate the analysis. The Mo-masked 5i wafers were mounted on a Cu-made spec-
imen supporter cooled with liguid nitrogen during the irradiation.

The X-ray diffraction topography (¥DT) was carried out with a fine
focus X-ray generator, being operated at 50 kV with 1.2 mA using the tar-
gets of Cu and Mo.

Although the XDT observations are only at their preliminary stage, a
significant phenomenon was observed; that is the X-ray topographs taken
showed 1o characteristic images, except for only the black-and-white con-
trast observed at the boundaries between the irradiated- and non-irradi-

ated areas, as indicated by the arrows in Fig.l, which indicates the ex-

iatence of the lattice strains concentrated af the irradiation boundaries.

This is quite different from the previcus observation on the gpecimens
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Fig.1

X-ray diffraction topograph of Si
single crystal irradiated with CS+
ions. The black-and-white contrasts
are faintly visible, as indicated

by the arrows. Cu-Kgl radiation was

used, and 220 reflection.

I 1 mm

irradiated with 150 MeV Ni9+ and Cl9+ ions, which gave, in addition to the

above-mentioned black-and-white contrasts at the irradiation boundaries,

some characteristic resultsg);

-—— some of the topographs taken showed systematic circular fringes within
the irradiated areas, and

—-- specimens after the jon-irradiation were macroscopically deformed
throughcut the whole crystal,

These differences of the topographic images between the specimens ir-

+ + + +
radiated with Ni9 and 019 ions and with B3 and 05 ions, will be studied
further by the present author in terms of the so-called 'ranges' and 'dpa's

within the 81 crystal.

References
1) For examples,
U.Bonse, M.Hart and G.H.Schwuttke: phys. Status Solidi 33 (19€9) 361,
A.R.Lang end V.F.Miuscov: Appl. Phys. Lett. 7 (1968) 21k,
D.Simon and A.Authier: Acta Crystallogr. A24 {1965) 527.
2) H.Tomimitsu: Japan. J. Appl. Phys. 22 (1983) LETh.
3} U.Littmark and J.F.Ziegler: Handbook of Range Distributions for Fnergetic
Tons in All Elements (Pergamon Press, N.Y., 1580).
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3.10 A Study of Defect Structures in Heavy lon Irradiated Nickel

and bcc Iron by Measurements of Magnetic Anisotropy
. ) o % . ok %
Hiroshi Maeta, Fumihisa Ono , Atushi Taketani and Tomayoshi Kittaka

%

Department of Physics, Japan Atomic Energy Research Institute, College of
4 ] = . **

Tiberal Arts and Sciences, Okayama University and Fauculty of Sciences,

Okayama University.

We are making a study of the structures of radiation-induced defects
by x-ray Huang scattering and magnetic anisotropy. In ferromagnetic metals,
a measurement of magnetic anisotropy has been a.useful experimental method
to investigate the defect symmetry and clustering. In our group, for
example, we have used this method to study the structures of the radiation-
induced defects in nickel and bcc iron single crystals after fast neutron
irradiation at 5 K and determined the structure of interstitial atoms to be
100- and 110-dumbbell in nickel and bece irom, respectivelyl? The clustering
of the defects have also been observed during the annealing procedures.

In the present paper, we will describe measurements of magnetic
anisotropy in pure nickel and bcc iron after high energy nickel ion bombard-
ment and discuss the structures of the defects in comparison with fast
neutron irradiation at 5 K.

The specimens were circular discs of 99.99 % pure single crystals.

The diameters of the specimens were 0.5 mm for nickel and 0.3 mm for irom,
respectively. Those specimens were holded on a copper block by using a
piece of permanent magnet from the back side of the holder. These specimens
were bombarded with 145 MeV Nil0+ ion to 4.2 X lO12 ion/cm2 at liquid
nitrogen temperature. After irradiation, the specimens were warmed up to
room temperature. To observe magnetic anisotropy, a torque magnetometer was
used and measurements of torque curves were made at room temperature in a
constant magnet field of 6 kOe by rotating the external field direction in
the disc planme. The difference in observed torque curves of nickel and iron
before and after nickel ion bombardment were show in Fig. 1, respectively.
1t was found that the irradiation-induced magnetic torque in bce iron was
quite small. On the other hand, the induced torque in nickel is appreciably

large and consists of uniaxial component. In the case of the fast neutron

irradiated nickel at 5 K, the observed torque Curves before and after irra-
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diation and successive isochronal annealings were shown in Fig. 2, for
comparison. In this figure it is seen that induced torque by the irradi-
ation consists of only biaxial component and the easy direction of the
biaxial component is along the (100 ) crystallographic direction., This fact
means that the configuration of the interstitial in nickel is 100-dumbbell.
After annealings at 320 K, uniaxial component appears with a small biaxial
component. The easy direction of this uniaxial component was along (100 )
crystallographic direction. This uniaxial component is quite differeﬁt
from that of ion bombarded nickel. The easy direction in different by 7/2.
From this fact, it is suggested that interstitial clusters grow up to form
dislocation loop, in agreement with the results of the Hﬁang scattering
measurements in electron irradiated nickel by Bender and Ehrhartz). In
the ion bombarded nickel, it is considered that the initial nucleation and
the growth of the interstitial clusters during ion bombardment and/or being
kept at the temperature of 77 K make a complicated effect to the uniaxial
torque component by changing the total distribution of the interstitial
clustering configuration. A detailed observation and discussion will be
reported in future.

A small change in torque curve of iron can be explained as follows ;
In the high damaged region around the projected ions, the surroundings

of the atoms are quite different from other iron atems at the normal

2F Fe ’

{100 (01D (oo (0T0) (1(10)
[

8 (rad.)

Fig. 1 Induced magnetic anisotropy in bce iron and nickel by high energy
nickel ion bombardment at NT; the difference in observed torque
curves at RT before and after the irradiation. The angle 8 is

measured from a <100> crystallographic direction.

—50—
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lattice points. The distances from those atoms to the neighbouring ones
are pressed short. According to the Bethe-Slater curve, it suggests
that fcc iron is weakly antiferromagnetic, while bec iron is strongly
ferromagnetic. The preferable state of those atoms can be considered to
be not ferromagnetic but probably weakly antiferromagnetic. The more
detailed discussion have been reported in ref.[3].

From the present experiment of bombardment of self-ion to bece iron
by tandem accelator, we can study in detail the transition from bce iron to
fce iron. This method is very useful to investigate basic properties of

strongly ferromagnetic metals.

