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PREFACE TO PUBLICATION OF THE 10TH PROGRESS REPORT 

After World War II , our institute underwent prolonged financial difficulty for years and 

the facilities became obsolete in that period. Gradually, however, situation began improving 

thanks to the endeavour of people of the institute and helps from outside. The legislation of 

1958 to reorganize RIKAGAKU KENKYUSHO as a non-profit research institute and subsequent 

government approval of acquiring a new site of the institute at the present location to move 

from the old crowded Komagome area warranted the renewal of RIKEN. Construction of the 

cyclotron was planned at that time to take the place of the Nishina's cyclotron destroyed 

after the War and symbolized our determination to improve our facilities. All the basic design 

was made by members of the institute and constructional work was completed in the fall of 

1966. 

The design was unique at that time in its capability of acceleration of heavy ions such as 

12 C, 14 N and 16 0 as well as lighter ions and in the possibility of changing particle energy 

widely. Shortly after the completion of the cyclotron, acceleration of heavy ions by tandem 

Vande Graaffs became popular abroad. However in Japan , there were few other cyclotrons or 

tandems which can accelerate heavy ions to sufficiently high energy until few years ago. 

The RIKEN cyclotron has been the only high energy heavy ion facility in this country for these 

10 years. Fortunately, operation of the cyclotron was found simple and easy in spite of its use 

for wide variety of particles and energy. It must be mentioned that the people working in the 

field other than nuclear physics have used high energy heavy particles as new means of research 

in their fields and many remarkable results have been obtained. It is needless to say that 

important contributions to nuclear study have also been made. All those studies have been 

recorded in the Progress Reports issued for these 10 years together with the technical 

achievements made by the engineering staffs. This is the 10th volume and shows still growing 

activity around the cyclotron. We are proud of our achievements made in the past and also are 

glad to see prospect of further development of research in this institute by use of the cyclotron 

and the new heavy ion linac under construction. 

;Ji.r7Jv£~ 
Shinji FUKUI 

President 
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1. INTRODUCTION 

Ten years have elapsed since the first beam was successfully accelerated in our cyclotron. 

Our cyclotron is the first one in Japan that has widely been used in fields not only of nuclear 

physics but also in solid state physics, chemistry and biology. 

The cyclotron continued to work, as before, in good condition all through last year. 

Several improvements have been made in the machine and its accessory facilities. 

A number of experimental studies on nuclear reactions and level structures were continued 

from previous years. Heavy-ion induced X-rays were studied using a Bragg crystal spectrometer as 

well as Si(Li) detectors with good energy resolution. Channeling experiments were continued 

with high energy alpha particles. Perturbed angular correlation (PAC) studies were made on 

transition metal ions in magnetic oxides. Positron annihilation studies on metals were continued. 

Emission spectra of alkali halides were measured under low temperature heavy-ion irradiation to 

obtain information on initial species produced. Effects of heavy ions on DNA synthesis in 

bacterial and cultured mammalian cells have been investigated, together with the production of 

radioisotopes and labelled compounds for the medical use. 

The first resonator and the injector of the heavy-ion linear accelerator were installed in a new 

building. 

Hiromichi Kamitsubo 

Editor 
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2. MACHINE OPERA liON 

S. Fujita, H. Nakajima, K. Ogiwara, K. Ikegami, 

T. Kageyama, S. Kohara, H. Takebe , and I. Kohno 

During the period from Oct. 23, 1975 to Oct. 22 , 1976 the cyclotron was operated on the 

24h-per-day basis. Statistics of machine operation is given in Table 1. The working time 

meter for the beam, which indicated 4597h, was increased by about 19 % (744h) compared 

with that of the last year. This increase in working time is due to the decrease in holidays 

and in the loss by troubles. 

Table 1. Machine operation. 

Date Oscillator Ion source Beam 

Oct. 23, 1975 42088.3 (h) 45174.3 (h) 14878.2 (h) 

Oct. 22, 1976 47050.3 (h) 50354.2 (h) 19474.9 (h) 

365 days 4962.0 (h) 5179.9 (h) 4596.7 (h) 

Percentage of 365 days 56.6 % 59.1 % 52.5 % 

Schedule in this period 

Beam time 246 (days) 

Overhaul and installation work 46 (days) 

Periodical inspection and repair 32 (days) 

Vacation and holidays 41 (days) 

Table 2 shows beam time alloted to various activities in this period. Requests for heavy 

ion beams continued to increase and the cyclotron was operated 143 days with the heavy 

ion source, which was 58.4 % of the total scheduled beam time. The beam time alloted to 

the inner atomic shell excitation study was increased by about 300 h and the study of 

stopping power with heavy ion beams was newly begun. 

Following troubles occurred during this period. A bearing of the circulation pump for 

deionized cooling water was broken. Vacuum leak developed at vacuum seal of a ceramic 

insulator which connects copper cooling water tube to the shorting plane. Metal of the vacuum 

seal was found eroded by electrolysis. 

These troubles brought about a loss of about 12 days. 
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A cooling tower to remove heat from the cyclotron facilities was set on the roof of the 

cyclotron vault instead of the cooling pond used until then. 

Table 2. Scheduled beam time and subjects of activity in the period XI. 

Subject 
Light 

Heavy ion particles Total 

[ Nuclear reaction 2241 (h) 935 (h) 3176 (h) 

Nucl. Phys. In-beam spectroscopy 321 (h) 122 (h) 443 (h) 

RI production o (h) 153 (h) 153 (h) 

Nuclear chemistry o (h) 155 (h) 155 (h) 

Radiation chemistry 138 (h) 74 (h) 212 (h) 

Fields other Radiation biology 128 (h) 80 (h) 208 (h) 

than Nucl. Phys. Solid state physics 12 (h) 546 (h) 558 (h) 

Inner atomic shell 344 (h) 48 (h) 392 (h) 
excitation study 

Stopping power study 34 (h) o (h) 34 (h) 

[ Nuclear medicine o (h) 75 (h) 75 (h) 

Outside users Nuclear fuel study o (h) 106 (h) 106 (h) 

RI production o (h) 5 (h) 5 (h) 

Development of instruments 24 (h) 12 (h) 36 (h) 

Total 3242 (h) 2311 (h) 5553 (h) 

Percent in total 58.4% 41.6 % 100 % 

Maintenance: operation and engineering 

Exchange of ion sources 80 (h) 

Reserved for beam time adjustment 271 (h) 
and cooling of radio-activity 

Machine inspection and repair 744 (h) 

Total 1095 (h) 
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3. MACHINE DEVELOPMENT AND ACCELERATOR PHYSICS 

3-1. The Production of Multiply Charged Lithium and Magnesium 

Ions from a PIG Source 

A. Shimamura, T. Tonuma, and 1. Kohno 

In order to develop an ion source of lithium and magnesium for the cyclotron we 

have studied the production of multiply charged ions of these metals from a PIG source. 

Details of the ion source is shown in Fig. 1. The anode is made of stainless steel without 

cooling and a stainless steel oven is used for the production of metal vapour. For the 

operation of the ion source the use of a supporting gas is essential. Its first function is to 

enable an arc to be struck in the ion source, and its second function is to keep the metal 

vapour to maintain a stable arc. We used argon as the supporting gas and studied the production 

of multiply charged ions of lithium and magnesium. The ion beam extracted from the ion 

-11 emf-

Fig. 1. Cross-sectional view of the ion source. 

CD - filament (W), G) - hot cathode(W), 

0- anode box (copper), 8)- slit plate(Mo), 

(1)- reflector cathode (W), @- cooling tube, 

(j)- ceramic chimney, 0- ceramic tube for thermo couple, 

0- oven (stainless steel), @- ceramic paper, 

@- gas feed 
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Fig. 3. M/q spectrum of ion beams of 

lithium (supporting gas: argon). 

\ 

source was analyzed by a 1800 mass-spectrometer. The charge spectra of magnesium and 

lithium measured are shown in Figs. 2 and 3. 
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3-2. A n Improved Heavy Ion Source 

H. Nakajima, T. Kageyama, and S. Kohara 

Heavy ions such as C,N and 0 have been accelerated in the cyclotron since 1967. The 

variety of particles and range of energies of the cyclotron are limited by its minimum accelerat

ing frequency and maximum dee voltage (Fig. 1). All kinds of ions are accelerated by 

fundamental mode since we cannot extract the beam by any harmonic mode on account of 

adoption of the R-F type deflector. 

Besides, ions of charge to mass ratio Zi! A = 0.25 (such as C3 +, 0 4 + , and Nes+) are not 

accelerated because it was difficult to hold dee voltage for accelerating such ions. Os+ is 

routinely accelerated instead of 0 4+ although the extracted beam intensity is about 5 % of 

the beams of N4 + and C4+. Therefore , it is necessary to increase the intensity of highly 

charged ions from the ion source to extend the performance of the cyclotron. 

According to our experimental data and several publications by others the production rate 

of multiply-charged ions in the PIG ion source with indirectly heated cathode , increases in 

proportion to the square or cube of the arc power and to inverse of the 12 th power of the 

gas flow rate. 1) We have also experienced an increase in intensity of highly charged ions by a 

discharge chamber having a smaller diameter than that used at present. 

An improved ion source was designed based on these well recognized facts. The main 

features are as follows: a precise assembly of the electrodes, no hole other than ion extraction 

slit is provided to allow reduction of gas flow and the use of an arc chamber with a smaller 

Energy in MeV/ nucl. 

4 4.5 5 7 8 9 10 11 12 13 14 15 16 17 18 
I I i I j i j I I i [ I j i i 

2 0,---~~~,,~~~~~-y~~-,-, 

6 7 8 9 10 11 12 12.5 

Osci l lator frequency in MHz 

Fig. 1. The resonance condition of the 

IPCR 160 cm variable energy cyclotron, 

radius of beam exit is 74 cm. The dotted 

lines indicate the upper limit of dee 

voltage. 



8 

Pulse 
input 

Fig. 2. Cross-sectional view of the ion source. 

Kl : hot cathode (W), K2 : reflector cathode(W), 

CM : cathode mount (copper and water-cooled), 

HSH : cathode heat shield (W), SH: electron shield, 

F : filament, B : anode box (copper), SP: slit plate (Mo), 

S : Source aperture, 

o : distribution plenum, A : exhaust window, 

I : insulator (steatite), J : cooled joint, 

L : leading tube, T : supporting tube, G: copper spacer, 

Power 
supply 

for 
-300V dr iver 

Power 
input 

AC 200V 

j -- ~ --

to Console 

lore Vo~ 

QI 2SA 739 
Q2 - Q14 2SC 1172 

Fig. 3. Circuit of the pulsed arc power supply. 
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bore diameter (see Fig. 2). Also a pulsed arc power supply was designed which can produce 

a large instantaneous arc power. 10 kW is available at peak. The circuit consists of a power 

tube and a transistorized driver stage and will be used with the above ion source and the power 

supply working at present (Fig. 3). 

We hope to be able to raise the intensity of N5+ and 0 5+ and to accelerate new ions 

such as 0 6+ and Ne6+. 

Reference 

1) Y. Miyazawa, I. Kohno, T. Inoue, T. Tonuma, A. Shimamura, and S. Nakajima: IPCR Cyclotron 

Technical Report, No. 2 (1972). 
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3-3. An Automatic Control of the Pumping System for the Vacuum 

Chamber of the Cyc lotron 

K. Ikegami, T. Kageyama, T. Watanabe, and T. Noda 

The pumping system of the cyclotron is composed of 32", 14" and 6" oil diffusion pumps 

connected in series, and several roughing pumps as shown in Fig. 1.1) Instead of manual 

operation an automatic control device of the pumping system was developed and many valves 

were replaced with pneumatic ones. 

In the new control system, pumps and valves are operated automatically according to the 

indication of Pirani-detectors to evacuate the chamber of the cyclotron up to the pressure 

of 0.7 '" 1.0 X 1 O~ Torr, and also to protect the pumping system against vacuum failure by 

accidental leakage in the chamber. Pirani detectors used can give trip signals at arbitrary 

value of pressure chosen between atomosphere and 1 X 10- 3 Torr. Figure 2 shows the graphic 

handling board of the pumping system which is installed on the control panel, and each switch 

is provided with a name card showing its function briefly. When the switch "Auto" is 

pushed the pumping system can be operated automatically according to the predetermined 

sequence for evacuation of the chamber by pushing the running switch but in the state of 

"MANU" the pumping system is operated by switching each pump and valve manually. 

Figure 3 shows the standard circuit for the new control system which is the same one 

as the unit circuit used previously. 2) In Fig. 4 the sequence of operation of the pumping 

1500 Umin 

Pneumatic i so lot i on 
adm ittance vaLve 

Air admittance valve 

Ionization gauge 

Pirani gauge 

Mechan ical pump 

Fig. 1. Schematic diagram of the vacuum system for IPCR 

160cm cyclotron. 



system is shown. The sequence begins from starting up of 1500 flm rotary pump and 

proceeds in due order up to evacuation of the chamber by the main diffusion pumps. 

o @ AC 200V AC100V DC48V @ 
@ 0 

000 

P03 P34 P5 P6 

o :0: :0: :0: :0: 0 

o 

o 
WATE 

o 
OFF ON 

00 
OFF ON 

00 

@ 

@ 

CillJ Qill 
NOT 0 cS 0 0 
OFF ON 0 0 P2 

PIO 0 

LV 

P~1 ~2 ~3 61 62 PJ4 ~ 66 ~1 ~2 
AVl-6 C~P DP S DP R MPP S2 RP1500 RP650 M8300 
000000000 

o 

o 

0 

o @ @ @ 0 

Fig. 2. A diagram of handling board of the 

vacuum system. 

-,--;--,------------------r- +48V 

I 
I 
I 
I 
I ____________ ..J 

+48V 

Lamps 

Fig. 3. A diagram of a circuit for control 

system. 

11 
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References 

Po> 5Torr 
10-1< Po<5Torr 
and P1<5Torr 

Closing leak valve for accelerating chamber 

Fig. 4. A sequence diagram of automatic operation of the 

installation. Po indicates the pressure at the accelerating 

chamber. Pn (n=0""'6) corresponds to the vacuum at each 

place of the vacuum system shown in Fig. I. 

1) T. Tonuma, Y. Miyazawa, K. Yoshida, T. Karasawa, and H. Kumagai: J. Vacuum Soc. 

Japan, 12, 11 (1969). 

2) T. Inoue, I. Kohno, and S. Takeda: Reports IPCR (in Japanese), 46, 103 (1970). 
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3-4. Ultra-compact eyc lotron 

T. Karasawa and K. Sakabe* 

Cyclotron-produced radionuclides have been widely used in nuclear medicine as well as other 

fields. Of all the different kinds of accelerators, a cyclotron is the most useful source of 

radio nuclides. Carbon, nitrogen and oxygen are physiological key elements. Radionuclides of these 

elements with short half-lives of 2 to 20 minutes cannot be transported and require "in-house" 

preparation. 

The ultra-compact cyclotron, the so-called "desk top" cyclotron to be described, aimes 

particularly at radionuclides production of 11 C, 13 N, 15 0, and 18 F. The cyclotron is a 4-sector 

radial ridge fixed energy A VF cyclotron. Its performances are shown in Table 1. 

Table 1. Performances of the ultra-compact cyclotron. 

Particle Energy f 

Proton 9.4 MeV 54 MHz 

Deuteron 4.7 MeV 54 MHz 

3 He++ 12.5 MeV 38 MHz 

a-particle 9.4 MeV 54 MHz 

f: Frequency of oscillator. 

Harmonic 
number 

2 

4 

2 

4 

Target** 
energy 

9.3 MeV 

4.3 MeV 

11.5 MeV 

7.7 MeV 

Radionuclides 
Nuclear 
reaction 

11 C, 13 N (p, d) 

11C, 13N, 15 0 (d, n) 

18 F e He ++, p) 

**: After passing through an entry window foil of target box. 

1 500 Dia 
10 N source 

* The Japan Steel Works, Ltd. 

Feeder 
o 
o 
t[) 

N 

Beam robe 

Fig. 1. Birdeye view of the cyclotron. 
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Fig. 2(a) Holizontal section. Fig. 2(b) Vertical section. 

Table 2. Detailed parameters of the cyclotron. 

(1) Magnet 

Diameter Weight Gap 

pole tip 600mm Fe 7.5ton hill 50mm 

pole base 720mm Cu 0.5ton valley 90mm 

outermost 1500mm average 64.3mm 

Exciting coil: water cooled hollow conductor, 4A/mm2
, 336tums 

Power supply: 440AX90V 40kW, normal 24kW 

Trimming coil: two harmonic coil pairs at extraction radius 

Extraction radius: 240mm 

(2) Radio-frequency system (3) Vacuum system 

Field 

2.4Tesla 

1.6Tesia 

1. 84Tesla 

Frequency: 54MHz and 38MHz 

Dee voltage: 35kV 

Q-value: 3000 

Turbo-molecular pumps 

Roots blower pump 

Rotary pump 

two 250.e/s 

30m3 /h 

100f/min. 

Shunt impedance: 65k-ohm 

MOP A (master oscillator power amplifier) 

Capacity-coupled 

Coaxial resonator 

Power amplifier 3CW20000A 7 (EIMAC) 

Final vacuum 

Operating vacuum 

1 X 10-5 Torr. 

8 X I 0-5 Torr. 

8 co 
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Figure 1 is a birdeye view when upper yoke is lifted and Fig. 2-(a) and 2-(b) are holizontal 

and vertical sections of the cyclotron, respectively. The detailed parameters of the cyclotron 

are given in Table 2. 

Design features of the cyclotron are self-radiation shielding l
) and push-button operation. 

The circular magnet yoke surrounding the cyclotron absorbs radiations coming from inside so 

that the cyclotron can be installed in a small vault with thin concrete walls . The control 

system is of such an arrangement and structure that the cyclotron may be operated by pushing 

six buttons and adjusting ion source power. Thus the cyclotron can be operated in good 

stability by those who have no high discipline and experience. 

The project of the prototype cyclotron was started in December 1972 under a patent 

licence agreement between IPCR and the Japan Steel Works. The patent is "Self Shielding 

Type Cyclotron".l) All components necessary for the electromagnet including field mapping 

equipment were assembled in spring 1974 at the Muroran plant of JSW. We then began 

magnetic field mapping and finished it in autumn 1975. We started beam test in spring this 

year at the Muroran plant and were able to accelerate both proton and deuteron up to the 

maximum radius on the 16th of July. The beam current measured by the probe vs. radius 

is shown in Fig. 3. 
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Fig. 3. Beam current versus radius. 

During construction of the prototype, following three problems appeared but were successively 

solved step by step: (1) formation of isochronous magnetic field distribution2
) for 9.4 MeV 

proton without circular trimming coils, (2) development of dees and resonators with a moderate 

Q-value at relatively high frequencies and (3) adjustment of initial motion of beam and precession 

of orbit center resulting from the harmonic acceleration. Reports on these problems will be 

described in other papers. 3 ) 

References 

1) Japanese Patent 818015 and USA Patent 3921019. 

2) T. Karasawa and Y. Toda: Reports of IPCR, (in Japanese) , 52, 185 (1976). 

3) T. Karasawa: ibid. , 53, 35 (1977). 
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3-5. Operation of the IPCR Polarized Ion Source for the INS 

Isochronous Cyc lotron 

S. Motonaga, T. Fujisawa, F.G. Resmini,* Y. Toba, 

S. Yamada,** N. Ueda,** T. Hasegawa,* and H. Kamitsubo 

A polarized proton and deuteron source of an atomic beam type for the INS isochronous 

cyclotron has been built and installed. All of the mechanical parts and electrical power 

supplies were manufactured by the workshop of IPCR. 

The polarized ion source is mounted vertically on the cyclotron roof shielding as shown in 

Fig. 1, its beam being injected axially into the accelerator through a bore in the upper yoke. 

An axial beam injection line, whose optical elements are an einzel lens· and two electrostatic 

quadrupole triplets, brings the beam 4.3 meters down to the cyclotron median plane. A 
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Fig. 1. Simplified layout of the ion 

source and the axial injection system. 

* Milan University, Italy. 

** Institute for Nuclear Study, University of Tokyo. 
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Fig. 2. Intensity of polarized beam as a 
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gridded electrostatic mirror inflects the beam into the dummy dee. More details of the 

injection system and experimental results have been described in a recent paper.l) Typical beam 

current measured at the normal operation were up to 5J.LA of polarized protons at the exit of 

the source, O.IJ.LA accelerated in the cyclotron, 0.03J.LA external beam with polarization of 

70%. A brief account and the operating characteristics of the IPCR polarized ion source are 

as follows: Molecular hydrogen or deuterium is dissociated in rf-discharge, driven by a 1 kW, 

25 MHz oscillator. The discharge tube and nozzle are cooled by flowing water. The gas flow 

out of the tube is in the range of 50 cc/min. The atomic hydrogen emerging from the nozzle 

is restricted by a skimmer, and then collimated by a diaphragm at the entrance to the sextupole 

magnet at a distance of 60 mm from the skimmer. Atomic hydrogen which could not go 

through the skimmer is evacuated with two oil diffusion pumps having a speed of 4000 £/s. 

A trouble arose which is inherent in a system using a high pressure discharge tube. It is the 

rapid polymerization of the diffusion pump oil resulting from the large atomic hydrogen gas 

load. The pumps on the nozzle exhaust chamber were most seriously affected and needed to 

be cleaned and oil recharged after about 150 h of operation. Oil used at present is Silicon 

DC-70S oil. In the early stage of the operation of the polarized ion source, the operation of 

the discharge tube was found to be unstable. The polarized beam current went out frequently 

to zero in a periodic fashion , the period depending on the power of the discharge. A water 

container was then installed in a gas line to give moisture to the hydrogen. Thereafter stable 

operation of the dissociator with increased polarized beam intensity has been obtained. 

Measurement of the polarized beam intensity with different gas flow rates into the discharge 

tube as a function of the discharge power for dissociation was carried out. Figure 2 shows 

results of such measurement with wet hydrogen gas. 

The separation of the hyperfine-structure components is done by a sextupole magnet 

having an axial length of 35 em, an entrance aperture of 6.5 mm, and an exit aperture of 

13.5 mm. The magnet produces the maximum field of 7.2 KG at poletips. 

High values of nuclear polarization can be achieved by use of RF transitions between 

Table 1. RF-transition parameters. 

# 1 #2 
Particle Transi tion Frequency Static field Grad ien t Transition Frequency Static field Gradien t Polariza tion 

Hyd rogen 

Deu ter ium 

(MHz) (gauss) H (MH z) (gauss) H Pz, Pzz 

1TI -+ 3 10 6 

1T I -+ 4 10 II 

1T1 -+ 4 10 II 

Static field is perpendicular to rf fie ld 

Stat ic fie ld is parallel to rf field 

°2 -+ 4 1480 I SO 

° 3 -+ 5 378 11 7 

°3 -+ 5 378 11 7 

- I , 

+ I , 

+~ - I 
3 ' 

I 
- 3 ' - I 
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hyperfine-structure levels. Table 1 shows the proposed operating scheme for hydrogen and 

deuterium atoms and degree of nuclear polarization after the strong field ionizer. The polarization 

value of the Table 1 are of ideal one and smaller values were obtained in practice. For 

the case of 28 MeV polarized proton beam, Pz =±0.7 was obtained from the measurement 
--+ 

using the C(p,p)C reaction, when the transition 1--+3 was induced. At the present test, the 

sign of the vector polarization is reversed by reversing the magnetic field in the ionizer but it 

resulted in a loss of beam intensity of about 10 %. The reason for this phenomenon is not 

completely understood. 

The atomic beam is ionized in the strong field ionizer by electron collision. A magnetic 

field of about 1300 gauss is applied parallel to the beam axis. Figure 3 shows schematic 

diagram (a) and a typical operation parameters of the electrical potentials along the axis (b) of 

the ionizer 
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~ Atomic beam 
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6 kV 
7 kV 
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Fig. 3. Schematic diagram (a) 

and electrostatic potentials (b) 

in the strong field ionizer. 

The solenoid coil, the filament and all of the electrodes are biased at a maximum positive 

potential of 20 kV to the ground in order to inject the ion beam into the cyclotron. The 

value of ionization efficiency is estimated to be 5 X 10-3
. 

Typical pressure in the different sections of the polarized ion source were measured under 

the normal operating condition in which the gas flow rate from the nozzle was 50 cc/min. 