4l ' 4.2K AFTER-BEFORE N-IRRADIATION 4

AN ANNANYA

L AFTER 70K-MIN ANNEALING 4

P NN
NNV

i
-y

(x10° N/m?)
o N

-2k 4
120K-5MIN ANNZALING
-
° NN A
s 4
320K-sMIN ANNZALING
2 e

AN /-

Lcm {010) oo 0Ty (iom
\ L . i
0 T 2T

8  (rad.}

Fig. 2 Induced magnetic anisotropy in nickel by fast neutron irradiation
at 5 K ; the difference in observed torque curves at 4.2 K before
and after the irradiation. Changes in torque L by isochronal

annealings at 70 X, 120 K and 320 K.
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.11  Preliminary Testing of 17 MeV Proton Irradiation Creep in Sclution

Annealed 316 Stainless Steel
Akimichi Hishinuma and Takec Aruga

Department of Fuel and Materials Research, Japan Atomic Energy Research

Institute

wWhen the stressed materials are subjected, at appreopriate tempera-
ture, to a high flux of neutron which produces displacement damage, an
enhancement of creep rate is in’general exhibited, This paper describes
preliminary proton irradiation creep data in tensicn, on solution annealed
316 stainless steel,

The thermal and irradiaticn creep measurements were made on the thin
sheet specimens in a tensional creep apparatus., The specimen having form
of 25 mm in length, 4 mm in width and 0.07 mm in thickness, was soclution
annealed for 1 hr at 1373 K and proton-irradiated under 130-260 MFPFa at 723
K using JAERI 20 UR Tandem accelerator with 20 particles.mA/m2 in current
density. The irradiation can get similar helium production rate per dis-
placement damage rate as anticipated in fusicn reactor first wall mater-
ials. The proton beam was focussed te about 4 mm in diameter and then,the
beam was scanned up and down cn 600 cycles per second to get uniform beam
profile in the specimen, The projected protons having energy of 17 MeV
decrease in energy and increase in displacement damage rate with increas-
ing the penetrating depth, as shcwn in Fig.1. The distribution cf damage

in the specimen can be considered as uniferm within ~1 %, The correspond-

ing displacement damage rate was

- ) ol
about 5x10 8dpa/sec. The apparatus ol ’1ff;:”WMRm’ 1, E
consists of a direct loading .;
system for stressing the specimen 3 p— 18 é
and of a laser interference ;1“P dpa g g
device for measuring the specimen % 13 g
length, The temperature control g sk . o
of the specimen is obtained by * %
specimen resistance control and 1k %
coupling between the control and 9 o0 200 30 w00 5&

SPECIMEN THICKNESS (um)
Fig.1, Change of energy and displacement

an infra-red pyrometer based qamage rate of 17 MeV proton projected into
iren as a function of penetration depth,

measuring functions is through

feed-back system,
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Both thermal and irradiztion c¢reep behavior are illustrated in Fig.2,
which shows the specimen length as a function of time, The most striking
feature of the behavicr is that the negative rates of deformation were
observed in irradiation creep measurement, in stead of forward creep in
thermal creep. The trend was clearer when the applied stress was smaller,
This may be due to the balancing of forward creep and the contraction., It
is not clear, however, whether this is a real effect or a setting-in
transient due to slight changes in envircment or specimen emissivity. The
specimen emissivity could increasg with the experimental time elapsed and
if so, real specimen temperature may decrease during the experiment, The

change may result in the decrease in the specimen length and show the

contraction apparently, 7555(5A)
\

The phencmena of the contration TEST. TEMP: 450 °C

has been only observed in a torsion-
al creep apparatus(1), however, not
clear in a tensional creep though

the slight trend was observed(z).

The contraction may be occured due

to the segregation of nickel and/or

silicon during the irradiation, The

LENGTH { jtim}

segregation changes modulus of the

matrix, which gives rise tc the re-

duction of elestic strain at a cen-

stant applied stress. Another possi-

bility of the centraction may be due

to the radiation induced increase in 1 . :

volume either by void swelling or by TIME{r)
ini i ; Fig.2. Variation of specimen length with
pP861p1tatlon. Because the torsional time under creep tests with and without

creep strain is inversely proportional irradiation.

to the specimen volume, In contrast,the tensional creep strain is propor-
tional to the volume, then it is necessary and very important to get
reliable data using a tensional creep apparatus for understanding the

essential mechanism of the negative creep behavior.

References:
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4.1 Nuclear Chemistry of Actinoids
1I. Formation Cross Sections of Transuranium

Noclides from Interaction of 160 with 238U

Nobuo Shinohara®, Shin-ichi Ichikawa®™, Shigekazu Usuda®, Toshio Suzuki’
Hiroshi Okashita*, Toshiaki Sekine**, Kentaro Hata**,

kh*kk

Takayoshi Horiguchi***, Yasukazu Yoshizawa®**, Seiichi Shibata and

. . : T
Ichiro Fujiwara

* 3 , .
Department of Chemistry, **Department of Radioisctope Preduction,
. , ke ,
Japan Atomic Energy Research Institute, Department of Physics,
Hiroshima University, *%%%] . stitute for Nuclear Study, University of

Tokyo and *E*%XTocritute of Atomic Energy, Kyoto University

To investigate nuclear and chemical properties of the heavy actinoids
and the reaction mechanism, the interaction of 16O with 238U has been
studied using radiochemical method. Of the seven identified actinoid

250Fm 246Cf 242 238 239Np 237U and 239

nuclides, , Cm, Np, U, the respective

formation cross sections were determined. This paper deals with the

experimental results and discussion.

EXPERIMENTAL

The preparation of uranium targets, the irradiation and the radio-
chemical analysis were made by the same method described in previous
reportl). By varying the energy of projectile l6O, several produced
actinoid nuclides were determined radiochemically and their excitation fune-
tions were acquired.

To identify short-lived actinoid nuclides { Tl/2 < 3 min. ), a rapid
a-emitter-detection system was developed; the system consists of targets and
their holder, a rotating disc for capturing the recoil nuclei, and Si-
surface barrier detector in scattering chamber. Eight of thin aluminum
catcher foils were attached to the disc. Immediately after irradiation,
the disc was rotated automatically to transfer the aluminum catcher foil to
the position of the detector, and o—activity measurement of recoil nuclel
which were collected by the foil was performed. Total time from the end of

irradiation to. the start of measurement was about 5 seconds.
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RESULTS AND DISCUSSION

According to their chemical behaviors, o- or y-energies and measured
half-lives, the nuclides of 250Fm, 246Cf, 242Cm, 238N 239Np 237U and
239 . e . ,

U were identified. The excitation functions of these seven actinoids

1 b

are shown in Fig. 1.

The excitation function 1624-f"' A B A A LI
- - a.-—"‘-_'__'—_'_"—
of 2385260, 40120y reaction fl_s%/
2) .
was reported by Flerov et al.”™” e //////’
and the excitation functions ,10 e 237U 1
238 16 250 -
of U( 0,4n)" " "Fnm, _ g 2
238, 16 246 oo T e Z30y 4 239
U({"0,a4n) Cf and 16Q6— -7 ) P i
9
238U(l60,2a4n)242Cm reactions . //%38
can be calculated by ALICE °é 27 ,P/ N
3,4) c 10 [ 7
code . The present expe- 247
rimental results of 230Fm and Cm
8- -
246 . z "28_ - \0\
Cf would be formed by parti- O 10 0.c @ N 4
; Pico%el \G\
cle evaporation from the com- '8 o ~
254 & o’
pound nucleus, Fm. d@g ; 246C_
_ 10°7r _
The formaticn cross section of &2 it P
242 O / d -
Cm is about a hundred times & 2 AR N
250 © ~30L / ! PN *Q
as large as that of Fm or 10 PP N N 7
246 : e N
Cf and differed apparently N 250 ™\ o
Fied Fm N
from the calculated values by }GGT /9’ \
L . |
the ALICE code. Sikkeland ,Cé’ h
4
et al. also investigated the /
247 =320 e L IR
ton of 2*%cm in th 10 —
formation o m in e 80 a0 100 10
similar 160 bombardments of 15
o O ION ENERGY ( LAB SYSTEM) Mevy
U and computed the exci-
tation function for the pro- Fig. 1. Excitation functicns for the reac-
duction of 242Cm using a tions 238U + 160. The broken curves con-
kinematic models). The foer-  nect the data points. The fission data are
mation of 242Cm is probably quoted from Ref. 6.

from the direct reaction such

as incomplete fusion reaction as discussed by Sikkeland et al. The nu-

clides of 238Np 239Np 237U and 239U seem to be formed by transfer reac-

2 3

tions.