The results obtained are p = 1.2 X 10-4 Torr in the dissociator, p = 1.8 X 10-6 Torr in the 

sextupole magnet and p = 2.2 X 10-7 Torr in the ionizer. 
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3-6. Design Study of a Separate-Sectored eyc lotron for Heavy-Ions 

S. Motonaga, H. Kamitsubo, and N. Nakanishi 

A separate-sectored ring cyclotron was proposed as an energy booster of particles from a 

low energy accelerator at this institute. A variable frequency linac for heavy ions is supposed 

as an injector. Injection energy ranges between 4 MeV /amu and 1 MeV /amu for light and 

very heavy ions, and the cyclotron post accelerator extends the maximum energy to 7 5 MeV / 

amu and 10 MeV/amu for light and very heavy-ions like Uranium, respectively. Table 1 lists 

the design parameters of the cyclotron. The cyclotron consists of 4 sector magnets which 

have maximum field-radius product of 3600 KG·cm, and azimuthal pole width of 50°. The 

effective sector angle of 50° was chosen to provide strong axial and radial focusing of the ion 

beam without encountering resonances due to magnet periodicity and field inperfections. 1
) 

The machine dimensions from edge to edge are about 10 meter on the magnet yokes. An 

energy gain of up to 1 MeV per turn is achieved with two resonators in opposite valleys. 

Design study of the proposed accelerator will be made along an iterative design procedure 

and consists of successive measurements by model magnets (Fig. 1). In order to obtain 

detailed information on properties of a sectored magnet, a 1/4 scale model of the magnet has 

Table 1. Design parameters of the post-stripper accelerator: 

Separate sectored ring cyclotron. 

Maximum energy, MeV/amu 

Uranium e38 U42 +) 

Carbon e 2 C6 +) 

Energy constant, K, (E=Kq2/ A) 

Number of sectors 

Sector angle , degree 

Orbital magnet fraction 

Gap between poles, (cm) 

Maximum magnetic field, (KG) 

Injection radius, (cm) 

Extraction radius, (cm) 

Energy gain per turn, (MeV) 

Number of dees 

Width of dee, degrees 

10 

75 

320 

4 

50° 

0.55 

12 

17 

53.1 

212.4 

1 

2 

22 
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Fig. 1. A view of the 1/4 model 

magnet. 

been constructed, and the measurements of magnetic excitation characteristic, and the field 

distribution inside and outside the magnet gap at various field strength are being in prepara

tion. The isochronism and focusing characteristics of the beam will then be calculated using 

r~sults of the measurements. 

Reference 

1) M. M. Gordon: Ann. Phys., 50, 571 (1968); Nucl. Instr. Methods, 58, 245 (1968). 
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4. NUCLEAR PHYSICS 

Scattering and Reactions 

4-1. Blocking Effect In the Core-Excitation of 29Si 

Y. Toba, N. Nakanishi, H. Sakaguchi, * 

A. Goto,* N. Kishida,** ' and F. Ohtani* 

When an odd-A nucleus is core-excited by certain nuclear particles, the hindrance of the 

core-excitation is expected due to the presence of an odd valence particle. This blocking effect 

caused by the Pauli exclusion principle will be seen more apparently in inelastic scatterings on 

an odd-A nucleus with low j-value of an odd nucleon. 

Inelastic scattering experiments of 28,29 Si were performed using momentum analysed 16.2 

MeV proton beam accelerated by the cyclotron. Angular distributions of protons to the 

following final states were measured: o1"(g.s.), 2+0.78 MeV), 4+(4.61 MeV), Oi(4.97 MeV), 

3+(6.27 MeV), of 28Si, and 1/2+(g.s.), 3/21"0.273 MeV), 5/21"(2.032 MeV), 3/2i(2.427 MeV), 

5/2i(3.069 MeV) of 29 Si. Self-supporting targets were prepared by vacuum evaporation of 

natural silicon powder and silicon oxide powder of enriched isotopes e9 Si(2) obtained from 

ORNL. Scattered particles were detected with a silicon surface barrier detector. 

The angular distributions obtained are shown in Fig. I and Fig. 2. Data are normalized, 

for the present, to the best X2 fitted elastic scattering cross sections by optical model 

calculations. 1 
) The angular distributions of the 5/21" and 3/2i states are very similar to each 

other and to that of the 2+ state in 28 Si, as will be the case, when the former two states are 

weak-coupling states [28 Si(2+) ® (2Sl/2)] 5/2+, 3/2+, which are to be expected.2),3) 

However, the cross sections of the two states are reduced considerably, compared with the 

weak-coupling scheme. Besides, the 3/21 state is very enhanced, although this state is considered 

to be a 2d 3/ 2 single neutron state. 4 ) Therefore, the core-coupling component and the single 

particle one of the wave function may have mixed with each other in the two states. The 

summed cross section of the three states, 3/21, 5/21, and 3/2i, is, however, reduced by about 

30 %, compared with that of the 2+ state in 28 Si. This reduction may be ascribed to the 

blocking effect. To study this effect further, the inelastic scattering experiments from other 

targets, for example, 88 Sr and 89 Yare in progress. 

* Faculty of Science, Kyoto University. 

** Tokyo Institute of Technology. 



22 

29Si (p, p) 28 Si 
Ep= 16. 2MeV 

I I I 

29Si ( p, p ) 29Si 
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Fig. I. Angular distributions of the 

elastic and the inelastic scatterings on 

28 Si. Solid lines show coupled channel 

calculation,S) using following 

parameters: V=49.7 MeV, WD=6.54 

MeV, VSO=6.5 MeV, rO=1.2 fm, 

rD =1.07 fm, rSO = 1.2 fm, rC = 1.25 fm, 

aO =0.625 fm, aD =0.585 fm, aSO =0.625 

fm, {32 =- 0.46. 

References 

000000 
xxxx 000000000 

x x 0 
00 o x x 0 

000 2S 

I 

o ox QooCSoO 
000 

xX 
X X 

I I I 

2 .0 32 MeV 5/2 i 

2.427 MeV 3/21 -

1.273 MeV 3/2; 

I 

Fig. 2. Angular distributions of the elastic 

and the inelastic scatterings on 29 Si. Solid 
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4-2. Study of the 54Fe (d, p) 55Fe Reaction at 24 Me V 

N. Kishida, * N. Nakanishi, Y. Toba, and H. Ohnuma 

Lee and Schiffer l ) observed a very pronounced J-dependence in (d, p) angular distributions 

in the region of incident deuteron energies around 12 MeV. Such effects have been 

reproduced to some extent by the distorted wave Born approximation (DWBA) calculations. 

Yntema and Ohnuma2
) investigated the 54 Fe(d, p)55 Fe reaction at Ed = 23 MeV. They had to 

use very large nonlocality parameters in optical potentials to obtain reasonable fits to experimental 

angular distributions. 

We have studied the 54 Fe(d, p )55 Fe r~action with the 23.80 Me V deuteron beam from the 

cyclotron. Reaction products were measured with two ~E-E Si counter telescopes and particle 

identification systems. The target was a 0.5 mg/cm 2 thick metallic foil of enriched (97.12 %) 

54 Fe, and was set with its normal making an angle of 45° to the beam. Overall energy 

resolution was about 100 k e V for both systems. Angular distributions were observed in the 
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range of angles between 15° and 115° in step of 5°. The angular distribution of the elastic 

scattering was also measured simultaneously , and was used to check optical model parameters for 

DWBA calculations and target thickness. 

Angular distributions obtained are shown In Figs. 1 and 2 together with DWBA calculations. 

Optical model parameters used in the calculations are given in Table 1. The deuteron optical 

potential parameters are those obtained with the code ELAST2 3) so as to reproduce the elastic 

angular distribution obtained in the present work. The proton parameters are those used in 

Ref. 4. Calculations were made with zero-range local potential (ZRL) and finite-range and non

local potential corrections (FRNL) within the framework of the local energy approximation. 

Finite-range parameter of 0.658 , and nonlocality parameters of 0.54 for a deuteron and 0.85 for 

a proton were used in FRNL calculations. Form factors were calculated with conventional well

depth description of the separation energy method. All the DWBA calculations are made by 

DWUCK45) using the HITAC-8700 computer at Tokyo Inst. Technology. 

In contrast to low energy works , there is no marked difference between the angular 

distributions for the ground state (P 3/2) and for the 0.411 MeV 1 st excited state (P 1/2) (Fig. 1). 

On the other hand, in the case of £ = 3 transitions (Fig. 2) , the f5/2 angular distribution is 

shifted forward relative to one of the f7/2 state. Present results show that DWBA calculations 

can not reproduce well the experimental angular distribution. 

Table 1. Optical model parameters used in the DWBA 

calculations. 

Vo (MeV) 

ro (fm) 

ao (fm) 

Wo (MeV) 

ro (fm) 

ao (fm) 

Wo (MeV) 

ro (fm) 

ao (fm) 

VSo (MeV) 

rso (fm) 

aso (fm) 

rc (fm) 

NLOC 

d 

76.97 

1.292 

0.594 

11 .85 

1.040 

1.016 

5.67 

1.024 

0.558 

1.3 

0.54 

p 

50.40 

l. 11 1 

0.790 

2.99 

1.296 

0.616 

4.35 

1.397 

0.545 

6.73 

0.958 

0.709 

1.12 

0.85 

a) Adjusted to give binding equal to separation energy. 

b) Spin-orbit coupling of A times the Thomas term. 

n 

a) 

1.25 

0.65 

----------------------------~----~-----=~~~----------------------------~------
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4-3. Po rtic Ie-Po rtic Ie Corre lotion In Heavy Ion Reac tion 

H. Kamitsubo, M. Ishihara, T. Shimoda, T. Fukuda 

T. Motobayashi, T. Ooi, and I. Kohno 

Heavy ion induced reactions at incident energies well above the Coulomb barrier have 

revealed a vriety of new phenomena in reaction mechanism by the systematic studies. 1) 

In these processes multinucleon transfer reactions accompanied by large negative Q values are 

dominant and are called quasi elastic and deeply inelastic collisions. Because of considerable 

amount of energy transfer, emission of a third particle in addition to the usual binary 

reaction products is often possible in deeply inelastic collisions. In fact , a measuremene) of 

'Y ray multiplicities has indicated a considerable rate of a emission in such processes. 

To see the reaction mechanism of deeply inelastic collisions, we measured particle

particle correlation between the light reaction products and p's or O:"s in a bonbardment of 
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a 93Nb foil (4.0 mg/cm2
) with 95 MeV 14N ions from the cyclotron. The light reaction 

products, C, B, Li, a and p were detected and identified with a 6E-E counter telescope of 

30 and 2000 J.Lm Si detectors fixed at 8lab = - 35° and -42°. Coincident p's and a's were 

detected with a similar tel escope, which was moved and located at several angles between 

8lab = +30° and - 65° and at 8lab = 160° in the same reaction plane as the fixed telescope 

((jllab = 0°). To see the (jl dependence we also measured correlation at 8lab = -15° and 

(jllab = 14°, 18° and 26°. A 90 J.Lm aluminum absorber was placed in front of the latter 

telescope to cut off the particles of elastic scattering. The fixed and movable telescopes 

subtended solid angles of 7.9 and 4.7 msr, respectively. Two pairs of energy and identified 

particle spectra and time correlation were registered event by event in a computer system. 
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In Fig. I energy integrated cross sections for a's coincident with C, B, Li, a, and p on 

the fixed telescope are plotted versus the lab angle of the movable telescope. The angular 

correlations show curves of almost symmetric shape with an exponential slope. The center 

angles coincide neither with the emission angles of light products nor recoil angles of heavy 

products. The data at 8 lab = 160° suggest that the yields decrease continuously for larger 

angles. The results suggest that the third particles were emitted with a considerably short 

reaction time. It is interesting to note a trend that the half width of the distribution becomes 

wider as the product becomes lighter from C to p. We also observed that the center angles 

of Band Li data shift about 7° to the fixed telescope when it was placed at 8lab = - 42°. 

The cross sections (a~oin) for multi-nucleon transfer reactions at -35° accompanying 

secondary emission of a's can be estimated by integrating the angular correlations over angles 

of 8a and (jla. The ratios of a goin to a single' cross sections for multi-nucleon transfer 

reactions at -35°, are shown in Fig. 2. 
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We have also measured energy correlation in those reactions. Figure 3 shows the result of 

energy correlation, C at - 35° and ~ at - 15° in the same reaction plane. We note that the 

multi-nucleon transfer reactions accompanying a emission are dominant in large energy transfer 

region, namely deeply inelastic collisions from the comparison of the energy spectrum of 

single events with the projection of energy contour map to the C energy axis. 
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4-4. Gamma Ray Multiplicities for Deep Inelastic and 

Quasi-elastic Processes 

M. Ishihara, T. Numao,* T. Fukuda, 

K. Tanaka, and T. Inamura 

It has been shown that processes called quasi-elastic (QE) and deep inelastic (D!) collisions 

exist in the reactions induced by heavy ions with energies well above the Coulomb barriers. 1 ) 

It is interesting to know what angular momenta are brought into the fragments emitted in these 

processes. Multiplicities of ,),-rays from the fragments will provide information on the angular 

momenta in question. Accordingly, an experiment was carried out to measure the ,),-ray multi

plicities for QE and DI in the bombardment of 93 Nb, 169 Tm, and 181 Ta with 90 and 120 Me V 

14N. 
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Fig. 1. Energy spectra of carbon 

from the 93Nbct4N,C) Mo 

reaction at Elab = 120 MeV. 
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We measured energy and identified particle spectra in singles and in coincidence with ,),-rays 

for each reaction. The ,),-ray multiplicity M')' is determined by M')'= Ncoin(Ef)/.s1')'Nsing(Ef), 

where NSing and Ncoin represent singles and coincidence counting rates of the identified particles 

with energy Ef, respectively; and n')' is the solid angle subtended by the ')'-counter. Details of 

this technique were described in Ref. 2. 

Figure 1 shows energy spectra of carbon from the 93 Nb(l4 N, C) Mo reaction at 

Elab = 120 MeV. It is seen that the QE humps (higher energy peak) gradually diminishes, while 

the DI hump (lower energy peak) becomes dominant towards backward angles. 

The multiplicity M')' can be related to the initial spin I of the residual nucleus by I = fMT 

At the moment, we have no accurate knowledge about angular-momentum dissipation due to 

particle emission. However, we have found that an effective f-value of 2.4 h is needed to 

account for the total spin dissipation by ,),-rays and particles. We shall tentatively use this value 

In the analysis. 

Figure 2 shows a typical plot of M'Y measured at the centres of QE and DI humps versus 

mass of the light fragments. The dotted line represents the multiplicities expected from the 

sticking motion of colliding nuclei;3) this line is to be compared with the DI result. The solid 

line represents the result obtained by assuming the velocity of transfered nucleons to be the 

same as that of the projectile.4 ) This is compared with the QE result. It is interesting to note 

that the M')' values for DI and QE processes are described welI by these simple models. Similar 

results were obtained for the Tm and Ta targets. 
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4-5. Complete Fusion Cross Section Measurement by 
Beam A ttenuation Method 

T. Fukuda, M. Ishihara, T. Inamura, 

T. Numao,* T. Shimoda, and T. Nomura 

Recently, complete fusion cross sections 0cf for heavy ion induced reactions have exten

sively been measured to determine the critical angular momentum fer. However, the methods 

using mica track detectors or counter telescopes are not always reliable in discrimination of 

fusion reaction events from direct reaction ones and have some difficulty in application to 

heavier targets. 

We have developed a new technique of 0cf measurement, which is simple and free from 

above mentioned difficulties. As mentioned in Ref. 1 the basic principle of the method is 

similar to that of the beam attenuation method2) used for the measurement of the proton total 

reaction cross section. As shown in Fig. 1, the set -up consists of two beam defining counters 

in front of the target, a fixed backward annular counter (C4) and a movable stopping counter 

(C3) positioned downstream the beam. The stopping counter detected projectiles which passed 

through the target or were elastically scattered and the whole light charged particles of reaction 

products emitted in forward direction. Heavy fragments like evaporation residues were stopped 

by a thin aluminum foil in front of the stopping counter. The solid angle of the stopping 

counter was chosen to cover a forward semisphere large enough to register the whole direct 

reaction events. 
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In principle, the difference in the number of counts between the beam defining counter 

and the stopping counter gives the cross section for fusion events without charged particle 

evaporation. Since the fused nucleus frequently decays via charged particle evaporations, we 

have to make the correction for such evaporation processes. 

In the case of the lighter target like Cu or 93 Nb, almost all of the fused nucleus decay via 

charged particle evaporations at the incident energies used, so that we made the following 

consideration: The cross section of fused nucleus decaying via fission should be negligibly small 

in our case. The differences in the number of counts between the beam defining counter and 

the stopping counter, Nf, is proportional to 

0cf - n~i {I - (1 - nf)n } on, 

and the coincidence events between the backward counter and the above differences, Nb, is 

proportional to 

n~i { (1 - nf)n - (1 - nf - nb)n } on' 

where ° 1 denotes the cross section of fused nucleus decaying via emission of one charged 

particle, neutrons and 'Y-rays, 02 denotes the cross section of fused nucleus decaying via two 

charged particles, neutrons and 'Y-rays, and so on. nf and nb denote the solid angle of C3 and 

C4 counter respectively. The sets of Nf and Nb are measured as a function of nf, nb being 

fixed. Then 0cf, ° 1, 02 etc. can be deduced as parameters from X2 -fits. 

We measured 0cf for the reactions of 14N ions on Cu(2.47 mg/cm2), 93Nb(2.38 mg/cm2) 

and 159Tb(3.76 mg/cm2) targets at Elab = 78, 88, 99, 109, 118 MeV. Figure 2 shows the energy 

dependence of the measured complete fusion cross section. The experimental data are in accord 

with the Bass model3
) with as = 17.0 MeV, d = 1.35 fm and R12 = 1.02 X (Ar3 + Ay3) fm, 

where as is the surface energy parameter of the liquid drop model mass formula, d is the range 

of the interaction and RI2 is the cut off radius. We did not find such a kinking effect as 

predicted by the model of Glas & Mosel4) with the Orsay type potential and the critical 

distance of approach Rcr = 1.00 X (Ar3 + Ay3) fm. 

We also measured 0cf for the reaction of 16 0 ions on Cu, 93 Nb and 159 Tb targets at 

Elab = 86, 97, 112 MeV. The analysis of this experiment is now in progress. 
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4-6. Measurement of the Efficiency of sBe Detection by Position Sensitive 

Detector and Study of the 12C (a, 8Be)8Be Reaction 

T. Ooi, T. Motobayashi, K. Katori, and I. Kohno 

A position sensitive detector (PSD) can provide large detection efficiency and good resolu

tion of energy in detecting 8 Be nuclei. 1) ,2) 

The detection efficiencies were measured by observing 7 Be and 8 Be particles emitted from 

the 12 Ce He, 7 Be)8Be reaction induced by 3 He 2+ beams from the cyclotron. The 7 Be particles 

were identified and detected by a ~E-E counter telescope and 8 Be particles by a counter 

telescope of PSD and ~E detector with divided rectangular collimator. The efficiency is 

obtained as the ratio of 8 Be yield to 7 Be yield, which is normalized by the incident beam 

intensity and the solid angle sub tended by the detector. 
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The experimental results are compared with the calculated curve in Fig. 1, where the effi

ciency is plotted versus the kinetic energy of 8 Be nuclei. The results are in good agreement 

with the calculated curve. 

The differential cross section for the 12 C(a, 8 Be(g.s.»8 Be(g.s.) reaction at bombarding 

energy of 48 MeV was measured by the PSD system. The experiment was performed with 

4 He2+ beams from the cyclotron. The target was a self-supporting foil of 12 C of 100 Ilg/cm2 

in thickness. 

Figure 2 shows typical energy spectrum for the 12 C(a, 8 Be)8 Be reaction. The energy 

resolution was about 400 keV at FWHM, which is due mainly to kinematical broadening. The 

differential cross sections are tabulated in Table 1. 

27.5 
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54.9 
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64.3 

68.9 

73.4 

77.9 

82.4 

86.8 

References 

Table 1. Differential cross section for the 12 C(a, 8 Be)8 Be reaction. 

Ea = 48 MeV 

(~~ ) CM 
(mb/sr) 

\ 

Gate width = 1 mm 1.5 mm 2 mm 

0.031 ± 0.010 0.033 ± 0.011 0.028 ± 0.014 

0.059 ± 0.010 0.057 ± 0.012 0.062 ± 0.023 

0.042 ± 0.009 0.043 ± 0.011 0.049 ± 0.013 

0.025 ± 0.009 0.027 ± 0.009 0.029 ± 0.012 

0.039 ± 0.009 0.039 ± 0.011 0.038 ± 0.013 

0.049 ± 0.007 0.045 ± 0.007 0.049 ± 0.009 

0.070 ± 0.009 0.068 ± 0.011 0.070 ± 0.013 

0.137 ± 0.011 0.114 ± 0.014 0.106 ± 0.017 

0.130 ± 0.013 0.124 ± 0.014 0.130 ± 0.017 

0.060 ± 0.007 0.055 ± 0.008 0.055 ± 0.010 

0.043 ± 0.011 0.046 ± 0.012 0.041 ± 0.0 1 5 

0.043 ± 0.006 0.038 ± 0.007 0.034 ± 0.008 

0.042 ± 0.007 0.043 ± 0.008 0.047 ± 0.009 

0.046 ± 0.007 0.043 ± 0.008 0.061 ± 0.011 
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4-7. a-Transfer Reactions between 1 p or 2s-1 d Shell N uc lei 

T. Motobayashi, 1. Kohno, T. Ooi, and S. Nakajima 

To investigate the reaction mechanism of a-transfer reactions induced by heavy ions, angular 

distributions for a-transfer reactions were measured for several targets and projectiles of 1 p or 

2s-ld shell nuclei, namely lOB, 12C, 14N, 160, and 2°Ne. The structure of these nuclei are well 

studied theoretically. 1),2) Especially in the case of 20 Ne and 160, a-cluster structure has been 

well investigated in a microscopic way by the cluster model. 3) Hence it is suitable to use these 

nuclei for studying the mechanism of the a-transfer reactions. 

Reactions studied are listed in Table 1. The beams of 14 N4+ and 16 0 5+ from the cyclotron 

were used. Gas target was employed for 16 0 and 20 Ne, and 10 B target was made by evapo

ration.4
) Outgoing particles were identified with a ~E-E SSD counter telescope in which E 

counter was a position sensitive detector. A four slit collimators in front of the telescope 

defined four position windows 10 apart from each other and made it possible to measure the 

Table 1. The list of the reactions and the optical potential parameters used in the 

DWBA calculations. In the column of J7T, right hand side corresponds to the 

spin and the parity of the ejectile and left hand side the residual nuclei. V 

and W (in Me V) are the real and the imaginary well depth of the optical 

poten tials. 

Reactions EL(MeV) J7T Ex(MeV) V(MeV) W(MeV) 

3+ 0+ 0.0 

3+ 2+ 1.63 
16 oct4 N, 10 B) 20 Ne 76.2 

1+ 2+ 2.35 
75 10 

3+ 4+ 4.25 

r 3+ 1+ 0.0 ) 1OBct4N,IOB) 14 N ( 73.9) 

i 1+ 1+ 0.72 93.6 1 

Ii 1+ 2.16 

60 20 

( 
0+ 0+ 0.0 

1 
20Ne(160, 2°Ne)160 94.8 2+ 0+ 1.63 

4+ 0+ 4.25 

65 15 

( 
3+ 0+ 0.0 

) 12Cct4N, IOB)16O 78.8 It 0+ 0.72 

Ii 0+ 2.16 

65 20 

{ 0+ 0+ 0.0 } 16 0(160, 12C)20Ne 95.2 
0+ 2+ 1.63 

65 15 
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reaction products at 4 angles simultaneously. Details of the gas target and the counter telescope 

are discussed elswhere5 ),6) in this progress report. 

Some examples of energy spectra are shown in Fig. 1. Energy resolutions were 400 ke V to 

Me V, the main contribution to which is the energy spread of the ions in the entrance and 

exit windows (nickel or mylar foils) of the gas target (in the case gas target is used) or the 

kinematical broadening of energy of the scattered particles (in the case foil target is used). 

The spectrum shape was fitted by the skewed Gaussian form by a program SPFIT-47) on a DDP 

124 computer. 

Exact finite range DWBA calculations for <x-transfer reactions were performed on some cases 

with a computer code SATURN-MARS-28) which was revised to be suitable for <x-transfer 

reactions by Matsuura (IPCR). Optical potentials were determined to fit the angular distribu

tions of the elastic scatterings of incident channel for each reaction. Only the depth of the real 

and imaginary parts were searched and the radius and the diffuseness of both real and imaginary . 

20Ne(160,20Ne ) 160 

EL = 94.8MeV 

BL = 7" 

160 ( 14N , I Os ) 20Ne 

EL = 76.2 MeV 
BL = 8° 

lOS (14N, lOS) 14N 

EL = 73.9 MeV 

Fig. 1. Energy spectra of some a-transfer 

reactions. The solid lines correspond to 

the skewed Gaussian fit. 

~ IOOr
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Fig. 2. Angular distributions of some 

a-transfer reactions. The solid lines 

correspond to the exact finite range 

DWBA calculations with the normalization 

constants written in the figure. 
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parts were taken to be the same for all cases9 ) (rR = 1.21 fm, rI = 1.35 fm, aR = 0.48 fm, 

and aI = 0.25 fm). The DWBA form factors were constructed phenomenologically, namely from 

the cluster wave functions which were solved in Woods-Saxon wells (r 0 = 1.3 fm and a = 0.7 fm, 

the depth was determined so as to reproduce the binding energy of the a-core system). The 

DWBA cross section for stripping type reaction A(a, b)B is written as 

:~ = NS, S2 {:~ )SM , 

where SI = 1 < a I} b, a> 12 and S2 = I < B I} A, a> I 2 are the spectroscopic factors of 

a-cluster in the projectile and the residual nucleus respectively, and N is a normalization 

constant which is necessary to fit the calculated results to the experimental data. 

Some results of DWBA calculations are shown in Fig. 2 in which N has the meaning 

mentioned above when SI and S2 were taken to be the shell model values listed in Table 2, 

and n denotes the overall normalization NS I S2 . The normalization constant N takes various 

values depending on the combination of the projectile and target, and on the spin of the final 

state. It is very interesting to see if these tendencies are reproduced by constructing the form 

factors of DWBA from the microscopic wave function. 

Systems J7T J7T f 
Table 2. Spectroscopic factors for the 

S a b 
a-cluster in 20 Ne, 160, and 

! 
0+ 0+ 0 0.21 a) 14 N. J~ corresponds to the 
2+ 0+ 2 0.21 spin and the parity of the 
4+ 0+ 4 0.19 nuclei, 2oNe, 160, and 14N, 
0+ 0+ 0 0.23b) and J~ corresponds to those 

1+ 3+ 2 0.012b) of the core, 16O, 12C, and 
4 0.69 10 B respectively. f is the 

1+ 1+ 0 0.004 1 
orbital angular momentum 2 0.13 

1+ Ii 0 0.082 between the a-cluster and 

2 0.094 the core nucleus. 

a) Ref. 2. b) Ref. 1. 
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4-8. Critical Angular Momentum In lOBe + 16
0 Compound Reactions 

I. Kohno, T. Motobayashi, T. Ooi, M. Ishihara, 

T. Numao,* T. Fukuda, and S. M. Lee** 

As was reported,1) in the 12 Ce 4 N, 6 Li)20 Ne reaction, the compound nucleus formation is 

the main process at incident energies between 20 and 90 MeV, and the critical angular momenta 

(lcr) in the compound formation have been derived from Hausser-Feshbach (HF) analysis of 

cross sections for individual levels in the relevant outgoing channels. 

In order to see the behavior of 1 cr in the other incident channel, we have studied the 

10 Be 6 0, 6 Li)20 Ne reaction at energies of 84.7, 90.6, and 98.8 MeV. 

The experiments were performed with the 16 0 5+ beams from the cyclotron. The target of 

10 B was a self-supporting foil of about 87 Ilg/cm2 in thickness. 

Excitation functions for some 2°Ne levels measured at 8° are presented in Fig. 1. Solid 

curves indicate the HF calculation with 1 cr values which were chosen to give the best fit to the 

experimental data. 1 cr values are listed in Table 1. From the present analysis we obtained the 

lcr values of 19,20, and 21h at Elab = 84.7,90.6, and 98.8 MeV, respectively. These lcr values 
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Fig. 1. Excitation functions for some 2°Ne 
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system for the lOBe60,6Li)2°Ne reaction. 



Table 1. Jcr, Jgf' and Of us values obtained from experimental data. 

Of us indicates a fusion cross section. 

Incident energy (Me V) ECM(MeV) Jgr(h) Jcr(h) Of us (mb) 

84.7 32.6 20 19 1170 

90.6 34.8 21 20 1200 

98.8 38.1 22 21 1220 

are smaller than the grazing angular momentum Jgr by lh. Jgr is defined as the angular 

momentum for which the transmission coefficient of the incident channel is 0.5. 
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The transmission coefficient was extracted from the optical model parameters which were 

obtained from fits to measured elastic scattering of 16 0 from 10 B. A set of parameters obtained 

is as follows: the real well depth V = 65 Me V; the imaginary well depth W = 20 Me V; the 

diffusivity aR = 0.48 fm and aI = 0.25 fm; and the radial parameters rR = 1.21 fm and 

rI = 1.35 fm for the real well and the imaginary well, respectively. 

It can be seen in Fig. 1 that considerably good fits to the data for all the outgoing 

channels in the 10 B(16 0, 6 Li)20 Ne reaction are obtained. This is taken to be a proof of the 

dominance of the compound process similar to the 12 C(14 N, 6 Li)20 Ne reaction. 
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4-9. Repeated Neutron Transfer In the Elastic-and Inelastic 

Scattering of 
16

0 on 
17

0 

B. Imanishi, O. Tanimura,* and H. Ohnishi** 

Coupled Channel Analysis of the elastic- and inelastic scatterings, 16 0_17 ° and 

170e 60 , 160 )17 0 * 0/2+, 0.871 MeV) (Ecm = 11.33 , 12.36, 13.43,14.42, 15.51 , and 16.48MeV) 

has been carried out by the use of the core-exchange model,1)-3 ) where the transfer processes, 

17 0 (* ) ( = 16 0 1 + n (Od 5/2 or Is 1/2) ) + 16 0 2 -+ 16 0 1 + 17 0(*) (= 1602+n (Od 5/2 or Is 1/2)), 

are assumed. The multi-step processes due to the transfer- and "direct" elementary - processes 

(see Fig. 1) are found to give important contribution to the inelastic cross sections. 
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Fig. 1. Elementary processes for the 

elastic- and inelastic scattering of 16 0 

on 17 0 by the core-exchange model. 

The angular distributions (for example, Ecm = 13.43 and 15 .51 Mev) calculated by the 

coupled channel method and by the DWBA method are compared in Fig. 2 with the experi

mental data of Ref. 3. The solid lines show the results due to the full elementary processes 

of Fig. I , while the dotted lines the results from the transfer process only. Similar 

comparisons are made for the excitation functions at (j cm = 60° and 129° in Fig. 4. 

Maher's optical potential (ro = 1.35fm, a = 0.49fm, V = 17.0 MeV, rI = 1.27fm, aI = 0.15fm 

and W=(0.8+0.2 Ecm) MeV) , which was obtained from the optical model analysis of 16 0_16 0 

scattering, has been used in this analysis for the core e 6 O)-core interaction. The coupled 

channel analysis shown by the solid lines gives excellent fits to the data both for the angular 

distributions and for the excitation functions, while the DWBA fails to fit to the data. It 

should be noted that the coupled channel results based on the transfer process only also agree 

with the data fairly well. 

The results of these analyses can be summarized as follows: 

1) The bump observed in the forward angular region is formed to a large part from the 

multi-step transfer processes, i.e., repeated transfer processes (RTP) of outer neutron between 

two core-nuclei, 160'S, the RTP's occurring even times. In DWBA prediction this bump is 

formed mainly by the one-step 'direct' process. However, this contribution is rather small to 

* Faculty of Science, Kyoto University. 

** Colledge of General Education, Hosei University. 



give the bump observed by the experiments. 

2) The dominant RTP is the neutron transfer process between the Is 1/2 orbits of 

respective 160-nuclei (see Fig. 4) . 

3) The RTP's occurring odd times interfere incoherently in the backward angular region 
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Fig. 2. Angular distributions of the inelastic 

scattering, 17 Oct60,16 0)17 0*(1/2+,0.871 MeV) 

at Ecm = 15.51 MeV. The curves in the upper 

half of figure are obtained by DWBA 

calculations and those in the lower half by 

coupled channel calculations. The solid lines 

are due to the full processes, the full-dotted 

lines due to the transfer process and the 

dotted line due to the direct process. 

e (deg.) 

Fig. 3. Angular distributions of 

170ct60,160)170*(1/2+,0.871 MeV) 

calculated by the transfer process 

only. The solid lines are the results 

of calculations with full RTP, the 

full-dotted lines with the one-step 

process for the transition, 

1601+170(= 1602+n( Od 5/2))~ 

170*ct601+n(1s 1/2)) + 16 0 2, 

and full RTP for the transition, 
16 0 1 + 17 0*(= 1602+n{ls 1/2))~ 

170*ct601+n(1s 1/2)) + 16 0 2, 

and the dotted lines with one-step 

process. 
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with the one-step transfer process, 170(=1601 +n (Od5/2)) + 16 O2 ~ 
16 0 1 + 17 0* (= 16 O2 

+n 

(1s 1/2) ). 

4) The processes related to direct elementary process interfere destructively in the angular 

region of 90° ~ 120° with the one- or multi step transfer processes (see Figs. 2 and 4). 
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Fig. 4. Excitation functions of the 

inelastic scattering, 

170ct60,160)170*(1/2+,0.871 MeV). 

The curves in the upper half of the 

figure are obtained by DWBA 

calculations and those in the lower 

half by coupled channel 

calculations. The solid lines are due to 

the full processes and the full-dotted 

lines due to the transfer process only. 

At forward angle, e cm = 60°, both 

lines due to the coupled channel 

calculations agree with each other 

fairly well. 
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4-10. Nuclear Deformation and Finite Size Effect of Projectile in 

Inelastic Scattering 

T. Matsuura and T. Wada 

Macroscopic treatment of inelastic scattering (generalized optical model) is a simple and 

practical way in obtaining the nuclear deformation parameters of L-pole ({JL) from inelastic 

scattering on the deformed target, and the extracted values of (JL are considered to be insensitive 

to the reaction mechanism or the choice of projectile causing the scattering. 

However, projectile dependent systematic deviation in the deformation parameters can be 

seen by careful analysis of the data. I) For the lowest 2+ and 3- excitations by (p, pI), (d, d'), 

and (a, a') scatterings on Mo isotopes, deformation parameters determined by the macroscopic 

model exhibit projectile dependent behavior, aside from the complicated isotope dependent 

differences (Table 1). It can be pointed out that in general (p, pI) scattering tends to give larger 

values than those of (d, d') and (ex, a') scatterings. Different spin or isospin structure of the 

projectile may be expected, in principle, to cause the above-mentioned systematic deviation. A 

preliminary calculation indicates, however, that this effect seems to be too small to explain the 

required order of magnitUde. I) 

Table 1. Deformation parameters ((JL) determined by generalized optical model. 

J7T(Ex MeV) (p, pI) 12.5 MeV3 ) (d, d') 21.5 MeVI) (a, a') 30.87 MeV4 ) 

92Mo 2+(1.150) 0.080 0.083 0.078 

3-(2.850) 0.170 0.124 0.113 
94Mo 2+(0.871 ) 0.154 0.155 0.125 

3-(2.533) 0.198 0.148 0.130 
96Mo 2+(0.777) 0.163 0.165 0.143 

3-(2.230) 0.179 0.153 0.138 

98Mo 2+(0.788) 0.193 0.153 0.145 

3-(2.024) 0.239 0.176 0.160 
lOoMo 2+(0.534) 0.259 0.224 0.187 

3-(1.910) 0.215 0.158 0.139 

In this report we propose an alternative explanation of the descrepancy by the finite size 

effect of the projectile, by employing Watanabe model of elastic scattering2 ) as the theoretical 

basis and applying it to inelastic scattering. In Watanabe model, optical potential of composite 

particle is constructed from a phenomenological nucleon-nucleus optical potential by the folding 

procedure. We also assume that the inelastic scattering form factor of the composite particle 

projectile is constructed from the phenomenological macroscopic form factor of proton. This 

model may be verified under the following conditions. 

(1) Composite particle is rigid enough to neglect the break-up effect during the scattering. 

This condition seems to hold well for a-particles but not for deuteron. 
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Fig. 1. Elastic scattering cross sections for 96 Mo + d, Ed=21.5 MeV and 96 Mo + 0', 

Ea =30.87 MeV. the solid lines represent the predictions from Watanabe model and the 

broken lines represent the results of the best fit parameter sets of optical model analysis. 

Table 2. Nucleon Optical parameters used for Watanabe model. 

(1) Central depths of proton and neutron potentials 

0.32 X E + 24 X (N A Z) + 0.4 X Z! A 113. 

V n = Vo 0.32 X E - 24 X (N A Z) 

(2) 96Mo + p (12.5 MeV) 

Vp = 52.504, Wv = 6.850, Vso = 7.5 (MeV) 

ro = rv = 1.2769, ao = av = 0.5361 , rso = 1.25, aso = 0.47 , rc = 1.25 (fm) 

(2) Contributions from two or more nucleon exchange between projectile and target are 

smaller than that from one nucleon exchange. This may be true for inelastic scattering because 

of reduction of the nuclear overlap function for exchange processes. It should be noted that 

one nucleon exchange effect is considered to be taken into account effectively by using the 

phenomenological proton optical potential. 

The basic optical parameters for 96Mo-p scattering (Ep = 12.5 MeV) are shown in Table 2. 

For simplicity, the same radius and diffuseness parameters are assumed for real and imaginary 

potentials. Figure I shows the results obtained from Watanabe model for elastic scatterings of 

96Mo-d (Ed = 21.5 MeV) and 96Mo-Q' (EO' = 30.8 MeV). Satisfactory result is obtained for 

a-scattering but rather poor fit for d-scattering. Deuteron break-up effect is known to be very 

important to reproduce the elastic scattering. 3 ) Thus, the analysis of inelastic scattering by our 

model is performed only for (0', a') case. Figure 2 shows the results for 96 Mo(a, 0")96 Mo(2+, 

0.777 MeV and 3- , 2.230 MeV) and Table 3 shows the deformation parameters determined from 

the usual generalized optical model and the present folding model. For 2+ case, the above

mentioned discrepancy of {32 values between p and a-scatterings disappears in our folding model, 

which indicates that the finite size effect of the projectile causes the projectile dependent 
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Fig. 2. Inelastic scattering cross section. 

20 30 40 50 60 70 80 90 
BCM (deg .) 

The calculated cross sections are plotted by 

adjusting the values of deformation parameters, 

which are shown in the figure. 

Table 3. Comparison of the deformation parameters determined by the extended 

Watanabe model with those by the generalized optical model. 

96Mo (p, pi) (~ , d), 30.87 MeV 
~ ____________ ~A~ __________ ~ 

12.5 MeV Generalized optical model Extended Watanabe model 

0.143 0.163 
0.163 

(3(~)/{3(p) = 0.87 (3(~)/{3(p) = 1.0 

0.138 0.158 
3 0.179 

(3(~)/{3(p) = 0.77 (3(~)/{3(p) = 0.88 

deviation of (3L-values determined from the generalized optical model. For 3- case, however, 

unfortunately only half of the discrepancy is explained by our model. To confirm the 

appropriateness of the idea presented here , further investigation is necessary , which includes the 

analysis taking the break-up effect of deuteron into account. 5 ) 
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4-11. DWBA Analysis of Four-Nucleon Transfer Reaction 

208 Pb ( 160, 12C) 212pO 

T. Matsuura 

It has been reported!) that the four-nucleon transfer reaction 208Pb(160, 12C)212PO at 

Elab = 93 MeV shows typical bell-shaped angular distributions around 8 cm = 85° for both O;.s. 

and 2i(0.727 MeV) transitions, the peak values being about 750 and 1750 nb/sr, respectively. 

It has also been reported that the relative ratio of the spectroscopic factors extracted from an 

exact-finite-range DWBA analysis is S(2i)/S(0;.s) = 0.64, which shows reasonable agreement 

with the ratio of a-decay reduced widths, 82 (2i)/8 2 (O;.s) = 0.61 ± 0.24. 

It is known, however, that the magnitude of a-cluster transfer DWBA cross section of 

(160, 12 C) reaction is too small to reproduce the experimental cross section. 2) Here, we 

performed an exact-finite-range DWBA analysis, by using various kinds of a-reduced width 

amplitudes (form factors) for 212 Po = 208 Pb + a system, in order to see how the calculated cross 

0.5 

~ I . 
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0 
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I \ . . ) 
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212po_ 208Pb + ex (L= 0) 

Fig. 1. Normalized reduced width amplitudes for 

212 PO-+ 208 Pb+a(L=O). 

(1) lIS state of Woods-Saxon potential 

(R=1.25X208 1 / 3=7.41fm, a=0.65fm, B.E.=O.1 MeV). 

(2) The same as Ref. 1 except for R=1.25 X(208 113 + 41/3) = 

9.39fm. 

(3) Single configuration (0 h9 /2)2 (0) (1 g9 12)2 (0). 

(4) Glendenning and Harada. 

(5) Tonozuka (89 orbits for protons and 83 orbits for 

neutrons). Spectroscopic factors (SL) are shown in the 

figure. 



47 

section changes its magnitude by the different choice of form factors. The same parameters as 

those in Ref. 1 are used for optical potentials and the wave function of 16 0 = 12 C + a system. 

Following form factors are examined for 212 Po = 208 Pb + a system. 

1) 11 S(O+) and IOD(2+) states of the phenomenological Woods-Saxon potential 

(R = 1.25 X 208 113 fm, a = 0.65 fm). 

2) 11 S(O+) and IOD(2+) states of the phenomenological Woods-Saxon potential 

(R = 1.25 X (208 113 + 4 113 ) fm, a = 0.65 fm). 

3) Form factors constructed from harmonic oscillator shell model wave function of 

h~/2 (0)g~/2 (0) single configuration. 

4) Form factors constructed from Glendenning and Harada's wave function. 3 ) 

5) Form factors constructed from Tonozuka's wave function of large space configuration 

mixing (89 orbits for protons and 83 orbits for neutrons are promoted).4) 

In the cases of 3) - 5), asymptotic part of the wave functions are replaced by the 

solution of Woods-Saxon potential. Bound state approximation is used in the case of 1) and 

2), by giving tentative binding energy of 0.1 MeV. 

1. Form factor dependence 

Form factor dependence of the DWBA cross section is shown in Table 1. In all cases, the 

angular distribution is nicely reproduced, but the magnitude changes so much by the radius of 

form factor. (S(160; 12C) = 1.0 is assumed and form factors are normalized to unity). 

2. Absolute value of the cross section 

Assuming S(160; 12C) = (0.54)2 (the result of LS coupling shell model), comparison with 

experimental cross section is made in the cases of 3) - 5) (Table 2, with the result for a-decay). 

The remarkable enhancement of about 10 5 by the configuration mixing is seen, partly due to 

the expansion of the range of form factor and partly due to the enhancement of the spectro

scopic factor, Se 12 Po; 208 Pb). It should be noted, however, that even in the case of 5) (large 

configuration mixing) still multiplicative factor of X 24 (X 50) is necessary to reproduce the 

a-transfer (a-decay) experiment. 

3. Relative ratio of the spectroscopic factors 

The relative ratio of the spectroscopic factors, S(2+)/S(0+), is rather insensitive to the 

choice of form factor, namely, 0.64,0.57, and 0.52 for the cases 1),2), and 4), respectively. 

Table 1. The peak values of the DWBA cross sections are shown. All of 

the form factors are normalized to unity. 

Form factor 

1) 

2) 

3) 

4) 

5) 

a DW (peak) (mb/sr) 

0.588 X 10-2 (82.5°) 

0.122 X 10 1 (86°) 

0.128 X 10-2 (82 .5°) 

0.170 X 10-2 (82.5°) 

0.432 X 10-1 (85°) 

Relative ratio 

207 

0.218 

0.289 

7.35 
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In this 

Table 2. Theoretical spectroscopic factors and the comparison of the 

a-transfer cross sections and the a-decay reduced width with the 

experiments. S(160; 12 C) = (0.54)2 is assumed for the transfer case. 

Form factor Se12 Po ; 208 Pb) e~al/e~xp °cal/oexp 

3) 1.98 X 10-5 6.7 X 10-6 9.88 X 10 -6 

4) 1.51 X 10-4 1.02 X 10-4 9.95 X 10-5 

5) 1.20 X 10-3 4.2 X 10-2 2.01 X 10- 2 

analysis , we have confirmed that the absolute value of the cluster-transfer DWBA 

cross section is still too small to reproduce the experiment even in the case of large configura

tion mixing, though the angular distribution and the relative ratio of spectroscopic factors are 

well explained. 

212 Po g.s. 

L=O 

'0 

40· 60· 

References 

208 Pb (1 60, 12C) 212 po 

E'60=93 MIN 

- (I) Woods Soxon 

- -- (4) Glendenning - Harada 
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100· 120· 

Fig. 2. DWBA cross sections with different 

form factors are shown. Calculated cross 

sections are normalized to the experimental 

data. See the Table 1 and 2 for the 

normalization factors. 
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4-12. Effects of Recoil and Sequential Transfer in 

12C(14N,12C)14N R· 79 M V d eactlon at e Inc i ent Energy 

T. Kammuri, T. Motobayashi, I. Kohno, K. Katori, 

M. Yoshie,* T. Ooi, and H. Kamitsubo 

With inclusion of the recoil effect in the DWBA treatment of the transfer reaction, 

additional angular momentum transfers are often intorduced, which can change the angular 

distribution drastically. A typical example is the one-proton transfer reaction 12 Ce 4 N, 13 C)13 N. 1) 

While no-recoil DWBA predicts strong oscillation, the full-recoil angular distribution decreases 

rather monotonously with angle. Here we study similar effect of recoil on the two-nucleon 

transfer reaction 12C(14N, 12C)14N at the incident energy of 79 MeV. 2) We also aim to study 

the competition of simultaneous and successive transfers of a neutron-proton-pair. 

In the sum-of-interaction formulation of the two-nucleon transfer reaction,3 ) one-step DWBA 

amplitude is characterized by the set of transferred quantum numbers (fl' f2' f). Taking post 

form for the interaction, f I and.e 2 are related to the non-orthogonality overlap and the 

L 1 
Vl 

" .0 

E 

• • v • + 

12C ( 14 N, 12 C }14 N 

Elab = 79 MeV 

.' + .. +. 

-------1=0 
-----1=1 
-------- ----- -1 =2 

sum 

* Institute of Physics, Tsukuba University. 

Fig. 1. Experimental and full-recoil two-step 

DWBA angular distributions for the 

12Cct4N,12C)14N reaction at 79 MeV incident 

energy. Lower part of the figure shows the 

calculated cross sections for the orbital 

angular momentum transfer f = 0 (dot-dashed), 

.e = I (dashed), .e = 2 (dotted) and their incoherent 

sum (solid curve). In the upper part, the sum is 

normalized and compared to the experimental 

data. The multiplicative factor is 5.0. 
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interaction matrix element respectively, and .e is the vector sum of .e 1 and £2' The same set 

(£1 , £2, £) specifies two-step amplitude, where £1 or £2 means the orbital angular momentum 

transfer at each step. For the case of 12C(l4N, 12C)14N reaction with transfer of OP1/2 

nucleons, we have .e i = 0 and 1. No-recoil DWBA calculations restrict £ i and .e to be zero, and 

give rapidly oscillating angular distributions as shown in Fig. 1. Full-recoil treatment allows 

.e = 1 and 2 transfers of the same order of magnitudes as .e = 0 component. The.e = 1 

component oscillates out of phase with even £ parts, so that summed cross section shows 

smoothly decreasing behavior. 

DWBA calculations were performed by using the program code FRATS,4) with optical 

parameters listed as set A in Table 1.5 ) Angular shapes of one- and two-step processes are very 

much the same, so we have shown only the two-step post-post results in Fig. 1. The normalization 

factor Nff is 5.0. If we use the set B which also gives good fit to the elastic scattering 

of 14N on 12C, Nff becomes 25. The ratios of two-step post-post and one-step post cross 

sections are 1.5, 2.1, and 2.4 for £ = 0, 1, and 2 respectively. Although sequential transfer 

has bigger cross section than simultaneous transfer process, the difference between two processes 

is much smaller as compared with the case of transfer of idential-nuc1eon pair treated in Ref. 3. 

Table l. Optical parameters for the 12C(l4N, 12C)14N reaction. 

Set 
V rR aR W q 

(MeV) (fm) (fm) (MeV) (fm) 

A 100 0.92 0.77 38.5 1.29 

B 65 1.21 0.48 20 1.35 
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4-13. Collect ive Mass Transfer In the Collision 238 U _ 238 U 

S. Yamaji, W. Scheid,* H. J. Fink,* and W. Greiner* 

In order to study the mass fragmentation in fission and heavy-ion scattering, it is useful to 

introduce a collective fragmentation coordinate defined by 1) 

(1) 

The mass distribution of fissioning nuclei has been explained by a dynamical treatment of the 

collective coordinate 1] .2) The idea of quantized fragmentation dynamics can also be applied 

straight-forwardly to the fragmentation in heavy ion reactions. 3),4) 

Calculations of the mass fragmentation in U-U collisions 4) gave an estimate of the order of 

the fragmentation time. This paper is devoted to the question about the possibility of producing 

superheavy elements in the U-U collision. The idea is to describe the collision of the two nuclei 

by the relative coordinate R and the fragmentation coordinate Tl defined in Eqn. (1) 

The collective energy of the system is of the following from 

---- .-. 1 ~ -=-. 1 . 
H(R, 1] ,R,1]) = "2 BRR (R,1])R 2 + BR1] (R ,1] )R1] + "2 B1]1] (R,1] )1]2 + V(R,1]). (2) 

The potential and the mass parameters are consistently calculated within the renormalization 

method and the cranking model on the basis of the asymmetric two center shell model. 5) 

The fragmentation potential V(R,1]) for 238 U-238 U is shown in Fig. l. 