49 . 248
Existence of the nuclides of 2 Fm ( Tl/Z; 2.6 min. ), Fm ( Tl/Z;
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36 sec. ) and 247Fm (T

238U(l60’xn)254-me

1/2; 35 sec., or 9.2 sec. ), formed by

(x =5, 6, 7 ) reactions, were examined by the rapid

og-emitter-detection system. The upper limits of the formation cross sec-—

249F 248Fm and 247Fm were estimated equally to be 7 x 10—32 cm2
16

for 100 MeV 0 (lab. system). The value is considerably small as compared

tions of R

with the calculated one by ALICE code.
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4.2 Experiments on Nuclides far from Stability by IS80L

L . % oo L %%k ET T
Shin-ichi Ichikawa , Toshiaki Sekine , Kentaro Hata , Tsutomu Tamura .
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Fisuke Minehara , Naruto Takahashi , Ichiro Fujiwara , and
BT '
Nobutsugu Imanishi

#*Department of Chemistry, **Department of Radioisotope Production, *¥**Nuclear
Engineering School, #*#***Department of Physics, Japan Atomic Energy Research
Institute; **%%*Department of Chemistry, Faculty of Science, Osaka University;

xxk%kxxInstitute of Atomic Energy, Kyoto University.

An isotope separator on-line (ISOL) has been coupled to the JAERI tandem
accelerator. As the first experiment using the I50L, we planned a series of
investigation of short-lived neutron deficient isotopes of cesium, barium
and rare earths. A surface-ionization ion source, which can ionize effective-
ly these elements, has been developed to facilitate the aiming experiments.

The present paper describes the design and performance of the ion source
integrated in the ISOL as well as the decay of llng nuclide. With respect
to the nuclide, it is known that there exists a pair of isomers. Although
the level schemes in the decay of a mixture of the isomers were reportedl’z),
the respective decay schemes of the individual isomers are not known. We
have performed gamma-ray spectroscopic measurements of the mass—separated

ll9Cs nuclei to obtain these decay schemes.

Design and Performance of the Ion Source

The surface-ionization ion soutce constructed is shown schematically in
Fig.l. It is connected to the beam line from the tandem accelerator through
a differential-pumping system and a thin window (2pum Haver foil), which keep
a hydrocarbon "free" vacuum (lO-.5 Pa) in the accelerator side.

The ion source consists of a vaporizer, an ionizer, a couple of tuagsten
filaments and a heat shield. The tungsten ionizer has the form of a hollow
cylinder, and its inner surface is coverd by rhenium foil. A target is
usually placed at the vaporizer entrance. If the target is likely to melt
due to the high temperature at this position, it is moved 5mm outward and the
vaporizer entrance is sealed by a thin foil (20um carbon or 1.5um tantalum).
The ionizer and vaporizer are heated by electron bombardment from tungsten

filaments. The maximum voltage between the filament and the ionizer is equal
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to 600 V and maximum electron current is 5 A. The temperature around the

{onizer was measured by an optical pyrometer; it reached about 2500 K.

=

M

e,

1 Target

2 Carbon foil or target
3 Carbon catcher

4 Vaporizer

5 Ionizer

6 Inner heat—shield

7 Outer heat-shield

Fig.l Ion scurce for the IS0L

The efficiency of the ion source was determined in off-line operation
for cesium and barium isotopes by comparing the activity collected in the
focal plane with that introduced into the ionizer. The cesium and barium
isotopes were obtained by the natAg(lGO,X)lzs’lNCs and 93Nb(37Cl,X)126Ba
reactions, respectively. The ion-source efficiency was estimated to be 30%
for cesium and 18% for barium atoms. The transport efficiency from the
focal plane to the detection point was also found to be >0Z. In on-line
operation the overall efficiency was measured for cesium isotopes produced

by the 93Nb(32S,X)121Cs reaction; it proved to be 15Z%.

Decay of llng

The llng nuclei were produced by 93Nb(328,2p4n)11905 reaction with 180~
MeV 328 beams, separated by the ISOL, and collected on an aluminum-coated
i 119 .
mylar tape in a tape-transport system. The mass-separated Cs nuclei were
moved in a second to a measuring port and measured by Ge(Li) detectors.

Single gamma and gamma-gamha coincldence measurements were performed.
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The decay of gamma rays
emitted from the
traced and shown in Fig.Z.

One can note that these gamma
rays are classified in three
groups. The gamma rays of 179,
197, 225.1, 459.5 and 667 keV
have a half-life of 43.2%2.1 sec
and are assigned to the 1198Cs.
Those of 245.5, 257.9 and 315.2
keV with a half-life of 30.6%3.2
sec are assigned to the llngs.
The 169 keV gamma ra&, however,

decays with a half-life 37.9%1.3

sec, which is inbetween the half-

lives of these isomers,
be assigned definitely to one
0of the isomers. This gamma ray
is considered to be emitted from
a level fed by both the isomers.
Further analysis is still

in progress.

Reference
1) R. F. Parry; LBL-15875 {1983)

9 ,
Cs nuclei was

and cannot
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2} L. Westgaad, K. Alekiett, G. Nyman
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Fig.2 Decay curves of the gamma rays
from 9Cs nuclei.

and E. Roeckl: Z. Phys. A 275 (1975) 127.
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4.3 An Experiment of Irradiated 197Au with 160 and 12C Ions

Sumiko Baba*, Kentaro Hata*, Toshiaki Sekine¥*, Shin-ichi Ichikawa**, Toshio
Suzuki**, Nobuo Shinohara**, Hiroshi Baba**%*, Tadashi Saito***, Akihiko Yoko-

yama***  Ichiro Fujiwara*¥*%, Nobutsugu Imanighik¥*%x
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Atomic Energy Research Institute, ***0saka University, *%%*Kyoto University

The radiochemical study of nuclear reactions of lg?An with 16O and 12C
particles has been continued. In the past experimentsl), product nuclides
of complete fusion reaction, incomplete fusion reaction, deep inelastic
transfer and quasi-elastic transfer had been detected by measuring their
excitation functions and projected mean recoil ranges. In this work,
experiments were performed to obtain further results of complete fusion and
quasi-elastic transfer products for discussing the decay of the heavy-ion

induced compound nucleus and the mechanism of the transfer reaction.

Complete fusion reaction products

213 . .
The evaporation residues from the compound nucleus Fr in the reactiomn

16O + 197A

system of u, such as Rn, At and Po isotopes, were already studiedl).

As to the Fr isotopes induced by the (160,xn) reactions, formatiom cross

2) 3)

and Griffion et al.””. These experi-

sections were reported by Valli et al.
mental cross sections were, however, given only in relative values; the
excitation functions of Fr isotopes with almost the same half-lives and alpha-
ray energiesA) were not resolved. We intended to obtain more accurate cross
sections than previous works, using a rapid alpha-emitter-detection system
and an ISOL.

The Au target of 2 mg/cm2 thick was mounted on the rapid alpha-emitter-
detection system in the vacuum chamber at the R-2 beam line, and bombarded
for 1 minute by the 160 particles with the energy of 5-7 MeV/amu. After the
bombardment, the catcher foil mounted on a rotating wheel was moved to the
position in front of the surface barriér detector, and the alpha-ray measure-
ment started at once. From the decay analysis of thus obtained alpha-counts,
the excitation functions of Fr isotopes were deduced as shown in Fig. 1.

208Fr and 209Fr were resolved at the beam energies

With ISOL the yields of
of 90 MeV and 105 MeV., The resulted cross sections are also plotted in

Fig- 1.
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Quasi-elastic cellision products

The stacked targets of Au foil and Al catcher foil were bombarded with
16O— and 12C—beams. Then the yields of Au isotopes in Au t;rget and catcher
foil were determined by the Ge(Li} gamma-ray spectrometry. The cross sections
and the recoil ranges were deduced (Fig. 2). In-beam measurements of
angular and kinetic energy distributions of projectile-like particles were
performed using a solid state AE-E ccunter telescope for the 197Au + 112-MeV

OIIeaction.

Energy depenceﬁce of the recoil range reveals a typical feature of the

quasi-elastic scattering especially in the case of one-neutron transfer

reactions which enables us to calculate the closest approach in the scattering.
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4.4 A Radiochemical Study on the Existence of the Low-% Cutoff

in Complete Fusion

Toshiaki Sekine*, Sumiko Baba*, Kentaro Hata%, Shin-ich Ichikawa** and

Nobuo Shinchara®*#*

%*Production Development Division, Department of Radioisotope Production and
x*Nuclear Chemistry Laboratory, Department of Chemistry, Japan Atomic

fnergy Research Institute.

The existence of the low-% cutoff in complete fusion was suggested by
Orsay groupl) from the observation of threshold shifts of excitation func-
tions to higher energies in some (HI,xn) reactions of near-symmetric pro-
jectile and target systems. The experimental results, however, are not very
perSuasive.z)

In order to test this possibility, isomer ratios offer some hope since
they are expected to reflect the initial angular momentum distribution of
compound nuclei.3) For this aim, it is necessary to compare the isomer ratios
between two initial channels leading to the same compound nucleus; the lowest
¢ waves in the formation of the compound nucleus are assumed to be cut off in
one channel and not in the other. On this principle, we intended to investi-
gate the possibility of the existence of the low-% cutoff.§ We have chosen

93 37 68

as the initial channels 12C + ""Nb and ¢l + “Zn systems, and as the isomer

sair YRn(9/2+, 4.7h) and O BRh(1/2-, 15d) induced by (HI,n2n) or (HI,2pé4n)

reaction. Here, it is assumed that the low-% cutoff comes into being in the

3761 + 682n reaction if it exists.

The isomer ratios, however, should not be compared in a direct manner,
since incomplete fusions) may occur intensively besides the complete fusion
by o-particle emission, which would be a significant part in various incom-
plete fusion channels, followed by two-neutron evaporation. The incomplete

93

; . - X 12 .
fusion is anticipated to contribute to the ¢ + “’Nb system consisting of

considerably asymmetric combination of projectile and target. Therefore, we

must be well-informed as to the contribution of the incomplete fusion to the

§Nomura reported a possible evidence for the low-% cutoff on almost the same

4)

principle as written here, independently with us.
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lzC + 93Nb reaction prior to studying the Iisomer ratios.

The experiment is still on its way. The present paper describes mean re-
coil ranges of products in both the reaction systems, since the recoil range
reflects the momentum transferred from the prejectile to the target; they
will be observed to be shorter than those expected from the complete fusion

if the incomplete fusion occurs.

With a 12C beam, we irradiated foil stacks consisting of '"thick' niobium
targets (3.4 mg/cmz) separated hy éluminum catcher foils to obtain average
recoil ranges by means of thick targét and thick catcher method.6) This
method, however, is not applicable to the 3761 + 682n reaction. With a 37Cl
beam, we irradiated a foil stack consisting of a thin 682n target (0.5mg/
cmz} and several thin aluminum catcher foils. The isotopically enriched 682n
targets were prepared by evaporation onto Au backings or by electrodeposi-
tion onto Al backings. The targets were bombarded for 15 m or 1.5 h with
the beams obtained from the JAER] tandem accelerator. The integrated beam
current was monitored with a Faraday cup. The products were identified and

measured with Ge(Li) detectors.

We have calculated the recoil ranges

0 T T 1

with the formalism given by Delagrange et Esﬁn(”CLﬁﬂLﬁsmm1 g
a1.”? on the assumption of the complete % K Fiap=131 MoV e ]
momentum transfer. This calculation gives Ehf? T -
the mean recoil ranges projected on the g E Rers .
beam directlon, which is directly obtaina- ﬁ I i
ble by experiment, taking into account the gmﬁy E
multiple scattering of heavy ions in the ; - g
target. However, it neglects influence of g . -
particle evaporations; the values obtained guf; E
may be underestimated by a few percent. : a §

Most of the nuclides, except for target- N -
like nuclides, show recoil ranges in agree- 105 : > 3 4

ALUMINUM THICKNESS {mgicm?)
Fig.l An activity distribution

ment with the values calculated above.

Figure 1 displays an actlgggy distribution ‘o catcher foils. Rexp is a mean
in the catcher feoils for Rh produced in

the 37C1 + 682n reaction at beam energy of

recoil range determined experl-

mentally and RCF that calculated
131 MeV. The mean recoil range and the ac- for complete fusion reaction.

tivity distribution agree well with the
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predictions by the complete fusion mecha-
nism.

The recoil ranges and formation cross

sections of gngh and 99th in the lzC +

93Nb reaction are‘plotted against beam
energy in Fig.2. Note that the recolil ranges
of both gngh and ggth almost stop increas-—

ing at 65 MeV and restart increasing around

75 MeV. This means that the complete fusion

is predominant at energies less than 65 MeV,
while above 65 MeV another reaction process
takes place besides the complete fusion to
reduce the mean recoil range. We consider
this process to be the incomplete fusion
expected before.

It is also interesting that in Fig.2
the recoil ramge differs appreciably from
one isomer to the other at energies in
which the incomplete fusion occurs. This
phenomenon, which probably has been noticed

for the first time, can be interpreted as a

consequence of the coexistence of two fusion mechanisms.

References

1) H. Gaubin, Y. Le Beyec, M. Lefort and R.L. Hahn: Phys. Rev. CLO (1974)

722.

2) H.C. Britt et al.: Phys. Rev. Lett. 39 (1977) 1458.
3) G. Rudstam: Phys. Scripta 20 (1979) 165.
4y T. Nomura: JAERI-M 84-085 (1984} 104.

5) K. Siwek-Wilczynska, E.H. du Marchie van Voorthuysen, J. van Popta,
R.H. Siemssen and J. Wilczynski: Nucl. Phys. A330 (1979) 150.