The 1]-motion in Eqn. (2) is quantized according to the Pauli prescription. Then the mass 

fragmentation is the solution of the time-dependent Schrodinger equation 

. a 
H~(1], t) = ih at ~(1] , t) 

H = _ h 2 ~ 1 ~ + __ P_R_(t_)2 __ 

2Y B1]1] (R(t), 1]) a1] YB1]1] (R(t), 1]) a1] 2BRR (R(t), 1]) 

+ 2B
RR

(R(t), 1])R(t)2 + V(R(t), 1]) 
(3) 

, where the relative coordinate R(t) and its conjugate PR(t) are obtained by solving Hamilton's 

coupled equations of Eqn. (2). In order to simplify the calculations, the coupling term in Eqn. 

(2) is neglected because of IBR." I < < Y B B as proven in Ref. 5. 
" RR 1]1] 

* Insti tu t fUr Theoretische Physik der Universitat Frankfurt/M. , Germany. 
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Equation (3) is solved directly by the finite difference method. 6) The fragmentation probability 

at time t and fragmentation 11 is dW(11, t) = \ ~(11 ,t) \2) B1111 (R( t),11 )d?7. 

The initial conditions are chosen in the following way: We assume that dynamical effects are not 

important for separations R>Rc where Rc is the distance of critical overlap. Therefore, we make 

an ansatz for the initial mass distribution at 

Here, the coordinate ?7i of the initial mass fragmentation characterizes projectile and target, and 

the width r the few nucleon transfer which can occur before the critical distance Rc is reached. 

The critical distance, Rc = 14.5 fm, is assumed to be equal to the touching distance of the two 

nuclei. Therefore, the collective mass transfer starts for R = Rc at the time t = 0 when the two 

Fig. 1. The fragmentation potential V(R,11) 

between the relative distances 9.0 fm and 

15.0 fm calculated by the fourth order 

Lagrangian interpolation technique from 

the values of Ref. 5. The numbers at the 

curves show the values of the relative 

distance in units of fm. 
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Fig. 2. The time-evolution of the mass 

distributions for the incident energy 

860 Me V is shown. The numbers at the 

curves are the time in units of 10-23 sec. 
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colliding nuclei touch and continues until the two fragments separate at R = Rc again. 

An example of the time evolution of the mass fragmentation is presented for the incident 

energy Ecm = 860 MeV and the angular momentum L = 200 h in Fig.2. The width is chosen 

r = 0.0126 which corresponds to a spread in mass A of 6A = 3. 

The mass distribution spreads out up to 200 X 10-23 sec., when the colliding nuclei come 

close to 10.2 fm. As the small barrier at 1] = 0.02 in Fig. 1 disappears at 10.2 fm, the 

motion of fragmentation starts. However, in the region 9 ""' 10 fm and 77 = 0.02 ""' 0.2, 

the fragmentation moves very slowly due to the small driving force - av /a77. The appreciable 
-23 

part of the distribution has already reached 1] = 0.25 at time T = 900 X 10 sec. 

Such large 1]-values correspond to superheavy nuclei with A ""' 300. In spite of the large 

potential barrier at 1] = 0.2 for R :::::I Rc (see Fig. I) larger mass transfer is possible with 

increasing incident energy, since smaller relative distances are reached. The present calculations 

give evidence for the possibility of producing superheavy nuclei in the U-U-collision. 

The estimated cross sections are of the order a( superheavy )=~:xw b (1/)d bL'1/"" 1 b, where 

Wb(1])61] is the probability producing superheavy nuclei (A""'300) in the collision with the impact 

parameter b. 
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4-14. Elastic and Inelastic Scatterings of Deuteron from Even-Mass 

Isotopes of Molybdenum 

T. Wada, H. Kamitsubo, T. Fujisawa, M. Koike, 

T. Nojiri, * S. Yamaji , S. Kusuno, * * and T. Matsuura 

The experimental results have been reported. l
) The elastic scatterings were analyzed by an 

optical model. In the range of real potential well depths between 50 and 180 MeV, three sets 

of optical parameters were found to give equivalent fits to the experimental data. The 

parameter set with V R 'V I 00 MeV was found best to fit the experimental data of the inelastic 

scattering. The inelastic scatterings were analyzed by coupled-channel calculations using an 

automatic parameter search code CCSEARCH. 2
) The deduced values of the deformation 

parameters were compared with those from other experiments with different projectiles. The 

inelastic scatterings from the isotopes of molybdenum have been studied with protons,3)-5) 

deuterons,6) and alpha particles. 5),7),8) Although the deformation parameter is usually assumed 

to be an intrinsic property of the nucleus and is independent of the means of excitation , 

systematic differences in the values of the deformation parameters for the one-phonon states 

were found between the results from the inelastic scatterings with different projectiles. Figure 

1 shows how different these results are one another. Although it is well known that instead 

of the deformation parameter {3 the deformation length {3R must be used for comparison, 

there is an ambiguity in determination of R in case of complex potential. Then we compared 
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Fig. I. Comparison of the ratio of {33 

to {32 from different projectiles: 

o for (p,p') at 15 MeV, Ref. 3. 

6, for (p ,p') at 14.5 MeV , Ref. 4. 

o for (p,p') at 12.5 MeV, Ref. 5. 

X for (a,a') at 31 MeV, Ref. 7. 

• for (a,a') at 30.87 MeV, Ref. 8. 

• for (a,a') at 32.2 MeV, Ref. 5. 

• for (d,d') at 21.5 MeV, present work. 

The solid curve presents the average 

values of the results from (d,d') and 

(a,a'), and the dashed curve the 

average values of the results from 

(p,p'). 
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the ratio of the deformation parameters. For all the five isotopes, the ratios of {33 to (32 from 

Cd, d ') agree quite well with those from (a,c/), while they are smaller by about I 0~20 per cent 

than those from (p, p'). 

In order to investigate the isotopic spin dependence of the excitation, the form factors 

are calculated by a RPA theory where they are separated for pure isoscalar and isovector terms. 

The isotopic spin dependence was found to be too small to explain the differences shown in 

Fig. 1. 

It has been shown that the deformation parameter of higher order is affected more 

strongly if a finite size of a projectile is taken into account. 9
) We performed a folding model 

calculation in which the optical potential and the form factor of nucleon were folded over the 

internal wave function of projectile. The inelastic scattering cross section from the first 3-

state was reduced by about 30 per cent, while that from the first 2+ state was not affected 

greatly. The (33 must then be increased by about 15 per cent. This amount is similar to the 

difference shown in Fig. 1. For the scattering of alpha particles, the folding model gives 

similar results as shown in 4-10. 
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I f 12 d d 4-15. Po arization Measurement 0 B g.s . Pro uce 

in 14 N - 1nduced Reaction 

K. Tanaka, M. Ishihara, H. Kamitsubo, N. Takahashi, 

Y. Nojiri, T. Minamisono, * A. Mizobuchi, * and K. Sugimoto* 

It is known that there exist two processes called "deep inelastic collision" and "quasi-elastic 

scattering" in heavy ion induced reactions. I) A recent description2) of such processes, in which 

frictional forces play an important role, points out a possibility of a negative angle scattering 

being supposedly responsible for deep inelastic processes and a positive angle scattering for 

quasi -elastic processes. According to such an interpretation, the spin polarization of the 

reaction products presents an important parameter. 

Hence we have started the polarization measurement for 12 Bg.s. produced in the 14N_ 

induced reaction, by measuring up-and-down asymmetry of (3-ray yields with respect to the 

scattering plane. A 15.3mg/cm2 thick natural molybdenum target and 14N-beam of E=95 MeV 

were used. A well established adiabatic fast passage NMR technique3
) was employed to 

eliminate spurious asymmetry effects caused by geometrical asymmetries. The beam from the 

cyclotron was chopped by a mechanical chopper.4) 

The procedure during one beam cycle was as follows: During on-beam period of 40 msec, 

Collimater ~. . . 14Nbeam 
Lab 

Target 

Top view 

Plastic detectors 

Side view 

~--~Magnet poles 

Plastic detectors 

Fig. 1. Schematic drawing of the experimental 

arrangement. 

* Faculty of Science, Osaka University. 
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12 B products were implanted into a platinum catcher foil. The initial polarization was preserved 

by a static field of 1.5 kG which had been found to be sufficient. During the following 

off-beam period of 40 msec a R.F. field perpendicular to the static field was applied for a few 

msec, and then {3-rays from the catcher were detected by a pair of three-fold plastic detectors 

placed at the upper and lower side of the catcher. (Fig. 1 ) 

In the measurement two kinds of the beam cycles were alternated with each other: One 

was so-called "on-resonance" cycle in which the frequency of the R.F. field was swept across a 

resonant point so that the polarization of 12 B was reversed, and the other was "off-resonance" 

cycle in which the frequency was swept over the region beyond a resonant point with the 

polarization unchanged. {3-ray events YU' Y L in upper and lower side of the catcher were 

accumulated for each kind of beam cycles. Supposing the polarization P produced in the 

reaction points downwards, the yields for "off-resonance" cycles can be written as 

y OFF 
U = Cu (l-AP), 

yOFF 
L = CL (l+AP), 

and those for "on-resonance" cycles as 

yON 
U Cu (l+AP), 

yON 
L = CL (l-AP), 

where Cu and CL are the geometrical factors of the upper and lower set of counters, respectively. 

A is the asymmetry parameter and A=-I for 12 B decays. Therefore, we can derive the 

polariza tion from the ratio 

y8FF / y£FF 
R = ----------------

Y8N / y£N 

I r 

1.11-

(I + P ,:\2 
~ I - p) 

I 

1.01---------------+-- ---1 

Q:: 

0.9- I 
O.Sr-

I 

-

-

I 

Fig. 2. Ratio R for each run. After a 

rough correction for depolarization 

effects, the polarization for 8Lab=20° 

is derived from these values as 

P = - 6.1 ± l.1 %. Only statistical errors 

are taken into account. 
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Figure 2 shows the present result, which gives a rather small polarization: 

P -6.1 ± 1.1 %. 

To examine these values , next experiment is now under consideration : 

An enriched target is used ; and the kinetic energy of the 12 B product is changed at small steps 

by choosing suitable thicknesses of the catcher foil and of the absorber inserted between the 

target and the catcher. 
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5. NUCLER PHYSICS 

Nuclear Spectroscopy 

5-1. Gamma Rays from an Incomplete Fusion Reaction 

Induced by 95 MeV 14N 

T. Inamura, K. Hiruta, M. Ishi..l-}ara, 

T. Fukuda, and T. Shimoda 

It has already been pointed out that high-energy charged particles, in particular a-particles, 

are emitted predominantly in the forward direction in the bombardment of various targets with 

heavy ions. 1),2) Projectiles should then pass the grazing trajectory, according to Kaufman and 

Walfgang. 3 ) Because of this, by detecting those a-particles (hereafter we call them "direct" a

particles for convenience) it may be possible to select a reaction channel which leads to 

selective population of high spin states. To test this idea we made "direct" a-'Y coincidence 

measurement in the bombardment of 159Tb with 95 MeV 14N. 

The 159 Tb target was a self-supporting metallic foil (2.1 mg/ cm 2 ). To detect a-particles 

we used a Si surface-barrier annular detector at 0° to the beam. The solid angle subtended was 

0.73 sr (8=16.7°- 32.6°to the beam). The 'Y-ray detector used was a 60 cm 3 Ge(Li) counter 

placed at 90° to the beam and 4 cm from the target. To make the contribution from the 

compound nucleus formation negligible, lower energy a-particles (Ea:S33 MeV in lab) were cut 

off by using a 400 J.1m thick aluminum foil (annular as well) in front of the Si detector. 

To see how different 'Y de-excitation after "direct" a-particle emission appears compared 

to compound nucleus formation, we also measured 'Y-rays in coincidence with a-particles emitted 

in the backward direction. The same annular detector was placed at 180° to the beam, 

the detection angle being 147.4°- 163 .3°. We used a 100 J.1m thick alminum foil instead of 

the 400 J.1m thick one. 

Figure 1 (a) shows the 'Y-ray spectrum observed in coincidence with "direct" a-particles. 

Stronger 'Y-rays have been identified as those from 166 Yb. This suggests that three neutrons 

successively evapolate after "direct" a-particle emission, i.e. the 159 Tbct4 N ,a3n) 166 Yb reaction 

from incomplete fusion. 

Figure I (b) shows the 'Y-ray spectrum observed in coincidence with "compound" a-particles . 

Figure 2 shows intensities of cascade E2 transitions relative to the 4+ ~ 2+ transition in the 

de-excitation of the residual nuclei, such as 164 Yb, 166 Yb, and 168 Hf, in the bombardment of 

159Tb with 95 MeV 14N. It is clearly seen that yields of the cascade transitions in 166Yb 

produced via incomplete fusion are totally different from those in the compound-nucleus 

reaction products. The former indicates that there was no side-feeding and that entry states with 

limited spin values just above J= 1 0 were populated, feeding the ground band only. 

The solid line in Fig. 2 was obtained from the Gaussian distribution with a half-width of 

2 n and a mean value of 13 n. Provided the average angular momentum of the observed a-
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(Ecx<:15 MeV) in the bombardment of 159Tb with 95 MeV 14N. 
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61 

particles (E
Q 
.~33MeV) is given by £=21 11, a semi-classical value which is derived using the 

average kinetic energy of 40 MeV in lab, the total angular momentum removed by particle 

emission should be P=27 fl., on the average, because the total average angular momentum of 

three neutrons is estimated to be 6 n. Then we have ,£=40 h as the mean value of the initial 

angular momentum. It is interesting to note that this mean value is just above the critical 

angular momentum Pcr=37 h in the 159Tb + 95 MeV 14N reaction. Perhaps the initial angular 

momentum distribution of the reaction channel in question is narrowly restricted to just above 

Per 
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5-2. Exc ited States In l04Cd via the (3He, 3n) Reaction 

A. Hashizume, T. Katou, Y. Tendow, 

and H. Kumagai 

104 Cd was excited via the 104 Pd eHe, 3n) reaction and excited states were investigated by 

measuring de-excitation 'Y-rays. Excitation functions, 'Y-'Y coincidences and angular distributions 

were studied. Excitation functions were studied with the incident energies from 26 to 46 MeV. 

Typical example of excitation curves of 104 Pd e He, 3n) 104 Cd taken for 658, 834, and 878 

ke V 'Y-rays were shown in Fig. 1. 

In the course of this experiment, efforts were made to elucidate 'Y-'Y coincident relations 

which provide very effective means to correlate many observed 'Y-rays and the transitions 

concerned in level scheme. The experimental set up of the coincidence measurement has been 

reported already.1) The digitali zed coincidence data in 2048 X 2048 channels were stored 

event by event in magnetic tapes. Digital gates were opened by playing these magnetic tapes 

and the coincident spectrum for each interested 'Y-rays was obtained. Total coincident events 

registered in magnetic tapes amount to about 450000 counts. Figures 2 and 3 show typical 

coincident spectra. In these spectra the background obtained for the same gate width in 

neighbourhood of the total absorption peak was subtracted and smoothing procedure of the 

spectrum was performed twice. From Figs. 2 and 3, it is evident that a strong coincident 

relation exists between 538, 878, 835, and 658 keY 'Y-rays; these 'Y-rays can be attributed to 

cascade transitions (8+) -+ 6+ -+ 4+ -+ 2+ -+ 0+ in the order at which the photons are given 
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841 keV 

538 keV 

above. These results confirm the assignment of 4+ -+ 2+ -+ 0+ cascade transitions previously 

made. 2 ) The 316, 331, 511, and 556 keV peaks in the spectrum of Fig. 2(b) are due to 

different contribution of activities at the gates of the peak and background. 

The calibrations of energies and the determination of relative efficiency of Ge(Li) detectors 

for different quantum energies were made by using 226 Ra source. Partial level scheme with 
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their de-excitation transitions tentatively proposed is shown in Fig. 4. In the figure, the relative 

intensities of )'-rays are given by the width of arrows. 

Since the structure df neutron deficient cadmium isotopes l04Cd, 102Cd, and lOoCd approachs 

closed neutron shell, it is expected that the level structures of these nuclei are influenced by 

the closed shell. On the other hand, there have been reported that 100 Pd, 102 Pd, and 104 Pd 

isotopes have collective properties. The level scheme of 101 Pd and 103 Pd is also interpreted 

from the view point of collective excitation where the model of variable moment of inertia 

plays an essential role. 3) It can be argued that some cadmium isotopes show a feature of 

transitional nuclei. We are investigating the excited states of 100 Cd, 102Cd, and 104 Cd produced 

via ( 12 C, 3n) and (12 C, 5n) reactions on 92Mo, 94Mo, and 96Mo. Reduction and investigation 

of the data obtained are now in progress. 
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5-3. Internal Conversion Electrons of 136Bo 

M. Ohshima, * Y. Itoh, * S. Hayashibe, 

M. Fujioka, T. Ishimatsu, * and A. Hashizume 

The low lying level structure of 136 Ba is investigated from {3- decay of 136 Cs. Internal 

conversion electrons were measured with a V21T iron-free magnetic (J-ray spectrometer installed in 

Institute for Nuclear Study of Tokyo University. So far, the conversion electron data of this 

nucleus are scarce. Only Reising and Patel) and Fujioka et al. 2
) have reported on this subject. 

Xe gas was bombarded with a 15 MeV proton beam from the cyclotron. The outline of the 

target chamber and the method of preparing (3-ray source were presented in the previous report,3) 

but some improvements in the target chamber were made recently. The inside diameter of the 

chamber was made larger to be 116 mm</> and in the chamber was inserted a glass tube of inside 

diameter of 80 mm</> to prevent the collector foil from the contamination of organic substances. 

Consequently the collection efficiency of activity amounted to more than 40 % and the source 

was made thinner. 

Typical conversion electron spectrum in the 120 - 160 keY region is shown in Fig. 1, with 

the momentum resolution of the spectrometer set at 0.05 %. The presence of {3- continuum of 

E{3max ::::: 330 keY made it difficult to measure the conversion electrons in this energy range. In 

Table 1 is shown internal conversion coefficients calibrated with K electron of the 163 ke V E3 

transition for the lower energy region and of the 340 keY E2 transition for the higher one. 
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Table. 1. Internal conversion coefficients in 136 Ba. 

E')' I a) 
'Y Uk expo ak thea. (K/L)exp. (K/Lhheo. Multipolarity 

66.881 (17) 4.8 (2) 0.150 (9)b) 0.0841 (El) El+(M2) 
8.93 (M2) 

86.265 (30) 5.0 (2) 0.291 (5) 0.293 (E 1) 7.24 (3) 7.26 EI 

109.681 (7) 0.21 (3) 0.914 (56) 0.922 2.42 (15) 2.45 E2 

153 .246 (4) 5.77 (18) 0.260 (3) 0.257 3.60 (10) 3.53 E2 

163.920 (2) 3.40 (12) 1. 12c) 1.12 1.25 (3) 1.26 E3 

166.576 (6) 0.37 ( 4) 0.231 (27) 0.204 (Ml) 6.87 (91 ) 7.51 Ml+E2 
0.243 (E2) 3.79 

176.602 (4) 10.0 ( 4) 0.0355 (20) 0.0406 7.36 ( 57) 7.65 El 

187.285 (6) 0.36 (4) 0.155 (19) 0.148 (Ml) 5.65 (68) 7.55 Ml+E2 
0.166 (E2) 4.16 

273.646 (8) 11.1 (4) 0.0137 (7) 0.0126 8.83 (73) 7.83 El 

319.911 (8) 0.50 (5) 0.0318 (42) 0.0356 (Ml) Ml+E2 
0.0303 (E2) 

340.547 (8) 42.3 (13) 0.0233 (12)a) 0.0250 5.94 (11 ) 5.82 E2 

507. 188 (10) 0.97 (3) 0.0130 (7) 0.0 III (Ml) 8.00 (100) 7.79 Ml+E2 
0.00798 (E2) 6.65 

818.514 (12) 100 0.00227 (10) 0.00242 7.70 (20) 7.42 E2 

1048.073 (20) 79.7 (26) 0.00150 (10) 0.00141 7.50 (26) 7.69 E2 

1235.362 (23) 20.1 (7) 0.00098 (4) 0.00100 7.75 (59) 7.80 E2 

a) ,),-ray relative intensities are obtained from our previous work. 4) 

b) These val ues are for ~ . . LI+Ln+Lm. K electron IS hidden among Auger electrons. 
c) These values are used to normalize other electron intensities. 

The proposed decay scheme is shown in Fig. 2. 

For the 66 keY transition , Reising and Pate 1) measured the K and L electrons and 

determined the K/L ratio to be ~ 1.3 ± 0.8 which' disagrees with theoretical value of 7.01 for E1. 

Our more precise measurement, however, has shown that the K electron coexists with the Auger 

electrons and is difficult to separate from them. From the value of ~LI+LII+LIII we determined 

this transition · to be almost El with small mixture of M2. 

Three weak conversion electrons can be attributed to the transitions from newly assigned 

2373 keY state to 1866 keY(4t), to 2053 keY(4i) and to 2207 keY(6+) state with transition 
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energies of 507, 319 and 166 ke V respectively. All of these transitions have M 1 C + E2) character 

We, therefore, determined this level to be 5+. This assignment is in agreement with log ft value 

of 6.9. which indicates this transition to be an allowed one. The branching ratios of the three 

transitions also support this assignment. More precise analysis is in progress. 
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6. NUCLEAR INSTRUMENTATION 

6-1. Efficiency for Detecting 8Be Nuclei with 

a Position Sens itive Detector 

T. Ooi, T. Motobayashi, K. Katori, and I. Kohno 

The ground state of 8Be decays promptly into two (X particles (t 1/ 2 "" 1 0-16 sec) with a break

up energy of 92 keV. The break-up (X-particles from a rapidly moving 8Be nucleus will travel 

within a cone of which axis is in the direction of the original 8Be. Since the spin of the 8Be 

ground state is zero, (X particles are emitted isotropically in the 8Be rest system. By vectorial 

addition with velocity of the center of mass, directions of (X particles are confined within a 

narrow forward cone in the laboratory frame of reference as stated above and illustrated in Fig. 

1. Therefore, at the surface of the position sensitive detector (PSD) the density of (X-particles 

from 8Be nucleus is proportional to the projection of spherical shell having a constant surface 

density by a point source at the target. 

When two (X -particles from 8Be, a l and a2, impinge on PSD in coincidence at point Xl and 

X2 respectively, output signals are proportional to El + E2 at energy contact and Xl El + X2 E2 at 

position contact (Fig. I). El and E2 show energies of a l and (X2 respectively. The position 

information is 

where El ~E2' 

c. m. momenta 
of Q' pa rticles 

PS 0 

Fig. 1. Position on PSD for coincident a-particles and the 

post to reject other particles. 

This looks as if a 8Be particle came in at the point which is the average of Xl and X2. 

Strictly speaking, the point is not always on the extension of the direction of 8Be, but the shift 

is small. For example, the shift for 8Be of 20 MeV is smaller than the position resolution of 

PSD (=0.2Smm FWHM). In this method of detection by PSD, only 8Be particles can be detected 

with desirable solid angle and efficiency if the gate width is masked by a post and only position 



signals corresponding to the area under the post are accepted so as to reject other unpaired 

particles as shown in Fig.l. For measurement of 8Be nucleus we used a rectangular collimator 

which is divided by the post, or a divided circular collimator (Fig.2). 
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To calculate overall detection efficiency of the divided collimator the ratio of number of 

events where the break-up ex particles come in through two windows of the divided collimator to 

number of all 8Be nucleus which would come in the whole gate width must be calculated and 

averaged}) We carried out both an exact and an approximate calculation of overall detection 

efficiency. In the approximate calculation we assumed that subsequent paths of two break-up ex 

particles make the same angle with the original direction of 8Be. Then, the calculation of detection 

efficiency reduced to an integration of the ex-particles density on the detector surface limited 

by the divided collimator. The results calculated are shown in Fig.2. It is known from this results 

that in the energy of 8Be below 25 MeV the divided rectangular collimator is preferable, but the 

divided circular collimator is better in the energy above 30 MeV for geometries given in the Fig.2. 

Reference 

1) T. Ooi, T. Motobayashi, K. Katori, and 1. Kohno: Reports 1.P.C.R., (in Japanese), 52, 145 

(1976). 
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6-2. A Modified .6. E-E Counter Telescope 

T. Motobayashi 

To measure the reaction products of the heavy ion reaction more efficiently than before, 

the counter telescope was modified so as to achieve detection at many (four in this case) angles 

simultaneously.!) This system is especially usefull when the target is so thin (for example a gas 

target) or the beam intensity is so low that the counting rate never goes up higher than the 

limit restricted by the detection circuit. 

The modified counter telescope2
) consists of position sensitive solid state E connter (500j1 

thick, 7mmX25mm), 6E counter (30j1, 200mm2
), and four slit collimators as illustrated in Fig. 

1. The slits are all 1.5mm wide and 5.5mm high and 3mm apart from each other. In order to 

detect the reaction products at 10 intervals, the distance between four collimators and the target 

(or the front slit in the case of gas target) is taken to be 172mm. These four slit holes were 

carefully finished so as to have the same area in order to get the same solid angle for all four 

angles. 

In Fig. 2 the block diagram of the detection circuit is shown. To get position signals and 

particle identification signals (PI signals), a position sensitive detector analyzer (dividing circuit) 

and a particle identifier3
) were employed. A fast coincidence between 6E and E signals were 

taken and a pile up rejector3
) was used to eliminate chance coincidences except the ones which 

occur in one burst of the cyclotron. The position and the PI signals together with the energy 

signals were fed into three pararell ADC's after eliminating the elastic scattering events. The 

Fig. 1. Schematic view 

of the modified counter 

telescope. 

PA: pre-amplifier 

TEA: timing filter amplifier 

MA: main amplifier 

PI: particle identifier 

CFTD: constant fraction timing discriminater 

PSD An.: position sensitive detector analyzer 

TSCA: timing single channel analyzer 

LGS: linear gate stretcher 

Fig. 2. Block diagram of the detecti,on circuit. 
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signals from these ADC's were written in a magnetic disk by OKI 4500C computer, and were 

analyzed and monitored on-line, or transfered again to a magnetic tape for a later off-line 
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analysis. An example of the position spectrum is shown in Fig. 3, in which each peak corresponds 

to different detection angle. The energy spectrum of a certain particle in a certain angle is 

obtained by putting an appropriate gate on PI and position spectum. 

References 

1) Modifications of this type has already achieved, for example; I. Paschopoulos, P. S. Fisher, 

N. A. Jelley, S. Kahana, A. A. Plit, W. D. Rae, and D. Sinclair: Nucl. Phys., A252, 173 

(1975). 

2) Fabricated in the work shop of IPCR. 

3) Made by F. Shimokoshi (the University of Tokyo). 
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6-3. A Gas Target System for Heavy Ion Reactions 

T. Motobayashi 

A gas target system was made to use it in the study of the heavy ion transfer reactions. 

It is advantageous to employ a gas target because of following reasons: 1) rare gas material (Ne 

for example) can be used as a target: 2) the target with little impurity is easy to obtain: and 

3) target thickness is rather easy to estimate by measuring the pressure of the gas. 

In Fig. 1 the gas cellt) is illustrated. The windows through which the beam passes are 

covered with 1.25t.Lm thick nickel foils and the other windows with 4.u m thick mylar foils. 

The energy spread of the ions after passing through the foil was measured to be about 8% 

of the average energy los& in the foil. This cell is able to hold the gas of about 300 torr when 

placed in the vacuum. The typical pressure of the gas in the experiment was about 70 torr. 

The beam was collimated by a collimator consisting of two slits, one of which determines the 

beam spot 2mm wide and 6mm high on the entrance window and prevents the scattered 

particles of the stray beam from entering into the detection system. 

The detection system consists of two slits and shielding strips as shown in Fig. 1. The 

front slit (1 mm wide) placed just 5mm from the window of the cell is made in one body with 

the shielding strips as is seen in Fig. 1 in order to detect the reaction products in forward 

angles without cutting the beam coming out from the cell. Consequently the minimum angle 

achieved was 7°. The shielding strips prevent other particles than those coming through the 

Fig. 1. The gas target system: the 

gas cell and the detection slits. The 

diameter of the cell is 60mm. 

Fig. 2. Gas feeding system. 

scattering chamber 



front slit from going into the detector through the rear slit. The rear slit consists of four 

rectangular holes. 2
) The effective area of the target in the gas is determined by these two 
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slits and the beam itself; horizontally by the two slits and vertically by the beam itself. This 

effective target area together with the solid angle of the slit system was estimated from the 

geometry of the setting by numerical calculations. The errors in these estimation come from 

the misalignment of the detector slit system and the errors in estimating the size of the slits. 

Alignment was performed wi th the telescope and its error was estimated to be of the order of 

O.lmm. The size of the slits was measured with the microscope and the error was less than 

O.OSmm. These results suggest the total error in estimating the effective target area and the 

solid angle to be less than 10%. 

Figure 2 shows the gas feeding system. The pressure was measured by an a-tron vacuum 

gauge3
) and monitored throughout the experiment. Since target thickness depends not only 

on the pressure of the gas but on the temperature, we must know the temperature correctly. 

However, it is rather difficult to know the temperature during the experiment because the 

temperature may go up being heated by the beam. Hence, the elastic scattering yield was 

monitored by another counter instead of measuring the temperature. 

An example of the energy spectrum obtained by using this gas target system is shown in 

Fig. 3. The peak of double scattering caused by the two nickel foils of the windows are 

seen beside the elastic scattering peak. Angular distribution obtained for elastic scattering is 

shown in Fig. 4. In that case without any re-normalization a good fit to the data was obtained 

by an optical model calculation with a reasonable set of the parameters. 
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Fig. 3. Energy spectrum of the elastic scattering of 14 N on 16 0 

at 76.2 MeV obtained by using the gas target. 
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optical model calculation (see Ref. 4). 

I) All parts of the system were made in the work shop of IPCR. 

2) T. Motobayashi: IPCR Cyclotron Progr. Rep. , lO, 70 (1976). 

3) Alphatron type 82.0 Norton Vacuum Equip. Div. 160 Charlemont St. Newton. Mass. USA 

(see also IPCR Cyclotron Progr. Rep., ~ 43 (1973); M. Odera et al.). 

4) T. Motobayashi, I. Kohno, T. Ooi, and S. Nakajima: IPCR Cyclotron Progr. Rep., 10, 35 

(1976). 
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6-4. Computer Development 

On-line Computer OKIT AK 4500 

T. Inamura, T. Wada, M. Ishihara, and H. Kamitsubo 

Extensive use has been made of magnetic tapes to record multiparameter data, such as 

particle-,), particle-particle coincidences and .6.E-E signals from particle identifiers, and to play them 

back for analyses later on. Eventually there is a great need for a much advanced magnetic tape 

unit to save time. Because of this, the present magnetic tape unit is going to be replaced by a 

much faster and reliable unit in a few months. The new unit is OKI 798F: the recording 

density is 1600 bpi, being twice that of the present unit; the tape speed is 125 ips in reading 

and writing, being faster than three times the present speed; and the transfer speed becomes 

200 kbytes/sec, about eight times as fast as the present transfer speed. This will improve handling 

of magnetic tapes greatly and save considerable time during experiments on the cyclotron. 
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6-5. A Charged Partie Ie Identifier 

F. Shimokoshi 

A particle identification system based on the Beth~-Bloch formula for the rate of energy loss 

of charged particles in the stopping material has been reported by several authors. 1),2) When a 

conventional telescope consisting of ,0.E and E counters is used, the identifier output signal, PI, 

can be given by 

PI = (,0.E + Eo) (E + K,0.E + Eo )0.75 , (1) 

where Eo and K are parameters adjusted experimentally to keep the identifier output constant for 

change of the particle energy and Eo is a circuit constant. This formula is known to be useful in 

identification of light particles, such as p, t, d, 3He, cx, Li, Be, and B. However, it is rather 

unsatisfactory in identifing heavier particles. To improve the performance, a function G(,0.E) is 

introduced instead of K,0.E (term). 

G(,0.E) = L : ---- X 10 

= L} (,0.E) + L2 (,0.E) 2 + L3 (,0.E) 3 + ..... 

where L is the gain and M is the slope of the function. 

Then we have 

(2) 

~OCfl ~93"! ~ S 

PARTICLE IDENTifiER 

r-"~ nNC Q,t.,lN --: 

S 

········--,r·······_, 
xN OCLAY=:~ D!?LA)!:O 

! t '" l 
;- OUlPU1S -, ! 

FG E+6E 

Fig. 1. Particle identifier based on 

the Eqn. (2). 

Fig. 2. An adapter to the particle 

identifier: G(,0.E) function generator 

for heavy particles. 
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(3) 

A function generator for G(6E) is constructed as an adapter to the identifier based on Eqn. (1) 

for user's convenience. 

Figure 1 shows our particle identifier and Fig.2 shows the adapter. 

This particle identification system has been tested on the 2°Ne + 100 MeV 160 reaction; 

the 160 beam was obtained from the cyclotron, and a 30 /.lm Si-surface barrier detector was used 

as the 6E counter. 

The PI spectrum obtained is shown in Fig.3, together with the best spectrum obtained 

without the adapter for comparison. It should be noted that for the former, L 1 , the coefficient 

of the first order of 6E in Eqn. (2) became 0.4, while K=0.8 was taken for the latter. 

References 

1) R. G. Stokes, J. A. Northrop, and K. Boyer: Rev. Sci. Instr., 29, 61 (1958). 

2) A. D. Harmanci: Nucl. Instr. and Meth., 86, 109 (1970). 
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7. A TOMIC AND SOLID-STATE PHYSICS 

7-1. K X-ray Spectra of A I, Ti, Cr, Fe, and 

N i Induced by Nitrogen Ions 

Y. Awaya, M. Akiba, T. Katou, H. Kumagai, 

Y. Tendow, K. Izumo, T. Takahashi, A. Hashizume, 

M. Okano, and T. Hamada 

The Ka and K(3 X-ray spectra of AI, Ti, Cr. Fe, and Ni induced by 84-MeV N-ions were 

studied using a Bragg crystal spectrometer. 1
) The Ka spectra of Ti induced by 95-MeV and 71-

MeV N-ions were also measured in order to study the dependence of the spectrum pattern on 

the incident energy. 

After the previous reportI) was accomplished, the energy resolution of the crystal spectro

meter was improved to be 10 eV FWHM for the flourescent Ti Kf31,3 X-rays (4.931 keY) and 

1.9 eV for the Al Ka l ,2 X-rays (1.54 keY). In the present work, the K X-rays of Al were 

measured by an EDDT (200) crystal and a proportional counter and the K X-rays of elements 

heavier than Ti were measured by a LiF (200) crystal and a scintillation counter. The targets, 

ranging in thickness from 0.8 mg/cm2 to 1.4 mgjcm2
, were placed with an inclination of 60° 

with respect to the ion beam. The present incident energy of heavy ions per nucleon is higher 

than that in any other works of this kind. 

The K X-ray spectra of AI, Ti, Cr, Fe, and Ni obtained are shown in Fig. I. Each peak is 

labelled by symbol KID L n which denotes the corresponding intial configuration having m K

shell vacancies and n L-shell vacancies. The symbol a or (3 attached to each peak means that 

the peak belongs either to Ka or K(3 transition. 

Following experimental results are obtained. 

(I) The incident ions act more proton-like in multiple ionization process as the incident 

energy increases or the value of Zl /Z2 decreases, where Zl and Z2 are the atomic number of 

the projectile and the target element respectively. 

(2) In the Al spectrum, the Ka hypersatellites are excited more strongly than K(3 satellites 

in the present work, though only the K(3 satellites have proviously been observed in the case of 

5-MeV N-ion impact. 2
) This is because the projectile penetrates deeper into the target atom as 

the incident energy increases. 

(3) The width of the satellite line is always larger than that of the diagram line. This is 

considered to be caused by multiplet splitting, variation of distribution of L-shell vacancies among 

the subshells, and the M-shell ionization which occurrs in addition. 
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(4) The values of the energy separation between the Ka 1,2 line and the KLna line (n=I""3) 

and those between the K2 a line and the K2 L n a line (n= 1""3) are almost equal for each value of 

n. The values of energy difference between the Ka 1,2 and KLna lines, the K2a and K2Lna lines, 

the Kal,2 and the K2 a line, and the Kt3 and KL n t3 lines are shown in Fig. 2 as function of Z2· 

The peak positions were determined by the chi-square fitting of multiple Gaussian curves to the 

overlapping peaks. 
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The analysis concerning the intensity of satellite or hypersatellite lines relative to the diagram 

line is in progress. 

> 
~ 
W 
<J 

> 
ill 

w 
<J 

120 (0 ) 

KL"a-Ka l.2 
100 / 

/. 
KY' 