6) A. Ewart, C. Valentine and M. Blann: Nucl. Phys. 69 (1965) 625.

7) H. Delagrange, F. Hubert and A. Fleury: Nucl. Phys. A228 (1974) 397.



JAERI-M B84-129

4.5 Preparation of 237Pu from 237Np Irradiated with Deuterons

% * * * *
Sumiko Baba, Kentaro Hata, Toshiaki Sekine, Mishiroku Izumo, Ryozo Motoki,
*%
and Shin-ichi Ichikawa

* #k
Department of Radioisotope Production, and Department of Chemistry,

Japan Atomic Energy Research Institute

The gamma-ray emitting plutonium isotope 237Pu is known to be a useful
tracer in the experiments of enviroﬁmental or metabolic distribution of

plutonium. It is generally prepared with the reactions induced by z‘He and

235U and 238U targets, respectively%’z)

functions and thick target yields for 237Pu in those reactions have been

reported?) As to the 237Np(d,Zn)237Pu reaction, the cross section was found

3 ' .
He particles on The excitation

by Vandenboscha) to be relatively large. Its excitation function around

the Coulomb barrier, however, has not been measured. In this work, the

excitation function of 237Np(d,2n)237Pu reaction in a wider energy range

X 237 .
was measured to estimate the thick target yield of Pu, and to discuss

237Pu

the possibility of using this reaction for production of
The oxide of 237Np was dissolved in hydrochloric acid solution and

separated from Pu impurity by the anion exchange method repeated two

times. The thin Np targets were then made by electrodeposition from the

hydrochloric acid solution contained in isopropyl alcohol as solvent.

The thickness of deposits obtained was about 700 ug/cmz. Uniformity of

thickness was tested for each target by measuring the distribution of alpha-

ray intensity. The stacked targets constructed with Np targets and Al

foils were bombarded by deuterons from the tandem accelerator in JAERI.

The incident energy of deuterons to the Np targets ranged from 10 MeV to

25 MeV, After about 30-days cooling Pu was separated from each Np target

and its gamma-ray and alpha-ray measurements were carried out to obtain

236P 237 238

the yields of u, Pu and Pu.

The excitation functions for the formation reactions of Pu isotopes

were obtained as shown in Fig.l. Their shape without any distinct peak is
characteristic of direct reaction mechanism. The reaction of 237Pu

formation starts near the Coulomb-barrier energy. Its cross section
4)

reaches about 10 mb, which is a little lower than given in ref.”, at
deuteron energy of 15 MeV and then slowly decreases with the energy.

The thick target yield of 237Pu by the reaction, therefore, increases
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rapidly with the increase of projectile energy, in contrast with the cases

4
of 235U + 'He and 238U + 3He. Table 1 shows the thick target yields of

237 . ]
Pu with the ratio of the yield of 237Pu to that of 236Pu + 238Pu obtained

in this work and othersz’B). The long range of deuterons in the Np target
as compared with the ranges of 4He and 3He in the U target results in the

. 237 , ; . ,
large yield of Pu in the relevant reaction. The radiochemical purity

of 237Pu is, however, the worst of all.
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- A -
238Pu
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Fig.l Measured formation cross sections of the Pu isotopes
in 237Np + d reactions. Solid lines are the smooth curve
connecting the experimental points in this work. A dotted
line shows the experimental excitation function for

237Np(d,2n)237Pu reaction by R.VandenbOSchh).
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Table 1 Yields and radiochemical purity of 2> Pu

in various reactions

Reaction Projectile 2375y yield 236p, 4 2385,
energy (MeV) (uCi/ua-h) : 23}7]?u

2355 4+ “ge 30 5.4 0.002

238 | 3y4e 38 5.4 0.039

23T + d 15 39. 0.100

23790 + 4 25 131. 0.184
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5.1 In-Beam Gamma-Ray Epectroscopy
through Heavy-Ion Induced Fusion

Mitsuhiko Ishii, Akiyasu Makishima ¥, Toshiyuki Kohkno ¥, Minoru Adachi *,

Hiroshi Taketani *, Kuniaki Yamazaki ¥* and Masao Ogawa ¥*¥

Department of Physics, Japan Atomic Energy Regearch Institute, Tokal-mura,
Tbaraki-ken, ¥ Department of Applied Physics, Tokyo Institute of Technology,
Meguro-ku, Tokyo, *¥ Energy Science, the Graduate School at Nagatsuds,

Tokyc Institute of Technology, Midori-ku, Yokohama

Fusion reactions induced by heavy ions provide us with many neutron-
defficient nuclei. In order to study the high spin states of those nuclei,
we have fabricated a 41 type of charged particle multiplicity filter {CPM
filter) which permits us to identify fusion residues by counting protons and
alpha-particles emitted from them. Tt consists of ten 8i detectors without
the insensitive margin; two of them are of annular type with a size of 35 mm

x 35 mm x 0.5 mm and eight side detectors rectangular of 30 mm x 35 mm X
0.5 mm. They surround the target as shown in Fig. 1 so that 90 % or more of
the emitted charged particles can be detected. Ezch of them is covered with
a copper foil of 20 mg/cm2 so that scattered projectiles and low energy

delta-rays can be stopped therein.

Fig. 1. Schematic drawing of the charged particle

multiplicity filter.
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We have employed the CPM filter to study high spin states of samarium-
138 by bombarding Ag-107 with a C1-35 beam of 155 MeV. Gamma-gamma coinci-
dence, gamma-ray angular distribution and Doppler shift measurements have
been performed with a gate set on the reacticn channel emitting two protons.

A level scheme of samarium-138 is shown in fig. 2. Excited stats up to
the spin 12+, members of the ground band up to the 8+state and two members
of ancother band crossing the ground band, have beer estatblished. The lO+
state de-excites with a half lifetime of 0.5 ns, which is of the same order
of magnitude as for the single particle transition. On the other hand, the
transitions from the 2+ to the ground states and from the 12+ to the lO+
states are enhanced by a factor of hundréds in Weisskeopf units; so they can
be interpreted as collective ones. |

A study on high spin states

of samarium-13€ is in progress.

+
A preliminary lifetime measure- (14°)
ment has shown that the 2+state 657
of the grcound band possesses a ‘2+ i ' 28ps
half lifetime of about 60 ps and + L 356.3 05
- LINS
no isomeric states with longer 10
lifetimes have been found. ' 552.2
8 o
775.0
6+ J\/"
685.3
4" L
544.3
ot s 40ps
+ U 3466
0
138
s29Mzg

Fig. 2. A level scheme of Sm-138.
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5.2 Fusion and Deep Inelastic Reactions for the Systems of

37Cl + 27A1 and 37C1 + aSTi with 37Cl beams of 100 — 200 MeV

% * * * *
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Fukuchi , §. Kinouchi , T. Komatsubara , M. Ogihara ,
Fokk .