80 

~. yo" 
60 

~~~.~-40 

20 ".~ ..... 

300 / (c) • 

K2a-Ka 12 / 

/
/. 

200 

/. 
100 

(b) 

K2L' a-K2a 

./ 
• 

........ 
K2W 

• • 

~L'-:-
~~ -

(d) 

KLn j3-Kj3 

16 20 24 28 12 16 20 24 28 

References 

Fig. 2. Plot of KL nex satellite energies 

relative to Kat 2 (a), of K2 L nex relative , 
to K2ex (b), of K2ex relative to Kat 2 (c) , 
and of KL n~ relative to K~' Cd). The 

curves are drawn for visual aid. 

1) Y. Awaya, Y. Tendow, H. Kumagai, M. Akiba, T. Katou, and T. Hamada: IPCR Cyclotron 

Progr. Rep., ~ 79 (1975). 

2) A. R. Knudson, D. 1. Nagel, P. G. Burkhalter, and K. L. Dunnig: Phys. Rev. Lett., 26, 

1149 (1971). 



81 

7-2. Measurement of Radiative Electron Rearrangement in Ti 

M. Akiba, Y. Awaya, Y. Tendow, A. Hashizume, 

T. Katou, H. Kumagai, T. Takahashi, 

M. Okano, and T. Hamada 

Recently low-intensity X-ray peaks have been observed in the energy region just below the 

Kat 2 line. I) -s) These peaks were first considered to be the result of the KLM or KLL , 
radiative Auger effect,l) or of the excitation of one or more volume plasmons in the target 

material by the Kex l 2 X-rays.2) As a more probable explanation, the radiative electron , 
rearrangement (RER) process 4),S) was proposed later. This process assumes that the (1S)-1 (2p)-n 

vacancy configuration transfers to the (2s) -2 (2p) -n+l one. 

A 4Mm thick Ti target was bombarded with 95-MeV N-ions. A flat crystal spectrometer6
) 

equipped with LiF (200) crystal and a NaI(T 1) scintillation counter was used to analyze the 

X-rays. A step angle of the spectrometer was 0.02°, and the integrated beam current was 3 

Me at each angular setting. 

The X-ray spectrum obtained is shown in Fig. 1. The RER peak positions 3) are indicated 

by the arrows. The symbol RERn denotes the transition from the (1S)-1 (2p)-n configuration 

to the (2S)-2 (2p)-n+1 one. As the intensities of the RER lines are expected to be less than 

0.2% of the Kex b2 line, the present poor counting statistics did not allow these lines to be 

observed. We are planning to make further investigation of the RER process with improved 

counting statistics. 
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7-3. The l2 -l3 X Coster-Kronig Transition Probability In Hf 

M. Akiba , Y. Awaya, M. Okano, and T. Hamada 

Values of L2 - L3X Coster-Kronig transition probability , f23 , have been measured for some 

elements ranging from Z=63 to Z=96. Most of the values obtained for elements of Z~ 90 are 

larger than the theoretical values by about 30%.1) As the f23 value for Hf (Z=72) was not 

experimentally determined , it was measured using the coincidence method of K and LX-rays 

from the decay of 179 Ta to 179 Hf by the electron capture process. 

179Ta was produced by the 179Hf(p, n)179 Ta reaction at the proton energy of 14 MeV, 

chemically separated from the Hf target 2
) and deposited on a 5-J.Lm Mylar film to prepare a 

source. The K X-rays were detected by a 90-cm3 Ge(Li) detector, while the L X-rays by 

a Si(Li) detector with 195-eV energy resolution (FWHM) for the 5.9-keV X-ray . The resolving 

time of the standard fast-slow coincidence system was 90 nsec. These detectors were set 

closely face to face to reduce the angular correlation effect of K X-rays and LX-rays. 

Hf K X-ray spectra and gate positions of Ka l and Ka2 lines are shown in Fig. 1. 
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Fig. 1. Hf K X-ray spectra 

following the decay of 179 Ta. 

The gate positions of Ka l and 

Ka2 lines are indicated. 

Figure 2 shows spectra of the L X-rays and the L X-rays in coincidence with Ka l and Ka2 

X-rays. Some impurity lines are observed in the L X-ray spectrum. They correspond to the 

Cr Ka, Mn Ka (+ Cr K(3) and Fe Ka (+ Mn K(3) X-rays energetically. Efforts were made to 

reduce the impurity lines but it failed to remove them thoroughly. There are two possible 

origins of impurity lines. One is that they would be fluorescent K X-rays from Cr, Mn or Fe 

which are contained in the housing of the Si(Li) detector induced by Hf K or L X-rays. The 

other is that there would be a radioactive impurity which emits the Cr, Mn or Fe X-rays. 

In any way , as there is the possibility that the Fe K{3 line and the Hf Le line overlap each 
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other, the value of 123 is obtained as follows without adopting the Lp line in the calculation: 

= 
CLa (K0'2) SKO'l 

CLa (KO'l ) SK0'2 

where CI(l) is the number of coincidence counts of I X-rays with J X-rays and SI is the 

number of single counts of I X-rays. 

A preliminary result obtained for the L2 - L3 X Coster-Kronig transition probability in Hf is 

123 = 0.22 ± 0.04 

This value is larger than the theoretical one, 0.14. The difference between the present value 

and the theoretical one shows the similar tendency to that found for other elements. 
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7-4. Energy loss and Straggling of C and He Ions in Foils 

of Metals and Compounds 

T. Takahashi, Y. Awaya, T. Doke,* T. Hamada, A. Hashizume, 

K. Izumo, H. Kumagai, T. Tonuma, and S. Uchiyama* 

The mean excitation potential I in the Bethe stopping power formula may be calculated 

for alloys and compounds by 

In IB=( L: I\ Z2i) - 1 L: ni Z2i In Ii' (1) 
i i 

if Bragg's additivity rule holds. Here, IBis the mean excitation potential defined by 

equation (1), ni is the fractional number of atoms of the component i. ,Z2i is the atomic 

number of the component i and I i is the mean excitation potential of the component i .1) 

Even for metal alloys, however, IB deviates from the experimentally determined value 

Iexp' Recently, Porter et a1. 2
),3) showed that Iexp of a cobalt-based alloy determined 

from the Bethe formula is about 15 % lower than IB for 2.5 to 7.0 MeV deuterons. When 

the second Born approximation is introduced into the Bethe stopping power formula, which 

has a term proportional to Zi the discrepancy between IB and Iexp becomes much smaller 

for this alloy. 

To test the Zi dependence more directly, we just began experiments on simple sub

stances, e.g., AI, Ni, Au, and Pb foils, using C and He ions. We are also planning to 

examine whether Iexp values for C ions are the same as for He ions in metals and 

compounds. The values of Iexp for compounds, with and without Zf correction, will then 

be compared with IB obtained from equation (1). 

As for the straggling of heavy ions, the discrepancy between the theory and experiment 

is pointed out.4
) We are planning to clarify the cause of the discrepancy and to establish 

a more plausible theory. 
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7-5. Bonding Effects In X-ray Spectra Induced by Heavy Ions 

M. Uda, K. Maeda, Y. Awaya, M. Kobayashi, 

Y. Sasa, and H. Kumagai 

X-ray emission spectra are sensitive to the chemical environment of the emitting atom 

and are of great use for the study of bonding effects. It has been recently established that 

heavy ion excitation enhances X-ray satellites due to multiple ionization, which appear at 

energies higher than the diagram X-ray lines. Ion induced X-ray spectra are then expected 

to show the enhanced chemical shifts of the atom since multiple ionization will reduce the 

electron shielding of the nuclear charge. 

The present study deals with the chemical effects on both inner-shell transitions, Fe 

N~ 
-l 
~ 

:>. 
...... 
<J) 

c::: 
Q.) 

~ 
...... 

\ 

~ 

56 58 
2e( deg ) 

Fig. 1. Fe Ka spectra from Fe foil of 

Smg/cm2 (6JIm), and a-Fe203 of 7mg/cm2 

(13JIm) on Al backing and coated with 

thin carbon film. LiF(200) and a 

scintilation counter were used. 
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Fig. 2. Ni Kf3 spectra from Ni foil of 

O.9mg/cm2 (lJIm), and NiO of 1.lmg/cm2 (l.SJIm) 

on Al backing and coated with thin 

carbon film. These spectra were 

measured with LiF(200) and a 

scintilation counter. 



KG' and Al Ka, and valence band spectra, F KG' , Al K[3 , and Ni K[3. For this purpose, 

spectra from Fe, G'-Fe203' AI , NaF, Na3AIF6' AIF3, (CF2)n ..... teflon , Ni and NiO 
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were examined. The target materials were in the form of thin films of a few 11m in thickness 

hypersotellites + K L,~ 

Al 
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Fig. 3. Al KG' and K[3 spectra from Al 

foil of O.9mg/cm2(3I1m), and AIF3 of 

1.Img/cm2 (4J1m) on Ni backing and 

coated with thin carbon film. X-rays 

were measured with the gas flow 

proportional counter through 

EDDT(020). 

145 

NaF 
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2 e ( deg) 

Fig. 4. F Ka spectra from NaF 

of 1.4mg/cm2 (SJ1m) , Na3AIF6 of 

l.Smg/ cm 2 (SJ1m), AIF 3 of 

l.Omg/cm 2 (311m) and teflon of 

O.9mg/cm2 (4I1m). Except the 

teflon which was self-supported, 

all the other targets were coated 

with thin carbon film on mylar 

backing. RAP(OO I) and the 

proportional counter were 

employed. 
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This thickness was suitable to reduce the absorption and the charging effects and also the 

temperature rise caused by the stopped ions in the target during measurements. 

N4+ of 84 MeV was used throughout the experiments. All the X-ray spectra were obtained 

with an on-line Bragg spectrometer described elsewhere. 1) Each line in Figs. 1 - 4 is labeled 

by the electron vacancies in the initial state. 

Figures I and 2 show Fe Ka and Ni K{3 spectra from corresponding metals and 

oxides respectively. No appreciable change in spectra from the metals and the oxides 

could be observed under these experimental conditions. Figure. 3 gives Al Ka and K{3 spectra 

from Al and AIF3 which are modified with satellites caused by the multiple ionization in L 

shells and with the hypersatellites resulting from double holes in K shell and multiple holes 

in L shells. Difference between Ka spectra from Al and AIF3 is not remarkable. However, 

F Ka emission spectra from several fluorides shown in Fig. 4 reflect differences of the 

chemical environment. Increasing the electro negativity or the effective charge of F atom from 

teflon to NaF through AIF3 and Na3 AIF 6, relative intensities of the satellites caused by the 

multiple ionization of L shells were increased. This fact suggests that differences in the 

electronic configul ations around atoms can be seen in an enhanced manner under appropriate 

experimental conditions. The study of the effect of energy change of the incident ions is 

under way. 

Reference 

(1) Y. Awaya, Y. Tendow, H. Kumagai, M. Katou, and T. Hamada: IPCR Cyclotron Progr. 

Rep., 1., 79 (1975). 
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7-6. Positron Study of phase Transformations In Alloys 

S. Tanigawa,* R. Nagai,* M. Doyama,* and N. Shiotani 

The line shape measurements of positron annihilation radiations were carried out to 

understand the aging behavior of quenched AI-Ag and AI-Zn alloys and to clarify the 

crystallization mechanism of amorphous Pd-Si and Ni-P alloys. 

The AI-12 at.% Ag alloy was homogenized at 530°C for two hours and then quenched 

into ice water. The isochronal annealing (held at each temperature for 10 min.) was 

performed. The results are shown in Fig. 2. The definition of S-parameters is shown in 

Fig. 1. S-parameters decreased in the temperature range between 50°C and 100°C, increased 

at about 180°C, had a small hump at about 200°C, and then greatly increased at about 

260°C. The stage near 75°C, the hump near 200°C, the dip near 220°C and the large 

increase near 260°C are due to the annealing of quenched-in vacancies, the formation of 

spherical G. P. zones, the reversion of the G. P. zones and the formation of hexagonal 

structure of 'Y/ phase, respectively. Similar measurements were performed for the 

AI-IO.3 wt.% Zn alloy, which was homogenized at 300°C for two hours and quenched into 
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AI-12 ot % Ag 

I 530°C X 2h - oOe) 
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Fig. 1. The definition of S- and h-parameters. 

S-parameter is given by A/(B+C) and h-parameter 

is given by the A part devided by the area under 

the curve. 
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Fig. 2. The variation of S-parameter for 

AI-12 at.% Ag alloy as a function of 

isochronal annealing temperature. 

* Department of Metallurgy and Materials Science, Faculty of Engineering, The University of Tokyo. 
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ice water. The results are shown in Fig. 3. The large hump at 160°C corresponds to the 

formation of ci phase. These general features are in good agreement with those of the 

AI-Cu system. 1 ) 

The Pdo .8oSio.2o and Nio.81 PO.19 amorphous alloys were prepared by the usual roller 

squeezing and the electrodeposition methods, respectively. Figure 4 shows h-parameters as a 

function of temperature for the Pd-Si alloy. The definition of h-parameters is also shown in 

Fig. 1. The results for both alloys suggested that the amorphous state contains few 

vacancy-type defects in accordance with the previous results2 ),3) and that the possibility of 

the microcrystalline disorder structure should be excluded. 
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Fig. 3. The variation of S-parameter 

for AI-IO.3 wt.% Zn alloy as a function of 

isochronal annealing temperature. 

Fig. 4. The h-parameter in the Pdo.8o Sio.2o 

amorphous alloy as a function of 

temperature. 

1) R. Nagai, S. Tanigawa, and M. Doyama: Scr. Met. , ~ 529 (1976). 

2) H. S. Cheng and S. Y. Chaung: phys. stat. solidi (a), 25, 581 (1974). 

3) M. Doyama, S. Tanigawa, K. Kuribayashi, H. Fukushima, K. Hinode, and F. Saito: 

J. Phys., F, ~ L230 (1975). 
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7-7. Positron Lifetime Measurements for Aluminum and Magnesium 

Using the Internal Sources Produced by Nuclear Reactions 

K. Hinode,* S. Tanigawa, * M. Doyama, * and N. Shiotani 

Positron lifetime measurements were carried out for high purity aluminum and magnesium. 

As the positron source, 22 Na was produced in the aluminum and the magnesium specimens 

themselves by the nuclear reactions 27 AICHe, 2a)22 Na and 24Mg(d, a)22 Na, respectively. 

In the case of aluminum, the thickness of the specimen was large enough to stop all the 

incident 3He particles. A schematic drawing of the specimen is given in Fig. I. 

Figures 2 and 3 show the temperature dependences of positron mean lifetime, TM' for 

aluminum and magnesium, respectively. 

by the positron trapping model.!) - 3) 

For aluminum, change of 'M was well explained 

The evaluated value of the vacancy formation 

enthalpy in aluminum was O.7SeV. In the case of magnesium, change of 'M shows no 

similar behavior as that observed in aluminum. Two interpretations are considered to account 

for this fact. One is that thermally created vacancies in magnesium cannot trap the 

positrons. The other is that the vacancies in magnesium can trap the positrons as In alumi

num but unlike in aluminum the local electron density at the vacancies where the 
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Fig. 1. Schematic drawing of the aluminum 

specimen. 
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a function of temperature in aluminum. 
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experimental results on the basis of the 

trapping model. 
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positrons are trapped is not appreciably different from the average electron density of the 

perfect lattice sites. 

In the case of internal sources, the annihilation of positrons in the source is negligible, 

but there is an appreciable long-lived component in all spectra in addition to the bulk 

component as shown in Fig. 4. The intensity of the long-lived component is about 5 % 

of the total intensity . This component may have arisen from the annihilation of positrons 

at the He bubble region (see Fig. I) The very long lifetime of this component (about 

900ps) suggests the formation of positronium (Ps) in this region. 

250 

220 

o 
Temperature ( DC) 

Fig. 3. Positron mean lifetime, TM, as 

a function of temperature in magnesium. 
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Fig. 4. Positron lifetime spectra measured 

after various treatments for aluminum. 

Long-lived component can be evidently seen 

in each spectrum. 

I) W. Brandt: "Positron Annihilation", Academic Press, N.Y., p. 155 (1967). 

2) B. Bergersen and M. J. Stott: Solid State Commun., :L.. 1203 (1969). 

3) D. C. Connors and R. N. West: Phys. Let., 30A, 24 (1969). 
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7-8. Atomic Displacements In Metals Caused by Irradiation 

H. Sakairi, E. Yagi, A. Koyama, and R. R. Hasiguti* 

Many problems in the study of radiation damage of solids by energetic particles are concerned 

with the atomic displacement cascades. A matter of primary interest is the number of displaced 

atoms created by collision cascade caused by primary knocked-on atoms with the energy Ep ' 

which is called a damage function and denoted by v(Ep ). Analytical expression giving v(Ep) was 

first presented by Kinchin and Pease based on a simple model. 1
) Values of v(Ep) calculated were, 

however, larger than experimental ones by a factor of 4'""'5. Several mechanisms were presented 

as the origin of this discrepancy, among which a focused repl acement collision sequence was 

considered to be the most probable mechanism. 2
) The form of the damage function derived on 

the basis of focused replacement mechanism was presented in the previous report. 3
) It was shown 

in that report and by other researchers2
) that the discrepancy can not be removed if only that 

mechanism is taken into account. 

Recently Robinson and Torrens presented a new model from the analysis of their results of 

computer simulation.4
) In their model they took a distance criterion for permanent displacement 

of lattice atoms, instead of a threshold energy criterion which was adopted in the Kinchin-Pease 

model. In the new model, a displacement threshold energy is assumed to be very low, and the 

movement of all displaced atoms are followed by a computer till their energy becomes very low 

that they can be regarded as being at rest. Then only the cascade atoms which are separated 

from vacancies by a distance larger than recombination radius rv are stabilised, and the others are 

annihilated by recombination with vacancies. The essential defference between these two models 

is that in the Kinchin-Pease model the stability of each Frenkel pairs is independent of the 

distribution of other pairs, while in the Robinson-Torrens model it is dependent on it. 

The numerical results of the simulation by Robinson and Torrens suggests that the damage 

function v(Ep) is expressed as 

E 
v(E ) =---

p a+{rE 

Here E is a quantity called the damage energy , given by 

E = E -: Q p 

Q being a loss due to electron excitation in a displacement cascade, and a and {3 are parameters 

which are functions of recombination radius of Frenkel pairs, rv. With these equations and the 

assumption that rv = 2.Sa (a: lattice constant), they calculated the number of displaced atoms in 

* Faculty of Engineering, Science Univ. of Tokyo. 
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Fig. 1. Comparison of the calculated results 

and the experimental ones on the defect 

introducing rate in copper irradiated with 

protons. 

copper metals irradiated with neutrons. The ratio of the calculated values to the experimental 

ones was 2.1 for thermal neutrons and 2.2 for fission neutrons. 5) 

We calculated the same quantity for proton irradiations in the same manner and compared 

the results with the experimental ones obtained with the cyclotron, a part of which was reported 

previously.6) The results of the calculation were expressed as a defect introducing rate, dn/d¢, ¢ 

being the irradiation dose. The experimental results of the rate of resistivity increase, dp/d¢, were 

also converted to dn/d¢. Both of them are shown in Fig. 1. The experimental points fell on a 

calculated curve for rv = 4.0a. This value of rv is somewhat larger than the one deduced from 

the experimental results on the radiation annealing of the damage. 7
) The value of rv = 2.5a, which 

was assumed in the calculation by Robinso,n and Torrens, made the calculated values of dn/d¢ 

twice as large as the experimental ones, as in the case of neutron irradiations. 

As recognised by Robinson and Torrens themselves, their simulation has some weak points 

such as the lack of a molecular dynamical treatment. Nevertheless, it seems to be also a promising 

mechanism in removing the discrepancy between the theory and the experiment. At the present 

stage, it can be said that the focused collision mechanism and the recombination one make 

almost equal contribution to correct the damage function. 

References 

1) G. H. Kinchin and R. S. Pease: Rep. Prog. Phys., 18, I (1955). 

2) M. W. Thompson: "Defects and Radiation Damage in Metals", Cambridge Univ. Press, 

London, Chap. 5 (1969). 



3) H. Sakairi, E. Yagi, A. Koyama, and R. R. Hasiguti: IPCR Cyclotron Progr. Rep., 

~ 101 (1974). 

4) M. T. Robinson and I. M. Torrens: Phys. Rev., B9, 5008 (1974). 

95 

5) M. T. Robinson: Proc. Intern. Conf. "Fundamental Aspects of Radiation Damage in Metals" 

(Gatlinburg, 1975), USERDA: CONF-751006-P1, 1 (1975). 

6) H. Sakairi, E. Yagi, A. Koyama, T. Karasawa, and R. R. Hasiguti: IPCR Cyclotron Progr. 

Rep., ~ 101 (1971). 

7) W. Schilling, F. Burger, K. Isebeck, and H. Wenzl: "Vacancies and Interstitials in Metals" 

(Ed. by A. Seeger et al.), North-Holland, Amsterdam, p. 284 (1970). 



96 

7-9. Observation of Defect Structures of Slightly Reduced 

Rutile (Ti02) by Channeling Method 

E. Vagi, A. Koyama, H. Sakairi, and R. R. Hasiguti* 

Stoichiometric rutile, Ti02 , is an insulator. Upon slight reduction it becomes an 

oxygendeficient non-stoichiometric rutile, Ti0 2 - x , which is an n-type semiconductor. It is well 

established that some kinds of defects introduced into rutile crystals by slight reduction give 

rise to the n-type semiconductivity. But the problem of whether the dominant defects 

introduced by slight reduction are oxygen vacancies or titanium interstitials has been in 

controversy, although the evidences are somewhat in favor of titanium interstitials. 1) 

If titanium interstitials are dominant defects, it is to be expected that channeling 

experiments would give decisive information about that problem as described below. Figure 

I (a) shows a crystal structure of rutile. It has an open channel along the [001] axis. 

It is illustrated by dotted square in the end view of atomic arrangement for the [001] axial 

direction (Fig. 1 (b)). It has been proposed that a titanium interstitial is at the 0/2, 

0, 1/2) type site. If this is the case, the titanium interstitial lies at the center of the 

[001] channel. Therefore the channeling method is directly sensitive to such interstitials. 

1 
u 

1 a,,1 
f-- a ----Y' 0 0 

(a) • Ti (b) 

Fig. 1. (a) A unit cell of a rutile crystal. Lattice 

constants a=4.594A and C=2.959A. (b) The end view of 

atomic arrangement for the [001] axial direction. An 

open channel is indicated by a dotted square. 

The stoichiometric single crystal specimen was reduced at 1100°C in vacuum of 

10-6 mmHg for 240 h, and submitted to channeling experiments. Oxygen deficiency was 

estimated to be about 2 X 102D /cm 3
, which corresponds to x::::0.0062 in Ti02 - x · 

After the experiments were over, the specimen was oxidized at 1100°C in air for 240 hand 

was submitted again to channeling experiments as the stoichiometric specimen. 

Channeling effects were investigated with respect to a [001] axis by means of backscat

tering using 5.77MeV protons accelerated by the cyclotron. The beam was collimated to 

* Faculty of Engineering, Science University of Tokyo. 



less than 0.025°. The irradiated zone was 0.8mm2 and the beam currents were about 

1 nA. The backscattered protons were measured by a surface-barrier solid state detector 

(FWHM:::: 15keV) placed at a scattering angle of about 150°. Irradiation for backscattering 

measurements was performed at room temperature. 

In order to investigate the effect of non-stoichiometric defects, an angular scan was 

performed through the [001] axis. Figures 2(a) and 2(b) indicate the normalized 
° backscattering yields from titanium ions at 4000A depth as a function of the angle () 

between the incident beam direction and the [001] axis (Ti-dip) in case of Ti02 and 

Ti02 - x , respectively. The angular dependence of the scattering yields from oxygen ions 

(O-dip) was also obtained. As to the O-dip, the normalized minimum yield Xmin and the 

angular half-width at half-minimum l/J 1/2 have the same values 0.065 and 0.22° respectively 

in both cases of Ti02 and Ti02 -x. As to the Ti-dip, the half-angle 1/1 1/2 has the same 

value 0.29° in both cases. The striking feature is that the very sharp peak with the 

half-angle 1/I p of 0.05° and with the maximum yield of 0.027 is observed at the center of 
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the Ti-dip in case of Ti02 - x and not in Ti02 • In the latter case the value of Xmin is 0.014. 
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Fig. 2. Backscattering yield from titanium ions in Ti02 (a), 

and in Ti02-x (b) as a function of the angle () between the 

incident beam direction and the [00 I] axial direction. 

It is known that for incidence parallel to a major axis the probability density of 

channeled beam flux attains higher values than that of random beam flux (flux-peaking 

effect).2) As a result the backscattering yield of channeled particles from interstitials in the 

center of a channel can be several times greater than that of random particles. Therefore, 

they are expected to give rise to a peak with the higher scattering yield than the random 

yield in an angular scan of the backscattering yield. The result shown in Fig. 2(b) can be 

interpreted as superposition of a dip obtained with respect to titanium ions at normal 

lattice sites and a peak obtained with respect to titanium interstitials. The observed small 
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peak was explained well quantitatively on the assumption that all of excess titanium ions in 

Ti02 -x become interstitials. 

By the analysis of this peak it was confirmed that main defects in a slightly reduced 
o 

rutile are titanium interstitial ions and they are located within O.4A of the [001] mid-channel 

axis. This result supports the interpretation of electron paramagnetic resonance (EPR) 

experiments that a so-called C-center is a titanium interstitial ion. I) The effect of radiation 

damage by protons was also investigated on a stoichiometric specimen. The damage 

production rate of Frenkel pairs for titanium ions at room temperature was estimated to be 

about 4.4 X 10-20 /(p/cm2 ) in atomic fraction. 
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7-10. Perturbed Angular Correlation of Gamma-Rays Emitted 

H. Sekizawa, K. Asai, T. Okada, 

N. Shiotani, E. Vagi, and S. Ambe 

It is well known that to account for the magnetic properties of materials containing transition 

metal ions one must know the cation-cation interactions. In contrast to transition metal ions, 

nominally diamagnetic cations have no unpaired electrons by themselves, so that the hyperfine 

magnetic fields in them reflect directly the interactions with neighboring magnetic ions. 

In this report we present experimental data on the time differential perturbed angular 

correlation (PAC) of ')'-rays emitted from III Cd in NiFe204 and then discuss the hyperfine 

magnetic field on III Cd nuclei in NiFe204 at room temperature. 

The sample was prepared by nitric acid method. We dissolved pure Ni and Fe metal powder 

in nitric acid and added III In chloride to the solution. The solution was dried, and then the 

residue was ground and fired for 2 h in air. The sample was packed in an acrylate tube 4mm 

in diameter and 8mm long. The spectra were taken with a conventional fast-slow two detector 

set up. Two NaI(Tl) scintillation counters were used as the detectors. An external magnetic field 

was applied perpendicular to the plane of the two counters. The magnitude of the magnetic field 

was 3800 oe, which was sufficient to saturate the magnetization of NiFe204. 

The general expression for the time differential angular correlation function perturbed by a 

perpendicular magnetic field H is 

w(a, t) ex exp (-t/7) [1 + ~ Akk Pk {cos (o-wm t)}] 
k even 

(1) 

where 8 denotes the angle between the two ,),-rays, t is the time interval between the two cascade 

'Y-rays, 7 is the life time of the intermediate Cd(5/2+) state and wm is the Larmor frequency. 

Since factor Akk for k~4 is much smaller than A22 , the coincidence counts are modulated with 

opposite phase for 8=90° and 1800
. We define the normalized difference in the coincidence 

counting rates as follows. 

W(90, t) - W(180, t) (3/4)A22 + (5/16)A 44 
R(t) - - 2 t cos wm ..... . 

W(90, t) + W(180, t) 1 + (1/4)A 22 + (9/6)A44 
(2) 

Figure 1 shows the coincidence counts for 8=90° and 180° after substracting accindental coinci

dence counts which are calculated from the ')'-ray intensity. 

R(t) showed an oscillation whose amplitude decreased as the time increased. The decrease of 

the amplitude can be ascribed to a distribution of the hyperfine magnetic field of 111 Cd. If we 

assume a gaussian distribution of the field f(H) ex exp [-(H-Ho )2 /(V2LH)2 ], the normalized 
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Fig. 1. Coincidence counts of 'Y-rays from III Cd in NiFe204 with 

an external polarizing field of 3.8kOe applied perpendicular to the 

axis of the two detectors. The data at 0= 1800 is shifted vertically 

for the sake of clarity. 

difference in coincidence counting rate R(t) becomes as follows: 

R(t) ex exp[(V2~w ot)2] cos2wo t ............. . (3) 

where ~w='Y~H, Wo ='YHo, and 'Y is the gyromagnetic ratio of 5/2+ state of III Cd nucleus. We 

tried a computer fitting of the experimental data, based on the above assumption. The fitted 

curve is shown in Fig. 2. The value of Ho was found to be 93kOe and ~H to be 17kOe at room 

Ret) 
00 

0.0 

0.0 

It 
It 

XX 
X 

I X 

d/tig;x 
X 0 

OX 

8 x 

:( 8 
t 
xo 

t o 0 

l8 .)}:' 10 nsec t=O Ix 8 I I 

rx~~1 
50 100 150 200 CHANNEL 
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temperature. If we assume that the hyperfine magnetic field of Cd ion is proportional to the 

saturation magnetization of NiFe204, Ho will be 108kOe at OK. Figure 2 shows the normalized 

difference in the coincidence counting rates R(t). To know the direction of the hyperfine 

magnetic field, we took the spectra at 8= 1350
• This result indicates that the hyperfine magnetic 

field is parallel to the net magnetization. 

In3+ seems to occupy preferentially the tetragonal (A) site (80%) according to the magnetiza

tion data. 1
} Therefore, the daughter nucleus 111 Cd is in the tetrahedral site. Figure 3 shows the 

hyperfine magnetic field of Cd ion (our data) and that of In 3+.1} Thus, the direction of the field 

of Cd ion is the same as that of In3
+, but the magnitude of the field of Cd ion is a little smaller 

than that of In3+. 

It would be necessary for a full discussion to consider the effect of the preceeding decay 

of 111 In carefully, and also to investigate the spectra at lower temperature. 
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7-11. Nitrogen Ion Implantation in CdTe for Optical Waveguides 

and Waveguide-type Electrooptic Modulators 

T. Nishimura, H. Aritome, K. Masuda, 

S. Namba, and I. Kohno 

CdTe has a higher electro optic coefficient and a lower attenuation coefficient in the infrared 

region than GaAs, and is the only material among II-VI compound semiconductors from which 

p-n junction can be obtained. From these points CdTe is one of the most interesting materials 

for optical integrated circuits in the infrared region. 