= I TS

* ¥k
Mikumo , and W. Galster

*
ch Institute,

Department of Physics, Japan Atomic Energy Resear

*k
Tandem Accelerator Center, University of Tsukuba, and

* k%
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In the energy region below 200 MeV of 37C1 beams fusion reaction

occupies a dominant part for the systems A = 60 - 90. Above 160 MeV cother

reactions such as deep inelastic collision begin to be important. Using

the tandem accelerators of JAERI and University of Tsukuba, we measured

fusion evaporation residues and deep inelastic fragments for the systems

37 27 37 48
Ti. Fig. 1 shows the plots ofoE'R. vs l/Ec.m.

of €l + " 'Al and ' Cl +
for the two systems. At higher energiles than Ec n= 60 MeV fusion cross

In this energy region observed

1)

section takes a constant value of ~1000 mb.

cross sections were compared with the predictions of Lee et al. and

In the fusion process the energy AQ transferred to the
1 while

2
Civitareze et al. )

internal excitation of the compound nucleus is constant in Ref.

it is proportional to the mass AC of the compound nucleus in Ref. 2. The

difference between the two predictions is small for the system of 3701 +

27 37 48
Al. For the system of Cl + '°Ti the variable AQ model seems to fic

better with the experimental data.

T . [/
. o fs00 —AQ =10 MeY

500} H+ | ol \:ﬁ&}

™
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-
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T N
b ¢ E;
500t )
s Weg + 8Ty
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0 . . p 0 ) 0 ::1 0.02
0.01 0.02 0.03 ~ -
0 '/ Et‘.m. (MeV —')

1/ Ecm. (MEYT)
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Charges and kinetic energies of deep inelastic fragments were meas-
ured at 160 - 200 MeV. For the system of 37Cl + 48Ti we made coincidence
measurements of two fragments in order to obtain more accurate information
on the distribution of excitation energies over the fragments. Fig. 2

- shows the examples of the observed charge spectrum for the coincident
fragments with the 196 MeV beams. Here the coincidence angles restrict

the kinematical effect for the fragments, depending on the Q-values.

Further measurements are planned.

30-45 (30) 30-U5 (H45)
300 300
200 200
100 100
10 20 30 10 20 30
30-55 (30) 30-55 (55)
300 300
200 200
100 100
AN I I
115“‘ 12‘0ll 1:«:jo 10 20 30
yd Z

. o o o -]
Fig. 2 Charge spectrum at coincidence angles of 30 - 55 and 30 - 45

with 3_"Cl beams of 196 MeV
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5.3 Characteristics of the ENMA Focal-Plane Detector with CFA Gas

Eiko Takekoshi*, Yasuharu Sugiyama*, Hiroshi Ikezoe*, Yoshiaki Tomita*,

Naomoto Shikazono* and Kenzo Nagano**

*Department of Physics, Tokai Research Establishment, JAERI, **Institute of

Physics, The University of Tsukuba

A large hybrid gas counter for use with the JAERI magnetic spectrograph
1}

(ENMA) *°, the focal-plane detectorz), is now used routinely in the precise

measurements of the nuclear reactions with heavy ions. The counter gas was
replaced isobutane, CéHlo' of being flammable by tetraf luoromethane, CF&’

of being nonflammable since march 1983, according to experiences of the use of

CF4 in the focal-plane detector for the ANL linac magnetic spectrographB).

In CF&,
it is considered that this property may have some disadvantages on the charac-

it is known that negative ions are formed by electron impact, and

teristics of ion chamber and proportional counter constituting a hybrid

counter as the ENMA focal-plane detector, as compared with the case of C§H10.

Thus characteristics of the focal-plane detector with CF4 were examined °,
Some results present in Figs.l - 3. Fig.l shows the AE pulse height

obtained from the front anode of the ion chamber as a function of E(ANODE-

FRISCH.GRID) / P under the condition of E{CATHODE-FRISCH.GRID) / P = 1 - 6,

where E(VOLT/CM) and P(TORR) were the electric field strength and fill gas
pressure, respectively. It 1is seen that the values of (& - N )/P (CM-l.

)

TORR—I) are negative in the region of E/P = (12 - &5)4 , where® and T

are the Townsend's primary ionization coefficient and the electron attachment
frequency, respectively. The plateau for each gas pressure 1s the region to

use as the ion chamber. Fig.2 shows the reduced distribution width(KEV},

which has been derived semi-empirically by Schmidt-Bocking and Hornungs)'

red. BB« 22 _ o (s(sg) / S(Eg - BBV} - Lz, 7 + 2y D izp YR = K(ED)' P

%or different projectiles at different incident energies EO in CF4 and
C4H10 of the ion chamber, as a function of AE (MEV) . The width o (FWHM) of
the energy loss AE is the experimental value correcte
. the projectile nuclear

d for an electronic

width, S(E) the stopping power for the fill gas, ZP

charge and ZT the nuclear charge of fill gas. The solid line (X) with K =

sents fit to the C, CL and NI data denoted by X, which were corrected
AE electrode and the

80 repre
by the path-length differences of ions projected on the

multiple scattering at the &50 {ncidence. The dashed line (Y) with K = 67
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6)

represents the fit to data in C4H10 of the Daresbury ion chamber .
The value of ZT = 6 for C4H10 and CF4 is assumed. There is a little
difference between the lines (X) and (Y). This may require a little more
corrections with the vertical path length differences in the focal-plane
detectorl). Fig.3 shows DIETHORN'S plots7) for the front propertional
counter(position counter) in 04H10 and CF4. In the equation of
InM. 1n(B/A)/V =(1n2 /AV){1n(V/(P.A.1n(B/A))} - 1nK} |,

M is the gas amplification factor, V the anode bias voltage(VOLT), B the cathode
radius(CM), A the anode wire radius(CM), P the fill gas pressure(BAR). AV
is the potential difference through 'which an electron has moved in covering
the distance between successive ionizing events, and K is the critical value
of E/P below which ionization does not occur. Both values are constants
determined only by the properties of the fill gas. It is seen that the
values of AV are almost same in both fill gases and the K value of CF4 is
larger ;han one of CQHIO'

In conclusion, the disadvantages caused by (@ -n) / P 0 in the region of
E/P = (12 - 45) in CF, and E(CF4)>f(C4H10)
for the heavy ionms. The detailed discussion will be presented in another

are not important in measurements

reporta). The gas of CF4 has another advantage of large electron drift

velocitys), in addition to advantage of being nonflammable.
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5.4 Measurements of the spin alignment in the 12C+12C inelastic

scattering via y recoil

* * *

Yasuharu Sugivama , Naomoto Shikazono , Yoshiaki Tomita ,
* * *

Hiroshi Tkezoe , Kenzo Nagano , Eiko Takekoshi , Shigeru

* % %% * %
Kubono , Masahiko Tanaka and Michiro Sugitani

* k%
Department of Physics, Tokai Research Establishment, JAERI, In-

stitute for Nueclear Study, Uniﬁersity of Tokyo

In experiments with heavy ions it is known that x'-decay in flight
of an excited nucleus broadens a line width in the momentum spectrum of
the putgoing nucleus, reflecting the Doppler shift of the emitted
raysl). The shape of the line is determined by angular
distributions of the x—rays, which have characteristic patterns for
different m substates. Characteristic line shapes were observed in the
momentum spectrum and the m substate population was deduced by unfelding
the line shapes, when a high momentum resolution was achieved for the