H+ ion implantation into low-resistive CdTe can produce a thin compensated layer of free 

carriers in the substrate. The ion implanted region, which has a much smaller free carrier con

centration than the substrate, has a higher refractive index than that of the substrate. Optical 

waveguides and waveguide type electrooptic modulators using CdTe could be fabricated in this 

manner, and were reported recently. 1),2) Further improvement in the optical absorption loss and 

the efficiency of electrooptic modulation however, is important for practical use. If the carrier 

compensation in the thin layer can be done by chemical doping and the lattice damage induced 

by ion implantation can be removed, low absorption loss and high efficiency of the electrooptic 

modulation will be expected. The layer thickness can be easily controlled by the ion energy. 

From these points, nitrogen ion was chosen because it has the possibility of being the p-type 

dopant having the maximum penetration depth in CdTe. The cyclotron was used to accelerate 

nitrogen ion to have penetration depth enough for optical waveguiding in CdTe. 

As a preliminary study chemically polished <001> oriented n-type CdTe wafers with carrier 

concentration of 9.8 X 1017 /cm 3 were ion implanted at 80 MeV with a dose of 1 X 1015 

ni trogens/ cm 2 
. 

In order to measure the electrooptic coefficient, a gold electrode was deposited on an ion 

implanted layer and an indium electrode was deposited on the other side of the substrate. The 

sample was placed between crossed polarizers and the transmittance was measured as a function 

of applied voltage. But the voltage enough for measuring the change of the optical output could 

not be applied because considerable current flowed through the ion implanted layer of the sample. 

The reason is not understood at present why the carrier compensation is not enough for 

production of the high resistive layer. It is not so far successful to measure the electro optical 

properties in the sample implanted by nitrogen ion. The study of the annealing behavior is now 

in progress to understand these results. 
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7-12. Helium Embrittlement of eTR Materials Simulated 

by A Ipha Partie Ie Bombardment 

R. Watanabe,* H. Shiraishi, H. Shinno, 

H. Kamitsubo, I. Kohno, and T. Shikata 

Investigation of the mechanical properties of metall ic structural materials irradiated by fast 

neutrons is urgently needed for the design of the controlled thermonuclear reactor. Fast neutron 

causes embrittlement of metals. The embrittlement is thought to be due to cascades of displaced 

atoms caused by various kinds of collisions and due to helium atoms created by (n, a) reactions. 

But the details of the mechanism of the embrittlement has not yet been clarified. 

The aim of this study is to develope new structural metals and alloys which are highly resistant 

to neutron irradiation embrittlement. Neutron irradiation experiments is extremely expensive and 

time consuming. In contrast, a-particle injection study by the cyclotron for the simulation of fast 

neutron irradiation damage is much easier and also considered to be applicable for estimating one 

of the aspects of the degradation phenomena of materials caused by neutron irradiation. With regard 

to helium embrittlement, such phenomena as helium diffusion, change of the helium distribution 

profile in the specimen, and helium release from the specimen will be studied. 

We constructed a new target chamber as shown. in Fig. 1. This apparatus is characterized by 

the following specifications. 

1) The sample is heated and held at a certain constant temperature which can be as high 

as 10000 e during the a-particle bombardment. The vacuum is maintained at 2 X 10-6 Torr at 

Fig. 1. Schematic illustration of the target chamber for helium injection by the cyclotron. 

* National Research Institute for Metals. 
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1000°C. 

2) A cylindrical frame structure on the side of which six wedge type aluminum plates are 

stuck along half of the circumference is driven to rotate in front of the target. The injected 

helium atoms are uniformly distributed in the direction of the sample thickness. The maximum 

rotation speed of the absorber drum is 1000 rpm. The time required to oscillate the beam from 

surface to bottom of the specimen can be reduced to 10-2 sec. This value is shorter by two to 

three orders of magnitude than that obtained in the usual wedge and piston movement type 

absorber system. The rotating axis of the beam absorber is coupled to the outer drive motor 

through the oil seal device. 

3) Following beam current measuring system is employed to avoid the disturbance by the 

thermal electron ejection. The total a-particle beam is transmitted through a thin gold foil 10 J1m 

thick and the scattered beam is continuously monitored by a solid state detector. At the same 

time, the transmitted beam is measured by the Faraday cup and the ratio of the scattered to the 

transmitted beam is determined. This ratio is used for the determination of the helium injection 

dose of the sample. 

The preliminary operation test of various components is now under way. The a-particle 

bombardment of samples will be started at the beginning of 1977. 
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8. RADIOCHEMISTRY AND NUCLER CHEMISTRY 

8-1. Charge and Mass Spectra of Ions Occurring 

along the a -Particle Tracks in Mica 

M. Aratani 

Ions sputtered from aluminosilicate mica have been investigated under bombardment with 

a-particles from an 241 Am source (500 IlCi, 1 cm X 1 cm) in a charge spectrometer I) and with 

10 KeV He+ ions in an ion probe mass spectrometer. 2
) In the a-bombardment the source was 

placed in close contact behind mica foils of various thicknesses in order to study ions originating 

from various points on the a-tracks. The 10 KeV He+ ion was expected to give information quite 

similar with that a-particle gave at its stopping point. 

Also, the change in sputtered ion intensity with time in the ion probe mass spectrometer 

was measured for the same matrix which had been bombarded with the 241 Am source for one 

month. 

Intensity ratios of silicon ions with various charge states are given in Table 1 and those of 

various ions in Table 2, where Ra is the range of 241 Am a-particle. In the case of 0.36Ra and 

Table 1. The intensity ratios of Sin+ ions from various points along the 

a-particle tracks in mica. 

Ions 
Thickness of mica 

0* 

0. 36Ra ** 1.0 0.3 0.1 

0.48Ra ** 1.0 0.3 0.1 

",-,R *** - a 1.0 1.8 X 10- 3 1.4 X 10- 4 

1.2Ra 0 0 0 

* Data could not be obtained because of the presence of recoil ions from 241 Am. 

* * See text. 

* * * The values are those of 28 Sin + ions only. 
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0.48Ra, where 6 /lm and 8'/lm mIca foils were used respectively, a-particles with lower energies 

than the maximum energy at the surface of the mica foil and were responsible for the sputtering 

of ions in the present experimental condition. The values in Table 2 have already been corrected 

by considering the atomic percentage of each element in the mica foils. The values, therefore, 

give removability of matrix atoms as free ions. 

As is shown in Table 1, multicharged ions are less abundant at all points observed , especially 

in the neighborhood of the stopping point. Table 2 shows that potassium ion has predominant 

removability from the matrix, which can be attributed to its site in mica. Complicated behaviors 

of aluminium ion and aluminium oxide ion may be related to the two kinds of aluminium sites, 

tetrahedral and octahedral, in mica. 

The results obtained on post effect of the one month a-bombardment are illustrated in Fig. 

1. The abscissa represents time of peeling, accordingly the peeled depth, by a 2 Ke V Ar+ ion 

beam impinging on the surface of the damaged mica. The ordinate indicates the sputtered ion 

intensity relative to that from the surface of mica without damage. Energy and current density 

of ion beam were kept constant and as low as possible in order to be free from giving any dis

turbance to the sample. The change in the sputtered ion intensity with time suggests that there 

should exist some differences in the matrix state with the depth. The gradual decreases seen in 

Fig. 1 lead us to the conclusion that there are matrix portions near the surface giving high 

intensities of sputtered ions, but those portions gradually disappear with the depth . The high 

intensity of sputtered ion can be attributed to the existence of latent tracks, consequently the 

damaged parts. Further analysis of the sputtered ion intensity curve may offer more interesting 

information about the post effect in the particle tracks. 

Table 2. The intensity ratios of ions from various points along the 

a-particle tracks in mica. 

Ions 
Thickness of mica 

0* 

0. 36Ra ** 0 1.2 13 1.0 0.8 

0.48Ra ** 0 1.2 12 1.0 0.8 

"""R *** - a 0.005 0.002 8.1 1.0 3.4 

1.2Ra 0 0 0 0 0 

* See Table 1. 

* * See Table 1. 

*** The values are those of 44 (SiOt, 43 (AIOt, 39 K+, 28 Si +, and 160+, respectively. 

0.05 

0.03 

0.09 

0 
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8-2. Mossbauer Emission Studies of Defect Atoms in Solid 

after N uc lear Decays and Reactions 

F. Ambe and S. Ambe 

The behavior of 119 Sb and 119 m Te contained as dilute impurity atoms on recrystallization 

of p- or ~-irradiated SnTe and SnSb was studied and the results were compared with those for 

the recoil atoms formed by p- and ~-reactions. 1)-4) 

The 120 SnTe samples irradiated with 15 MeV protons were melted and recrystallized under 

argon, and their 119 Sn Mossbauer emission spectra were measured against a BaSn03 absorber at 

78K. 

As can be seen in Fig. 1, the emission spectra showed a marked dependence on the com

position of the sample. On the basis of a systematics of the isomer shift for defect and normal 

119 Sn atoms in Sn-Sb-Te system 1),4) the peaks with an isomer shift of about 2.3 mmls were 

attributed to 119 Sn in the Te site of 120 Sn Te and the other peaks with an isomer shift of 
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Fig. 1. 119 Sn-M6ssbauer emission spectra of 

(a) 120 SnTeO.97, (b ) 12°SnT e, and (c) 120 SnTe 1.03 

which had been irradiated with protons, melted, 

and recrystallized. 
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approximately 3.4 mmls to those in the Sn site. Since no displacement of the atom is expected 

in the EC decay of 119Sb to 119Sn,3),4) it can be concluded from the present observation that 

the impurity 119 Sb atoms are distributed between the Sn and Te sites in the stoichiometric 120 SnTe 

samples, and that in non-stoichiometric samples the 119 Sb atoms are distributed preferentially in 

the site of deficient element. These results are reasonably interpreted in terms of the fact that 

Sb has an electro negativity lying between Sn and Te. 

By comparing the present results with those for recoil 119 Sb atoms after p-reaction, it can 

also be concluded that no melting of the SnTe matrix occurred along the track of the recoil 

119 Sb, because the distribution of 119Sb after melting is much different from that of recoil 119Sb 

atoms. 

Similar measurements on 119m Te was also carried out using a-irradiated 117 SnSb. An emission 

spectrum of 119 Sn arising from the successive EC decays, 119m Te ~ 119 Sb ~ 119 Sn, in a 

recrystallized 117 SnSb sample is shown in Fig. 2. The emission line is attributed to 119 Sn l atoms 

in the Sb site from its isomer shift, which shows that the 119Sb atoms arising from 119mTe in 

the recrystallized samples are exclusively stabilized in the Sb site of the matrix. This finding is 

again interpreted in terms of the electronegativity sequence of Sn, Sb and Te. 
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Fig. 2. 119 Sn-Mossbauer emission spectra of 

117 SnSb irradiated with a-particles, melted, and 

re crystallized. 

1) F. Ambe and S. Ambe: IPCR Cyclotron Progr. Rep., 8, 108 (1974). 
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9. RADIATION CHEMISTRY AND RADIATION BIOLOGY 

9-1 . Isomerization of c is-2-Butene Induced by Heavy-Ion 

Irradiation 

Y. Harata, M. Matsui, and M. Imamura 

Isomerization of cis-2-butene to trans-form by C- and N-ion irradiation was studied in benzene 

solution at room temperature. Photochemical and radiation chemical studies on the cis-trans 

isomerization of olefinic compounds induding 2-butene have been the subject of numerous papers. 

Most of the results have been interpreted as indicating the pathways in which electronically excited 

states participate. In radiolysis, ionic mechanisms have occasionally been proposed for isomeriza

tion of stilbene and 2-butene. 

The investigation here reported was motivated by the desire to determin whether excited 

states might play an important role in the heavy-ion radiolysis more than in "I radiolysis. In fact, 

the yields of trans-2-butene, G(t), were found to be as low (2 - 3) as that observed for "1-

irradiation ('" 2) under relatively high dose (> 1018 e V) conditions. Heavy-ion-induced isomerization 

may, therefore, be considered to proceed via excited-state pathways as in the case of "I-irradiation 

under these conditions. 

We have found, however, that G(t) increases steeply with decreasing heavy-ion dose and 

reaches a value of the order of 103
. The high G(t) value, somewhat higher than that for heavy

ion irradiation, was also observed for "I-irradiation under similar conditions. 

Unexpectedly and abnormally high yields of trans-2-butene at low radiation doses may be 

interpreted in terms of chain reaction in which cationic species participate; the important role 

of cation radicals of cis- and trans-2-butene was admittedly proved from a series of scavenging 

experiments. 

The present study gives important insight not only into the primary processes in heavy-ion 

radiolysis but also into the kinetic behavior of positive holes produced primarily in liquid benzene. 

Extensive studies on both "I and heavy-ion radiolyses are in progress and the details will be 

published. 
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9-2. Emission and Absorption Spectra of KBr Irradiated 

with Heavy Ions at 4.2 K 

K. Kimura and M. Imamura 

Emission and absorption spectra were measured at 4.2 K with a single crystal of KBr 

irradiated with He-, C-, and N-ions. Set-up of the measurements is shown in Fig. I. These results 

were compared with those obtained by X-irradiation. 

Emission bands observed with X-irradiated KBr are a a-emission at 280 nm and 7r-emission 

at 510 nm, which are attributed to relaxed excitons, 1 ~u and 3 ~u' respectively. The F and H 

centers are formed directly from hot excitons. 
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Fig. 1. Set-up for the measurements of 

emission and absorption spectra at 4.2 K. 
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Fig. 2. Emission spectrum of KBr at 4.2 K under 

irradiation of 85 MeV, l-nA C-ions. Intensity scale 

of the right-hand spectrum is expanded by 5 times. 
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Fig. 3. Absorption spectrum of KBr at 4.2 K recorded 

immediately after irradiation of 85 MeV, l-nA C-ions. 

113 

Figure 2 shows an emission spectrum observed on heavy-ion irradiation at relatively low dose 

and dose rate. Significant features revealed by comparing these results with that of X-irradiation 

are: (1) An intensity ratio of the a- to 1T- emission increases with increasing LET: 2.1 for X-rays, 

6 - 7 for He-ions, and 10 - 12 for C-ions; (2) A half width of the 1T-emission band broadens 

with increasing LET: 0.41 for X-rays, 0.44 for He-ions, and 0.51 for C-ions; (3) A Peak 

wavelength of the 1T-emission band shifts to shorter wavelengths with increasing LET and radiation 

dose. 

Figure 3 shows the absorption spectra recorded at 4.2 K immediately after C-ion irradiation. 

Absorption bands centered at 600 and 380 nm are attributable to the F and H centers, respectively. 

A 285 nm band is characteristic to heavy-ion irradiation, attributable to the H' center, the 

dimeric H center. A 530 nm band, which also appears in X-irradiation, has not been assigned. 

Intensities of these absorptions increase linearly with increasing dose except for the H center 

whose intensity tends to saturate. 

These results may be interpreted as due to the high density of the intermediates produced 

with high-LET heavy-ion beams. We have assumed the reactions of the longer-lived 3 L exciton u 

with each other and/or with the F, H, and H' centers, which result in the decrease in the 

emission intensity and the band-width broadening. The H' center formation and the saturation of 

the H center with increasing dose may be accounted for by the reaction, H + H ~ H', and by 

decomposition of the H center with 3 ~ exciton. 
u 

Technical assistance of Mr. H. Endo is acknowledged. 
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9-3. Influence of Air Layer In Front of Samples on the Inactivation 

of Phage 1> Xl 74 by eyc lotron Beam 

F. Yatagai, S. Kitayama, T. Takahashi, and A. Matsuyama 

Various effects of high-LET radiations on biological materials have been investigated by many 

workers. Such biological effects include at least two different events; one is the event occurred 

within the track core and the other is that induced by a-rays at points far from the track core. 

When there is an air layer in front of the sample, some fraction of a-rays scattered by the air 

layer also reaches the target. Contribution of such a-rays will make obscure the observations of 

characteristic biological effects due to the irradiation by the high-LET particles. 

In order to study this problem, inactivation of phage ¢X174 which is of single-hit kinetics has 

been studied. The high-LET radiations used were a-particles and N-ions of 1.2 and 4.6 MeV /amu. 

The experiment was carried out using two different irradiation methods as shown in Fig. 1. 

Figure l(a) shows the method in which the sample on a poly carbonate film (5 JIm in thickness) 

is covered with the same type of film in order to eliminate the influence of air layer in front 

of the sample ( method CF). Figure l(b) shows the method in which the sample on the polycar

bonate film is exposed to air (method EA). 

(0) Covered with polyco rbonote 1-il m ( C F) 

~ / Vuccum window 

~ - beam 

Samples 

Polycorbonote fil m 
(t hick ness, 5jlm) 

(b) Exposure to air laye r before samples (EA) Fig. 1. Irradiation method ; samples are 

covered with a poly carbonate film (a), 

and they are exposed to air (b), see 

text. 

In method EA, another polycarbonate film is placed at about 2 mm before the sample so 

that the beam energy at the sample may be equal to that in method CF. Method CF can be 

considered a good approximation to the case of irradiation of biological samples in water since 

the highest energy of secondary electrons in our experiment is about 10 keV and the range of 

the electron is about 2.4 JIm in water. Other procedures of cyclotron-beam irradiation and 

dosimetry were already described. 1
) Survivals after irradiation were measured by the plaque

forming ability of ¢XI74. 

Survival curves somewhat concave upward were obtained after irradiation by a-particles and 

N-ions as shown in Fig. 2. The simple target theory is inapplicapable to these cases, but the 

target concept in broad sense may still be relevant. Therefore, effective inactivation cross section, 
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Seff was calculated from DIO value in order to express the effectiveness per particle. As can be 

seen in Table 1, values of Seff for EA samples were found to be higher than those for CF 

samples even in low energy a-particles and N-ions. 

The result obtained shows that the lethal effect on </>X174 is enhanced by secondary electrons 

ejected from the track core of a-particles and N-ions passing through the air layer in front of the 

sample. 
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Fig. 2. Survival curves of phage </> X 174 for 1.23 MeV /amu a-particles (a), 
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4.62 MeV/amu a-particles (b), 1.3 MeV/amu N-ions (c), and 4.65 MeV/amu N-ions (d). 
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Table 1. Radiosensitivity of phage ¢ X 1974. 

a-particles N-ions 

Particles 4.62 MeV/amu 1.23 MeV /amu 4.65 MeV/amu 1.3 MeV /amu 

34 keV/~m 109 keV/l1m 400 keV/~m 870 keV/~m 

8.36 X 10-4 1.36 X 10-3 4.37 X 10-3 4.94 X 10-3 

[ CF 
Seft<l1m2 ) 

[ 1.70] [2.77] [8.90] [ 10.1 ] 

[Seff/SO] 1.25 X 10-3 1.59 X 10-3 6.10X 10-3 6.54 X 10-3 

EA 
[2.55] [3.24 ] [12.4 ] [13.3] 
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9-4. The Effects of Cyclotron Beams on Survival of 

Cultured Chenease Humster Cell V-79 

Y. Yamawaki,* F . Yatagai , 1. Kaneko, 

K. Sakamoto , S. Okada, and A. Matsuyama 

In view of the current interest in high-LET radiations in radiation therapy, some fundamental 

cellular studies were initiated by use of the cyclotron beams. Heavy-ion beams have been reported 

to show several biological and physical features , i.e. , comparatively high relative biological 

effectiveness (RBE) value com paired with that for X- or ,),-rays, the dose depth characteristics, 

no oxygen effect and no recovery of the Elkind-type in the tissues. It seems likely that because 

these characteristics, heavy ion irradiation is more feasible in therapy for inactivation of tumour 

tissues as compared with X- or ')'-rays. 

Our program in the first year was to sol ve several technical problems which do not arise 

in X- or ')'-ray experiments. When we irradiate the cultured Chinease hamster cells by the 

cyclotron beams, it is necessary to give them a very small dose of 100 - 1000 rad. Therefore , 

in the dosimetry system, two sets of the detector of sillicon surface barrier type were used for 

counting very small number of particles elastically scattered by a thin metallic foil (Fig. l .(a) and 

(b)). Moreover, using a mechanical chopper, number of particles passing through the vacuum was 

Looding 

Dilution 

Incubation Ta king off 
for 24 hours the medi um 

~ Cop 
~ 6)1 alum inium foil for protecting 
~ dryness of cells 

o Poly carbonate film 

8 Petri dish for culturing cells 
(radius 20 mm ) 

~~§ Target plate 

T ripsiniza tion 

Mitotic dela y Incubation Fixation 

Counting survived cells 

Fig. I(a) Schematic representation of 

cell-handling procedures. 

* Faculty of Medicin, University of Tokyo. 

Fig. l(b) Photograph of exposure apparatus. 

Petri dishes are in place. 
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Vacuum feed throu h connector 

Sil icon surface barrier detector 
(TB- 018-025- 0700) 

Vacuum window 

Absorber & slit 

Fig. 2 (a) Sketch of overall arrangement for 

dosimetry and exposure of mammalian cells to 

cyclotron beams. 

Fig. 2(b) Photograph of overall 

arrangement for dosimetry and 

exposure of mammalian cultured 

cells to cyclotron beams . 

. decreased. Physical iimitation was overcome by extensive adaptation of the cell culture procedures 

(Fig. 2. (a) and (b)). About 7 X I 04 cells were seeded in each petri dish and allowed to grow for 

approximately 24 h at 37° C. For determination of colony-forming ability, cells were trypsinized off 

the vessel as soon as possible after the exposure to cyclotron beams, and the resulting suspensions 

were diluted appropriately for single plating. 

The survival curve of cultured Chenease humster cell V -79 exposed to nitrogen ions was of 

the exponential type with Do -value of 190 rad. This survival curve without a shoulder suggests 

that irradiation with nitrogen ions does not cause sublethal damages in the cells which allow the 

Elkind-type recovery. The cells irradiated with alpha-particles showed a survival curve having a 

shoulder and the extrapolation number was 2. The RBE for nitrogen obtained at Do was 1.9 and 

the value for alpha-particle obtained at exponential part of the survival curve was 1.55. 

These preliminary results should be confirmed by further investigations. Studies on recovery 

from the cell damages caused by the cyclotron beams and comparative studies on strand breakage 

of DNA in the mammalian cells due to heavy ions as well as other types of radiations are also 

scheduled in our programs. 
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9-5. LET Effect on the Trapped-Electron Formation In 

Organic Glasses at 77 K 

A. Kira, M. Matsui, and M. Imamura 

Ionizing radiation produces mobile electrons in condensed matter. In glassy liquids at low 

temperature, a part of the electrons disappears by geminate recombination and the remainder 

is trapped in the media. The yield of the trapped electron is expected to reflect the 

competition between recombination and trapping; the ratio of these processes is considered 

dependent on LET. The measurement of the trapped-electron yield under varied LET conditions, 

therefore, will furnish valuable information on kinetics of the geminate recombination which is 

one of the basic problems in radiation chemistry. 

During this period, we have been preparing to determine the G-values of trapped electrons 

for alcohols, ethers, and alkanes at 77 K by measuring their optical absorption bands 

characteristic to the glasses. Since the target area subjected to the optical measurement is 

to be irradiated homogeneously, our efforts were devoted to design the suitable apparatus for 

heavy-ion irradiation. A series of performance tests were carried out satisfactorily for 19.9-MeV 

4He-ion irradiation of ethanol glass. 
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10. PREPARATION OF RADIOISOTOPES AND LABELED COMPOUNDS 

10-1 . Production of Radioisotopes and Preparation of Labeled 

Compounds for Medical Use 

T. Nozaki, S. Ambe, Y. Ito, M. Iwamoto, 

T. Karasawa, M. Okano, K. Fukushi, T. Irie, 

T. Hara, and K. Taki 

Our works in the present period can be summarized as follows: (I) a rapid biosynthesis of 

selenomethionine-73 Se was made possible, (2) some radio-halogen derivatives of cholesterol were 

synthesized and their behaviors in animal body measured, (3) aluminum arsenide (AlAs) was 

proved to be a suitable target substance for the production of 77 Br and 73 Se by the reactions of 

75 As(a, 2n)77 Br and 75 As(p, 3n)73 Se, respectively, and (4) efforts have been continued for the 

improvement in the distribution measurement of positron emitters in human body by the use of 

18 F. The production of 18 F, 43 K, and 123 I has also been continued to supply them to medical 

users. 

The Gee He, xn)73 Se reaction was used in our preparation of selenomethionine-73 Se, though 

the 75 As(p, 3n)73 Se is clearly preferable when protons of higher energy are available. The 

excitation curve for the former reaction was measured as shown in Fig. 1. The bombarded 

germanium was dissolved in HN03 -HF containing selenium carrier (0.1 mg), and the selenium 

was reduced with hydrazine into precipitate of red selenium, which was then converted into 

HP Se03' A strain very effective to the present synthesis was screened and used. After a con-
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Fig. 1. Excitation curve for the reaction of 
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ratio for cholesteryl halides. 

venient time of precultivation of the strain in a medium for the synthesis of methionine, the 

HP Se03 was added to the medium and the cultivation continued. The precultivation time and 

cultivation time were so selected from our experimental results shown in Fig. 2 as to give the 

optimum incorporated activity of 73 Se, nuclide of 7.1 h half-life. The strain containing 73 Se 

was then treated with hydrochloric acid to give its hydrolysis products, from which 

selenomethionine-73 Se was separated by starch column chromatography. It took about four 

half-lives of 73 Se for the entire process, and about 50 /lCi of the final product was obtained 

from 1 mCi of 73 Se in the germanium target. 

Following radio-halogen derivatives of cholesterol were prepared and their organ distribution 

intercompared: cholesteryl fluoride, bromide and iodide; 6-fluoro-3-acetoxy-5-hydroxy-cholestan, 

5-fluoro and 5-bromo-3-acetoxy-6-hydroxy-cholestan; 19-iodocholesterol, 6-bromomethyl- and 

6-iodomethyl-19-nor-cholest-5 [ 10] -en-3~-ol; and excitation-labeled 123 I-and 77 Br-cholesterol. The 

labeled cholesteryl halides were prepared by isotopic exchange and halogen interchange reactions. 

They showed slow clearances from blood, reflecting their hydrophobic character. Time 
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dependences of their adrenal-to-blood concentration ratios are shown in Fig. 3. The flurohydrins, 

which were synthesized by the reaction of BI8 F 3 with epoxide, demonstrated high adrenal con

concentrations shortly after intravenous injection. In general, the fluorine-carbon bonds in the 

steroids showed much higher stabilities than the other halogen-carbon bonds. For adrenal 

imaging, 6-iodomethyl-19-nor-cholest-5 [ 10] -en-3J3-ol was found to be superior to the bromomethyl 

compound. The 123 I excitation labeling gave an organic yield of about 50 %, with its one third 

being of fairly stable iodosteroid. This iodosteroid, however, showed no particularly interesting 

in vivo behavior. Similar labeling with 77 Br gave poorer and less reproducible organic yield. 

Aluminum arsenide, which is stable up to about 2000 K, was found to be a very nice 

arsenic target. It is commercially available as grey powder soluble in condensed polyphosphoric 

acid containing H2 O2 . The 77 Br in the target was separated carrier-free by this dissolution and 

subsequent distillation. Carrer-free separation of the 73 Se from the target is now under study 

by the use of solvent extraction of elementary selenium. 
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11. RADIATION MONITORING 

11-1 . Routine Monitoring 

K. Igarashi, 1. Sakamoto, and 1. Usuba 

Results of routine radiation monitoring on the cyclotron from April 1975 to March 1976 

are described. 

No remarkable change in leakage radiation and residual activities was observed during this 

period. 

(1) Surface and air contamination 

The surface contamination has been kept below 10-5 MCi/cm2 on the floor of cyclotron 

room and the underground passage, and below 10-7 MCi/cm 2 in the experimental areas, hot 

laboratory and chemical laboratories. The contamination was wiped off twice a year, and after 

each decontamination, the higher level contamination could be reduced below 10-7 MCi/cm 2
• 

When the accelerating chamber was opened, slight contamination of the air in the cyclotron 

room was observed. The value of radioactivity concentration (beta-gamma) was 10-12 MCi/cm 3 • 

Tritium still remained in the accelerating chamber since the last triton acceleration in 

December 1970. The tritium concentration of the air in the chamber was of the order of 

10-5 MCi/cm 3
. As the air in the chamber is purged completely before overhauling, air 

contamination was not found in the cyclotron room. 

(2) Drainage 

The radioactive concentration of the drain water from the cyclotron building was found to 

be of the order of 10-6 - 10-7 MCi/cm 3 . 

The total quantity of activities in the aqueous release in this period was about 55 MCi, and 

the radioactive nuclides found by the gamma-ray spectrometry were mainly 58 Co and 60 Co. 

(3) Personnel monitoring 

The external exposure dose received during the present period, by all cyclotron workers to 

whom the gamma- and, to some of them also, the neutron film badge are provided, are shown 

in Table 1. The collective gamma-ray dose to the workers was 2040 man-mrem, while the 

thermal and fast neutron exposure were too small to be detected. 
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Table 1. Annual exposure dose distribution of the cyclotron workers 

from April 1975 to March 1976. 

Workers 
Dose distribution (mrem) 

A. , . 
Unde tectable 10-100 >100 