12 or 1601,2)'

particle spectrum like as ~°C The orientation of

the nucleus produced in the reaction was specified by the components

F m,of the nuclear density matrix, where substate m or m” was

quantized with respect to a z axis. We introduced a new z axis which
was chosen to point into the direction of .9 b+tan_1k in the

reaction plane ,where@b was a scattering angle of laboratory system

and k was a kinematic factor of dp/p/dejz). By taking this z axis ,
the line shapes are definded only by the diagonal density matrix
elements and the substate population can be extracted precisely from the
line shapes. This analysis was applied to the single and mutual
excitations of the 2+ state of 12C in the 12C+IZC inelastic

scattering which was carried out at JAERI tandem Van de Graaf by using a
newly constructed heavy ilon magnetic spectrograph ). The

spectrograph, named ENMA, has a characteristic feature that a kinematic
‘momentum shift k is compensated from k=-0.7 to 2.0, so that a high
momentum resolution is achieved for a wide range of k3). So far
prominent gross structures have been observed in the angle-integrated

+ + 2. 12
single 2 and mutual 2 <cross sections in : C+ € ipelastic
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scattering and appreciable theoretical and experimental efforts have
been paid in order to clarify the origin of these structures. However
, the angular momenta dominating the gross structures and the mechanism
responsible for these have not yet been sufficiently clarified. In
order to get new informations of the gross strucﬁﬁres, the angular
distributions of the spin alignment for the single and the mutual
excitations were measured in the laboratory angle range 6'€:§91a5;34'60
in a step of 1°. The CM energies were chosen to be 19.0, 21.5, 24.25,
25.6, 27.3, 30.0, 33.0 35,0 45.0 and 55.0 MeV, respectively. Some
results are shown in Fig.l and Fig.2. It is clearly seen that the
substate populations of the single excitation are characterized by
angular oscillations which increase in frequency with bombarding energy,
while such oscillations are not observed for the substate populations of
the mutual excitation. The simple DWBA calculations were carried out
for the single excitatiom. We present here the results calculated by
the optical potential parameters Tanimura et. al.a) : Ve =] 8MeV,

v, =20MeV, W-0.24E_ MeV, ry=r;=1.35fm, a;=0.49fm, a;=0.2fm.  The
results are shown by solid lines in Fig.l. The DWBA with the present

potential parameters are seemed to reproduce the experimental results.
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1) H.G.Bohlen et al.,Phys. Rev. Lett. 37 (1976) 195 ; H.G.Bohlen and
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Nucl.Instr. and Meth.215(1983) 17 ;Y.Sugiyama, N.Shikazono,
T.Sato, T.Takayama and H.lkegami, JAERI-M 9358 (1981) ; M,Sawada,
Y.Sugiyama and E.Takekoshi, JAERI-M 83-014 (1983)
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5.5 Meazsurements of Evaporation Kesidues Produced in 0+ Al

Hiroshi Ikezoe, Naomoto Shikazono, Yoshiaki Tomita, Kezumi ldeno,

Yasuharu Sugiyama, and Eiko Takekoshi
Department of Physies, Japan Atomic Energy Research Institute.

The complete identification (mass, atomic number and energy) of fusion
evaporation residues gives us infofmations gbout a ?ole of angular momentum
in the mechanism of the incomplete fusion reactionl). In general, the
partial fusion cross sections with lower anguiar momenta in the entrance
charmel are concerned in the productions of heavier isotopes. Un the other
hand, lighter isotopes are mainly produced from the entry states with higher
angular momenta. This is due toc the preference of o emissions from the entry
states with high angular momenta and these result in productions of lighter
elements. For instance, the Ar and Cl isotopes for the'160 + 27Al reaction
are produced from the entry states with lower angular momenta and the 51 and
Al isctopes are produced from those with higher angular momenta. It is an aim
of this experiment to investigate influences of the incomplete momentum
transfer in the velocity cross section of each evaporation residuen.

160 , et

Fusion evaporation residues for the Al reaction were measured

at Elab(l6o) = 150 MeV using time-of-flight telescope. The mass and atomic
numbers of evaporation residues were identified using two channel plate
detectors (start, stop) and ionization chamber (AE, ). The angular
distribution were also measured from 4° to 26° with respect to the beam.

The analysis of the data and a comparison with statistical medel calculation

are underway.

References
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5.6 Calculation of Sub-barrier Fusion Cross Section
Akira Iwamoto and Kichinosuke Harada
Department of Physics, Japan Atomic Energy Research Institute

Experimental value of the heavy-ion fusion cross section for the
energy below the Coulomb barrier shows an enhancement over the pre-
diction based on one dimensional barrier penetration calculations. An
example is the Ni+Ni excitation function measured by Beckerman et al.l).
Te improve the fitting, it is necessary to take into account the
intrinsic structure of the colliding nuclei., Coupled channel type
calculations have been done extensively along this line and it was found
that the couplings to inelastic channels and transfer channels arc
responsible to the enhancement of the fusion cross sectionz). Although
some of the data are fitted well with this ., the model is very com-
plicated and the reason for the large enhancement of the cross section
is not clear. We investigate this problem by the use of more simplified

model which is related to the machanism of the neck formation proposed

by Krappe et al.3).

For the Hamiltonian H of the system, we assume

2

1 .
H=2u + Vig,x) + Hie (N

where q is the relative distance of two heavy ions and x stands for an
intrinsic wvariable. We introduce two intrinsic states, ‘a> and |B>
where the former stands for the ground state and the latter, an excited
state, We calculate the tunneling process accompanied by the excitation
of the intrinsic state from the initial (a> state to |B> state. In

order to get the S matrix, -we calculate the wmatrix element of the

propagator ,
P =< B,q | exp(m—h]% iit) lza-qi >
= < q | Koo exp(- 3¢ i) ey >, (2)
where the reduced propagator KBOl is calculated by E?; firstcsrder
perturbation theory. We split it into two parts, K and K , the

former is the process where the intrinsic excitation occurs outside the
Coulomb barrier and the latter, inside the barrier. In order to

calculate Egq.(2), we use the path integral representation of P and

_84..._
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approximate it by the stationary phase method. For the barrier

4)

penetration, we use the method of the imaginary time . By this way,
we get the semiclassical paths q(l)(t) forK(l) and q(z)(t) for K(z).

We can now calculate the quantity P. As an zero-th order ap-
ptoximation, we assume the inverse parabola potentials for both intrin-
sic states and solve the equation of motion for q(l)(t) and q(z)(t).

After some calculations, we get two S matrices for two pro-

cesses, K(l) and K(Z) and we will show the one for the former.

| s(1 {2 « A exp [;hz:{ '(E—wu-su) b (W~ ) bt ), (3)

Here Wa and W, are the potential heights corresponding to the intrinsic
states |a> and |B> whose energies are €, and Eg- The effective time
needed to penetrate the barrier is written as t. The overall nor-
malization A is essentially propoertional to [VBa'z where VBG is the
transition matrix element from |a> to 18> and'ﬁu=58~5a.

The S matrix for the penetration process without intrinsic ex-

citation is given as
9 .
| S(O) lz « P [‘E{ (E—Wa—ﬁa) T }] . (4)

Thus for Wa—wBJﬁm>0 , the cross section will be enhanced. The calcu-
lation of the potential energy surface for medium and heavy mass system
shows that the adiabatic potential barrier is typically several to 10
MeV lower than the cold density barrier. The adiabatic potential
barrier corresponds to the large prolate deformation of the nuclei {neck
formation), We identify our intrinsic state \B> to such state and then
we get the following interpretation of the enhancement: As twe nuclei
approaches each other, the residual interaction brings about the defor-
mation of the two nuclei. The neck is formed and the potential barrier

is lowered as a result, Numerical calculation for such process is under

way.
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6.1 TFast Neutron t-o-f Spectrometer for the scattering measurements

Masayoshi Sugimoto*, Yoshimaro Vamanouti*, Shigeya Tanaka¥®,

vYutaka Furuta*, Motoharu Mizumoto* and Mikio Hyakutake**

* Department of Physics, Japan Atomic Energy Research Institute and
*xDepartment c¢f Nuclear Engineering, Fuculty of Engineering,

Kyushu University

A fast neutron t-o-f spectroﬁeter was installed at the JAERI Tandem
accelerator, and its performances were investigated by using the
27Al{d,n)288i reaction at the deuteron energy 10 MeV and the 2881+n
reaction at the incident energy 13 MeV,.

The spectrometer consists of the neutron target system (D2 gas target
and 7Li metal target) and the gonicmeter, on which the massive detecter
shields for two distinct types of the neutron detectors were put, with
8 meter flight paths. One type of the neutron detector (A) is an array
(2x2) of the voluminous liguid scintillator, 35 cm x 22 cmg NE213, coupled
to the two RCAS854 photeomultipliers. The method of the time-compensation
is same as the one developed at Ohlo Universityl). Another type of the
detector (B) is alsc a liguid scintillator, 80 cm X 10 cm¢ NE213, coupled
to the two RCAS8854 photomultipliers and the conventional mean-timing
method is used as the time-compensation method.

The checked perfomances are 1) the monochromaticity of the D{d,n}
neutron source at En=13 MeV: the effect of the deuteron breakup and the
(d,n) reactions at the beam stop, 2) the time resolution of the
spectrometer, 3) the effectiveness of the pulse shape discrimination of
the large detectors and 4) the effectiveness of the detector shields.

The results are as follows: 1) Fig. 1 is the typical source
gpectrum at the beam direction using a b em x 12.5cmgp NEZ13 detector.
The breakup component was modest compared to the main peak from the
D{d,n)3He reaction, however it will interfere the observation of the
scattering to the higher excited levels at the angles up to 60 deg or
more. The applicability of the 3He(d,np)3He reaction for evaluating the
breakup componentg) was examined, but the several difficulties were found
on the yield, the precise shape and so on. Sone compenents between the

main peak and the breakup are attributed to the (d,n) neutrons from the

target cell.,
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2) Fig.2 is the result of the time resoluticn measurement fer the
detectors (A) using the 27Al(d,n)285i reaction to the lower excited
levels. The overall time resclution was 2 nsec FWHM for the fastest 17.5
MeV neutrons, and the beam pulse width was 1.5 nsec FWHM., The similar
result cf the time resolution for the detector (B) was obtained. 3) The

pulse shape spectrum was

obtained at the above

D(d,n)aHe
measurements with the

3
i} B(d.np)D ¥

2..
18 M

bias level 1-2 Co LU,
The figure of merit is
satisfactory one for
measuring the scattered

neutrons.

counts per channel

I\
g fyede] LI+]] 600 BCco 1000 1200 800 1600 1862 2Ill

channel number

Fig.1. The neutron t-o-f spectrum from the D2 gas target at 10 MeV
incident energy. A peak of the 13 MeV neutrons from the D(d,n)sHe
reaction and the deuteron breakup are seen and the component between them

is due to the (d,n) reactions of the C,N,C and the target cell materials.

7 .
1 2701(d,n)%8s1, Ed=10Mev
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Fig.2 The time resclution measurement of the large detector system by
using the 27Alfd,n)2881 reaction. The time resolution is 2 nsec FWHM

at best with the time-compensation.
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4) The detector shields completely
shut the direct source neutrons at
the scattering angles larger than
30 deg. At the scattering angle of
15 deg, a part of the detector was
exposed to the direct neutrens, &0
the measurements must be done by
the use of a half of the array of
detectors (A). Fig. 3{(a)-(c) are
the examples cof the spectra
obtained from the reaction
2881(n,n) and (n,n') at En=13 MeV.
Thé sample-out runs were plotted in

the same figures.

As a conseguence the
perfomances of the neutron t—o-f
spectrometer are satisfactory, and
the problems to be solved in the
near future are also revealed, 1.e.
the contaminations in the neutron
source, the high random backgreound
level in the t-o-f spectra, and the
stability of the pulsed beam and

the detector response.
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6.2 Scattering of 12.8 MeV Neutrons from 2881

Yoshimaro Yamanouti*, Masayoshi Sugimoto*, Shigeya Tanaka*

Mikio Hyakutake**, Yutaka Furuta* and Motoharu Mizumoto*

*Department of Physics, Japan Atomic Energy Research Institute

and **Department of Nuclear Engineering, Kyushu University

Differential cross sections for the scattering of 12.8 MeV neutrons
from 2881 were measured in order to investigate the reaction mechanism of
neutron-nucleus interaction and collective properties of the low-lying
states of 2851. Scattered neutrons were observed by a newly constructed
time-of-flight spectrometer with an array of four 20 cm$ x 35 cm NE213
liquid scintillator detectors. Monoenergetic neutrons were generated
in a gas cell filled with deuterium gas up to 2x105 Pa by the D(d,n)3He
reaction as a neutron source reaction.

Neutron time-of-flight spectra were taken every 5° for scattering
angles from 15° to 130°. Inelastic cross sections leading to the first 2+
state at 1.779 MeV and the 4+ state at 4.618 MeV were measured
simultaneously with the elastic scattering. Fig.l shows the background
subtracted time-of-flight spectrum taken at Oy, = 60°. The time-of-flight
spectra were analyzed using a least square curve-fitting program.

The relative efficiencies for the neutron detector were determined by

measuring the known angular distribution of neutrons from the D(d,n)3He

reaction.
The optical potential 4
parameters to give the best oot 285i (n.n) and (n,n')
: . E =
fit to the elastic cross - n” 1.8 Me¥
v aor  B1ap™ 60 1
sections were obtained by c
=
the optical potential © =T .
@ ~
search code ELIESE3. * wl ]
v
-
The initial set of the 5
. & o 1
parameter searches was the 1)
. 01 A
set obtained by Haouat et al. o o Ao w0 80 sw Mo mo am e

The compound elastic and cannel Number
inelastic cross sections
Fig.l The neutron time-of-flight spectrum
were estimated by using
taken at 915 = 60°.
the Hauser-Feshbach formalism,
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The experimental cross
sections were analyzed in terms
of the DWBA theory and
the coupled-channels formalism.
The coupled-channels calculations
based on the rotational model
and the vibrational model were
carried out with the 0+-2+—4+
coupling scheme.

In the rotational model
caleulations the negative By
value gives a better fit to the
experimental cross sections than
the positive By value. The DWBA
predictions and the results of
the coupled-channels calculations
are shown in Fig.2 together with
the experimental cross sections.
The results of the rotational
model calculations in the figure

were obtained with the quadrupole

deformation only.

Reference
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Conf. Sept. 1982 (Antwerp)
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