Operators 

Nuclear Physicists 

Physicists of other fields 

Radiochemists 

Radiation chemists 

Biological chemists 

Health Physicists 

1 

12 

4 

0 

3 

3 

Average annual dose per person: 38.5 mrem 

Maximum individual annual dose: 320 mrem 

4 2 

12 1 

7 
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11-2. Neutron and Gamma-Ray Dose Measurement 

around Targets Bombarded by Deuterons 

I. Sakamoto 

In the course of an experiment on fast neutron irradiation of biological samples, the 

neutron and gamma-ray dose distribution has been measured at various distances from a thick 

beryllium target and a thin deuterium target* bombarded by 15 MeV deuterons at a current of 

750 nA. 

The fast neutron flux was measured by activation method employing the reaction of 

32 S (n, p) 32 P whose threshold energy is about 2 MeV. The value of flux obtained was converted 

into the dose equivalent rate using the conversion factor given in ICRP Publication 21. 

The minimum detectable level of neutron flux in this measurement was about 5 X lOs n cm -2 S-1 . 

A "rem meter"** was also used to measure the dose equivalent rate for fast and slow 

neutrons at a point 270 cm apart from the target. 

The gamma-ray dose was measured with the BeO thermo luminescent dosimeter, the range of 

measurement of which is 20 mR to 2000 R. 

The result of the measurement is shown in Fig. 1. In all cases, the dose rates decrease 

with the distance a little more slowly than those expected from the inverse square law. The 

ratios of neutron dose to gamma dose are about 45 for the Be target and about 30 for the D 

target. 

* 
** 

o 
E 
E 
o 
0' 

o 

o Be- n 

• Be - r 
6. D - n 

... D - Y 

10 10 

Distance from target (cm) 

Fig. 1. Neutron and gamma-ray dose rate 

distribution around targets bombarded by 

deuterons. 

Code No. DBT 53, produced by The Radiochemical Centre, Amersham, England. 

Neutron Dose Rate Meter 2202, manufactured by AB Atomenergi, Sweden. 
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12. HEAVY ION LINEAR ACCELERATOR PROJECT 

12-1. Status of Constructional Work In 1976 

M. Odera 

During the Period between the fall 1975 and July 1976, effort was made in cooperation 

with Sumitomo Heavy Industries Co. to fabricate a proto-type drift tube which contains a 

compact quadrupole magnet capable to deliver high field gradients without excessive heating of 

its exciting coil. It proved successful and details of factory production prescription were fixed. 

Measured maximum field gradients and characteristics of field harmonics of the quadrupole 

magnets were satisfactory. Distortion of the tube shell by electron beam welding was small, 

which made possible to align the acceleration axis by use of the optical targets inserted in the 

center of the shell. The alignment was cross-checked by a hot wire magnetic method and the 

result was found consistent with each other. 

The first tank was completed and its vacuum and radio frequency characteristics were 

measured when the tank was still in the factory. Several vacuum leaks were located and stopped 

within a week. After that, a pressure of 2 X 10-6 Torr was reached in a day. A range of 

resonant frequency expected in the initial design was obtained and power loss was found to be 

within the value estimated by models. 

The accelerator vault was completed in October and installation of the first tank and the 

injector high voltage terminal will be completed until the end of November 1976. A proto-type 

final stage amplifier and its power supply are under construction and will be installed in Spring 

1977. 

A proto-type hot cathode PIG ion source was constructed. The test stand for the ion 

source of the cyclotron was modified to accept the new source. Its poles were replaced with 

those which have cross section designed to give proper focusing force to extracted ions. It is 

expected that the similar cross section will be used for the linac source unless any trouble was 

found by the test stand operation. Study of generation and beam formation of the multiply 

charged heavy ions in the ion source assembly will be made throughout 1977. 
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12-2. Fabrication of the Drift Tubes of the First Accelerator Tank 

Y. Miyazawa and M. Odera 

Figure 1 shows cross sections of the drift tubes which contain quadrupole magnets. Shell, 

end plates, and bore tube are made of OFHC copper and are welded by electron beam. Stem is 

made of ordinary copper and welded to the shell under the inert gas atmosphere. The outer 

diameter of the drift tube is 160 mm and the diameter of the magnet yoke is 150 mm leaving 

10 mm for the shell. Thickness of the yoke is 15 mm and density of magnetic flux in the 

yoke is well below saturation for the highest excitation of coil. Figure 2 shows excitation 

characteristics of the field gradient. 
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Fig. 1. An example of drift tube structure and its cross sections. 
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Fig. 2. Excitation characteristics of the field 

gradient. 
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Two kinds of coils, the tape coil and the quadrant stacked coil were made. Both types 

have achieved packing factor above 90 % and enable to realize necessary field gradients for 

continued excitation. Direct cooling of the coil and the tube shell is made by Freon-l 13 flowing 

around the coil and in the grooves cut in the surface of the magnet yoke. The liquid is 

supplied through copper tubes which also serve as current leads. A thermo-switch is sealed in 

the stem and detects unusual temperature rise of the coolant and cuts off power supply of the 

magnet to avoid vaporization of the Freon and sudden pressure rise in the drift tube. 

Figure 3 shows drift tubes attached on the center conductor of the accelerator resonator. 

Since those tubes have no magnets, smaller diameter can be used than that for the tubes 

containing magnets. They are fabricated by welding copper blocks in inert gas, and shaped by a 

milling machine. Cooling is made by water. 

"9-
o 
o 

Fig. 3. Drift tube structure attached on 

the inner conductor of the resonator. 
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12-3. Fabrication of Quadrant-stacked Spiral Plate Coil 

I. Takeshita and M. Odera 

Improvement of the plate coil previously reported 1) was made by use of thin (1 mm) plates 

instead of thick (3 mm) plates. Figure 1 shows structure of the coil. Two holes are drilled and 

slots are cut in the square plates. Portion of slots of neighboring plates are butt joined by hard 

solder to make a square spiral. This part of the procedure requires most handwork. Perhaps 

vacuum or hydrogen furnace hard soldering will be more suitable for large number fabrication. 

After heat treatment to soften copper, the square spiral is shaped into quadrant by pressing in a 

cylindrical die. Then insulation papers impregnated with epoxy resin are inserted and heattreated 

to make stacked coil layers into a solid monolithic structure. Bore to accept pole piece 

is drilled and surfaces are finished by a milling machine. Short circuiting of layers across insulator 

caused by the cutting process are removed by chemical etching. Procedure after insertion 

of insulation paper is entirely the same with that of the tape-coil. However, for a fixed number 

of effective turns, the number of layers for the quadrant stacked coil is the half of that of the 

tape-coil and so copper sheets twice as thick can be used for a given space. Since the number 

of insulators is also half, better packing factor can be achieved if insulator of the same thickness 

is used. Figure 2 is a photograph of the coil made in this way. 

Hard soldering 
of layers on 
this line 

Fig. 1. Structure of a quadrant coil. 

Fig. 2. Photograph of the coil fabricated. 
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12-4. Cooling Characteristics of Tape Coil 

Y. Miyazawa, T. Inoue, M. Hemmi, Y. Chiba, 

F. Yoshida, and M. Odera 

Figure 1 shows the principle of the function of tape coil. 1 ) Currents flowing in the two 

layers of copper tape are made to form a closed single turn around a pole by cutting alternate 

slots in the tape as shown in the figure. Directions of turns for neighboring poles automatically 

change alternately and symmetry of turn number for each pole is assured. Thus, coils for a 

quadrupole magnet can be formed simply by winding copper tape with suitable slots as described 

above. This ingenious tape coil proposed by Main 1) has also excellent packing factor and is 

capable of giving a large ampere-turns for limited volume. However, cooling must be made on 

the surface of the coil and heat generated in the innermost region must be brought to the 

surface by conduction. Since no current flows at the part where slot is cut, effective packing 

factor in that region is half the apparent conductor density. Though current density and heat 

generated per volume of conductor are largest there, the region is directly in contact with colling 

liquid and so temperature rise will not be excessive. Because permissible working temperature of 

insulator is limited to a temperature below 120°C, any part of the coil structure must not be 

heated above this limit. Besides, since boiling temperature of Freon-I 13 is 47 .SoC, surface 

s 

Fig. 1. Illustration of structure 

and function of the tape-coil 

taken from Ref. 1. 

Tape-cod tes t-- 26 turns. 52 layers 

Temperature rise of each layer at thermal equllbrium 

60 Coil Curren! 150Amp. 
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Fig. 2. Distribution of temperature rise 

in layers of the coil at thermal 

equilibrium. Dotted line shows the 

calculated mean temperature rise of 

each layer assuming radial heat flow 

across insulator layers and uniform 

temperature distribution on the surface 

of the coil in contact with coolant. 
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temperature of the coil is not desirable to exceed this value. Therefore, cooling characteristics 

of the tape-coil were measured to confirm calculated results under the probable condition of use. 

Coolant enters through 12 mm diameter copper tubing into groove cut on the yoke surface. 

Then it enters through axial groove into narrow space between coil end and end plate of the 

drift tube, flows radially inward on the end surface of coil to the center, goes axially through 

the space between center tube and inner surface of the coil up to the other end, then radially 

outward on the end surface, and returns via axial and circumferential grooves into another 

copper tubing. (See Fig. 1 of 12-2 of this progress report for structure of the drift tube.) 

Temperature rise of each layer of coil was measured by soldering thin wires to the sides of 

copper sheets and observing variation of resistance of each layer. Figure 2 shows an example of 

distribution of temperature rise. Since current density in the copper sheets decreases roughly as 

inverse of radius, heat generated should change as inverse of square of radius. However, inner 

surface of the coil block is well cooled and heat generated in the inner several layers will be 

removed through radial inward conduction across thin insulator layers. Therefore, region of 

maximum temperature shifts outwards. This result of qualitative explanation was compared with 

that of numerical calculation. A qualitative agreement was obtained, but for better reproduction, 

the boundary condition of uniform temperature on the surface of coil block in contact with 

liquid needs to be modified. There seems to exist abrupt change of temperature in the surface 

film layer between liquid and coil. At some parts of the surface boundary, the film seems to 

consist of mixed vapor and liquid phase, since, as can be seen in Fig. 2, temperature of coil 

exceeds boiling temperature of liquid at some layers. Temperature drop across this region 

cannot be the same as at the region where coolant remains in liquid state. We found it possible 

to reduce temperature rise of coil by making liquid temperature as low as 3°C. Whether this 

fact supports or not the above statement of the existence of vapor phase in the surface film at 

higher liquid temperature is not clear. These cooling tests were performed in a transparent 

vessel simulating drift tube shell and generation of bubbles was expected to be clearly seen when 

it is present. However, no distinct change of surface appearance nor bubble formation by 

change of liquid temperature from 3°C to 20°C could be observed. 

Reference 

1) R. M. Main and R. Yourd: Proc. Fourth Intern. Conf. on Magnet Tech., p. 349 (1972). 

R. M. Main, J. M. Haughian, and R. B. Meuser: VCRL 17156 (1966). 
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12-5 . Cooling Characteristics of the Quadrant-stacked 

Spiral Plate Coil 

I. Takeshita and M. Odera 

Though the tape coil has good cooling characteristics, its margin of safety is sometimes still 

not sufficient for use with some drift tubes. Main limitations come from the end region where 

the packing factor is half the expected conductor ratio of 90 %. Also temperature rise in the 

innermost region is proportional to square of the distance from the end surface of the coil and 

for a long coil the temperature limit of insulator may easily be exceeded. In the quadrant 

stacked coil, distance of heat conduction is very small and the packing factor of the conductor 

always coincides with the apparent value. Figure 1 is result of measurements of the coil in the 

same configuration and dimension as the tape coil. As expected, temperature rise is very small 

and roughly one third of that of the tape coil. Nowhere of the surface of the coil the temperature 

exceeds the boiling point of the coolant. Since the number of layers is the half of the 

tape coil , the number of insulator is also half and packing factor is better, hence power 

dissipation is smaller than the tape coil. 
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Fig. 1. Mean temperature rise of coils. 

x .......... X Quadrant stacked coil 

• --- • Tape coil 

Thus, cooling characteristics of the quadrant stacked coil is definitely superior to the tape 

coil. However, fabrication requires more handwork unless hard soldering process in vacuum or 

hydrogen furnace is adopted. Therefore it was decided to use this type of coil only in the drift 

tubes where use of the tape coil is not supposed to be quite safe for continued operation. 
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12-6. Deviation of the Magnetic Axes of the Quadrupoles from the 

Geometrical Center of the Drift Tubes 

I. Takeshita, I. Yokoyama, and M. Odera 

As reported previously the magnetic axes of the quadrupoles to be contained in the drift 

tubes was found well coincident with the geometrical center of the magnet. 1) However, the 

magnet has to be sealed vacuum tight in a copper shell by electron beam welding to form a 

drift tube. Deformation of the tube shell may be expected by thermal stress induced by the 

welding process. In that case, the field center will not necessarily coincide with the geometrical 

center of the drift tube shell. Since alignment of the tubes in the manufacturer's factory is to 

be made by using optical targets set in the geometrical center of the tubes, extent of deviation 

of the field center from the geometrical one must be known. The device developed to 

determine center of the quadrupole field by a rotatable Hall probel) is also suitable to investigate 

this problem. (See the reference for its structure.) In its use, geometrical center was first 

fitted to the device center by use of a dial gauge attached to the rotatable holder of the Hall 

probe. Next, the dial gauge was replaced by the Hall plate and position of the field center was 

determined relative to the device center. Another apparatus was used which consists of a brass 

rod the diameter of which was carefully machined to fit snugly into the center bore of the drift 

tube and of a Hall prove imbedded in the rod. However, bore of some drift tubes was found 

not perfectly circular at its entrance and exit ends and did not accept the rod easily. This 

showed the existence of deformation by welding in spite of small heat generation involved in the 

electron beam processing. After the determination of the field center those bores were reshaped 

so as to permit insertion of the optical targets. 

Figure 1 shows results of the measurement. Axial positions where tube cross sections are 

perfectly circular were chosen to avoid interference of welding deformation with determination 

of geometrical center. A and B correspond to the two end surfaces of a drift tube. As can be 

seen in the Figure, distinct deviation of the field center exists in some tubes. For the tubes for 

which deviation larger than 50 j.1m was observed, correction of the bore was applied with a jig 

borer machine. Thus, displacement of the field center from the geometrical center is believed to 

be reduced within 50 j.1m. The drift tubes were bolted on a long supporting base of the 

accelerator and aligned by a telescope. Precision of the alignment was checked by another 

method described in a separate report and the above expectation was confirmed. 2) 
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Fig. 1. Deviation of the center of the magnetic field. Tube number, for 

instance, 1-5 means fifth drift tube of the first resonator. Coordinates are 

shown below each figure together with the axial depth of measurements 

from the entrance of bore. The coordinates are in J.Lm and the depth in mm. 

References 

I) 1. Takeshita and I. Yokoyama: Reports I.P.C.R., (in Japanese), 52, 166 (1976). 

2) I. Takeshita, 1. Yokoyama, T. Kambara, and M. Odera: IPCR Cyclotron Progr. Rep., 10, 

140 (1976). 
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12-7. Field Harmonics of the Drift Tube Quadrupole Magnets 

1. Yokoyama, 1. Takeshita, and M. Odera 

In order to achieve as small aberration as possible, the field configuration of the quadrupole 

magnets has to satisfy certain requirements for relative values of its Fourier components as 

described below. In a cylindrical coordinate system where center axis of the field is chosen as 

coordinate axis, the field can be derived from the following complex scalar potential develop~d 

Table l. Fourier expansion coefficients of 

azimuthal field distributions as functions of axial 

positions of measurement. L=O corresponds to the 

center of the axial length. rH is the distance from 

the axis the Hall probe was placed. Only values 

larger than 0.1 % of n=2 component were given. 

Pole dimensions were those of (a) of the Figures 

1 and 2. The quadrant stacked plate coil was used. 

The magnet was made by the machine shop of the 

institute. 
Y:_~ = I /f.b III nl 

Table 2. Fourier coefficients for the pole (b) of 

the Figures 1 and 2. The tape coil was used. The 

magnet was made by the machine shop of the 

institute. 
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in a series 
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Fig. 1. Dimensions of the quadrupole 

magnets measured. (a) Type 1 made by 

the IPeR machine work shop , (b) Type 2 

made also by the work shop, axial length 

equals 90 mm, (c) Magnet fabricated by 

the Sumitomo factory for the No. 9 drift 

tube of the first resonator, axial length 

160 mm, (d) Magnet also fabricated by 

the Sumitomo factory for the No. 11 drift 

tube, axial length 210 mm. 

19 
(d) 

where rand e are usual cylindrical coordinates; and n = I component is called dipole, n = 2 

quadrupole, n = 3 sextupole and so on. Ideally, only n = 2 component ought to be present for 

no aberration. This fact means that the equipotential lines, specifically, pole profiles, are to be 

exactly hyperbolic. This condition can not be realized in practice, and terms other than n = 2 

always exist in the real quadrupole magnets. There are two kinds of such terms in the series 

expansion shown above. First, the term caused by any kinds of asymmetry of constructing 

material or by manufacturing defects in some poles. Secondly, kinds of components remain 

even if symmetry of the field pattern around the coordinate center is secured. Terms specified 

by n = 2 (2 m + 1) belong to the latter kind. Here, m is positive integer beginning from O. 

Therefore, the extent of symmetry achieved for a quadrupole magnet can be judged from the 

coefficients of terms of the former kind and the effect of non-hyperbolic pole profile can be 

known from the n = 2 (2 m + I) terms. 

Tables 1- 2 show results of measurements on some quadrupoles. In Fig. I dimensions of 

the magnets measured are indicated, and Fig. 2 shows change of each term in the equation as a 

function of axial position of measurements. Generally, the coefficients are complex or when 

trigonometric expansion is used, relative phase of each term appears. However, only absolute 

values normalized by the n = 2 coefficient are given in the tables and the figures for simplicity 

of presentation. The results show sufficiently small values for the higher harmonics. Symmetry 
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achieved in fabrication seems satisfactory. The term n = 6 is relatively large, showing the effect 

of deviation from hyperbolic pole profile. But the value seems not too large to give harmful 

effect in the beam dynamics. Abrupt change of each term at the exit of magnet comes from 

break down of the two dimensional presentation of field and possibly from a slight misalignment 

of pole edge. 
(b) 
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12-8. A Digital Data Acquisition and Processing System for 

Study of Magnetic Field 

I. Yokoyama 

In the developmental work of a magnet, usually numerous data have to be recorded and 

analysed. Some methods of automatic recording and processing of the observed data are desirable 

to make study efficiently. A simple system was constructed and used in conjunction with 

the work to develope the drift tube magnets. It can be used for more general and complex 

100.0. 

10kfl 

Fig. 1. Diagram of the system. 
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magnetic field study. In this system, the strength of the field was digitized by use of a five digit 

digital volt-meter and a Hall probe. Resolution of the volt-meter was 1 /lV. Its BCD output 

was transferred to a teletype printer and punched out on a paper tape. The tape was processed 

off-line by a minicomputer Honeywell DDP-124. Figure 1 is a block diagram of the system. 

Figures 2 and 3 show the control and interface circuits constructed and used. 
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12-9. Measurement of Alignment Error of the Drift Tube Array 

by the Hot Wire Method 

I. Takeshita, I. Yokoyama, T. Kambara, and M. Odera 

To secure a good beam transmission in the linac, magnetic field center of each quadrupole 

magnet set in the drift tube is required to be aligned within 100 pm. 1) In order to examine 

this alignment, the position of the magnetic field centers were measured with a resolution of 

10 pm using a hot wire method. 2) 

Figure 1 is a schematic diagram of the hot wire measurement system employed. If z-axis is 

chosen coincident with the field center axis and x- and y- axes are chosen in the convergent and 

divergent direction of the field respectively, the force applied to the wire which is strung parallel 

to the z- axis and displaced by x and y from the field center is 

Fx = -GILx - k (x - xo), Fy = GILy - k (y - Yo), 

where G is the magnitude of the magnetic flux density gradient, I is the current flowing in the 

wire, L is the longitudinal length of the magnet, k is the transverse elasticity constant of the 

wire, and (xo, Yo) is the displacement of the wire without the field. When the tension of the 

wire is W, its length is 2£, and the distance between the center of the Q-magnet and the center 

of the wire is d, k is equal to 2W£I(£2 - d 2). If k is greater than I GIL I, an equilibrium point 

exists in both x- and y- directions, which is given by 

w 

x = kxo I(k + GIL), y = kyo I(k - GIL). 

Fig. 1. Schematic diagram of the 

measuring system. 

In the measurement, a dc current is sent through the wire and one Q-magnet is excited at 

a time until G approaches to kilL. The direction of movement of the wire is observed by a 

condenser sensor with split electrodes and by an oscilloscope, adding a pulse signal to the dc 

current. The movement along the x- and y- directions are observed independently by altering 

the direction of the current in the Q-magnet or through the wire, since a better resolution is 

obtainable in the divergent mode. Each wire holder at both ends has a pair of micrometers 

which define the x- and y-coordinate of the wire and the holders are moved in parallel until the 



movement of the wire is not observed. At that point, the readings of the micrometers are 

recorded as the x-y coordinate of the magnetic center of the drift tube. 
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The measurement was done in September 1976 at the Niihama factory of the Sumitomo Heavy 

Industries Co., Ltd. A tungsten wire with diameter of 0.2 mm and length of 3970 mm was used as the 

hot wire. The tension applied to the wire was varied as 720, 1000, and 1230 grw. The effect 

of the vertical sag of the catenary curve was corrected using the parabola approximation. The 

maximum correction was about 0.6 mm. Figure 2 is a photograph of the drift tubes with 

sensors. 

Fig. 2. The drift tubes and the sensors. 

The left sensor is for the measurement 

in the vertical direction and the right , 

for the horizontal direction. 

The data obtained were fitted to a straight line with the chi-square minimization method, 

and the deviations from the line are plotted. The results are shown in Fig. 3 (solid lines), along 

with those of the geometrical centers measured by the Sumitomo factory inspector using a 

telescope (dashed lines). Both results have almost the same shape and the difference is less than 

40 Mm, so it is concluded that the geometrical center of the drift tube and the magnetic field 

center of the Q-magnet coincide well. In the horizontal direction, the alignment is fairly good 

and the deviation is less than 60 Mm. In the vertical direction, two drift tubes No. 3 and 
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Fig. 3. Deviations of the positions of the drift tube centers from the best 

fit straight lines. The solid lines are the result of the hot wire method with 

W= I 230grw , and the dashed lines, the geometrical measurement using a 

telescope. The deviations in the right and upper directions perpendicular to 

the beam direction are taken as positive in the graphs. 
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No. 15 give deviations of about 100 }lm, values higher than the other tubes. According to 

another measurements by the factory staff of the flatness of the base of the drift tubes by a 

dial gauge, some deformation is found to be present in the base, of the same tendency as that 

observed in the positions of the drift tube centers. So the deviation seems to be mainly due to 

the unevenness of the base. 

We concluded that no correction is needed for the installation of the drift tube, because 

observed deviation is within the planned value. 
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12-10. Evacuation Test of the First Resonator 

Y. Miyazawa and M. Hemmi 

Evacuation test of the first tank was made at the Niihama factory of the Sumitomo Heavy 

Industries Co., Ltd. Molecular and cryogenic pumps were supplied by the laboratory to avoid 

use of an oil diffusion pump. The vacuum leaks were located by a helium detector and a 

residual gas analyser. The latter was found useful under the large outgassing condition of the 

newly built vessel of large volume and surface. The volume of the vessel is 11000 P and the 

surface area is about 9 X 105 cm 2 . After stopping a couple of leakages, a pressure of 10-6 

Torr was obtained within a day. This result is satisfactory considering the condition of the 

surface of the vessel which is not very clean and also the short period of time used for the test. 

The resonator was disassembled and cleaned before shipment to the laboratory. It is expected 

that a pressure of 10-7 Torr will be obtained after a long term evacuation in the laboratory. 
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12-11. Radiofrequency Characteristics of the First Resonator 

Y. Chiba 

The radio frequency characteristics of the first resonator were measured at the Niihama 

factory of the Sumitomo Heavy Industries Co., Ltd. Figure 1 shows the quality factor and 

position of shorting plane as functions of the resonant frequency. Range of frequency expected in 

the design was obtained . Quality factor was somewhat better than those measured on the 

models. Figure 2 is the voltage distributions along the acceleration axis. The distribution is 

more uniform than those measured on the models. 
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12-12 . Trial Fabrication of Tape Coil for an Ordinary 

Quadrupole Magnet 

M. Hemmi and F . Yoshida 

In view of success in fabrication of tape-coils for the drift tube magnets we tried to use 

this type of coil also for an ordinary quadrupole magnet having a much larger aperture. Since 

the method of cooling by Freon-l 13 applied to the drift tubes, however, is neither convenient 

nor economical in a large and open air working magnet , other means had to be developed. 

Heat transfer through electrically insulating but thermally conducting material to a metal panel 

cooled by water was tried. Figure 1 is a disassembled view of the coil giving name and 

thickness of material used for thermal contact. The cooling panel is made of a thick aluminium 

plate with engraved water passage and another aluminium plate welded on it . Figure 2 shows 

measured mean temperature rise of the coil in comparison with calculation. Explanation of the 

measured temperature distribution requires radial heat flow across thin epoxy impregnated insulation 

paper between copper layers as was also the case in the drift tube magnets. Importance of 

the thickness of the thermal grease layer on the overall temperature rise of the coil should be 

noted. For efficient cooling , a good surface machining and chemical etching as light as possible 

to prevent short circuiting between layers are essential. Too much etching makes conductor 

layer recede deep between insulator valley. In the fabricated coil, degree of etching was as 

shown in Fig. 3. The cooling characteristics were satisfactory and extensive use of the compact 

quadrupole magnets with this type of coil seems promissing. Figure 4 is a photograph of the 

coil. 
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Fig. 1. Method of cooling the coil used for the 

open air quadrupole magnets. 
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12-13. Design of the Ion Source for the Linac 

Y. Ikegami and I. Takeshita 

A heavy ion source for the new accelerator Linac was constructed in the Work Shop. It 

was designed on the basis of the PIG type ion source used in the cyclotron. The following 

improvements were made: (1) Cleaning and replacement of anode, cathodes and insulators are 

made easier. (2) The cathode holders are made more sturdy. 

Fig. 1. A heavy ion source for the new accelerator of the linac. 

SH: Electron shield (Molybdenum), SL: Slit (Molybdenum), 

F: Filament (Tungsten), C: Anode block (Copper and water-

CH: Cathode holder (Ceramics), cooled), 

Kl: Hot cathode (Tungsten), AH: Anode chimney holder (Stainless 

HSH: Cathode heat shield (Molybdenum), steel, 

CM: Cathode mount (Copper and K2: Reflector cathode (Molybdenum), 

water-cooled), CP: Cooling pipe (Copper), 

A: Anode chimney (Stainless steel), S: Source aperture. 
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