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1. INTRODUCTION

During the year the IPCR cyclotron was operated smoothly as before. Several improvements
have been made in the machine itself and its accessory facilities which resulted in more stable and
efficient operation.

In all fields of research using the machine a majority of research works have been carried out
with heavy ions. Extensive studies of particle-gamma and particle-particle correlations and spin
polarization of emitted particles were performed on the nuclear reactions induced by heavy ions.
Heavy-ion induced X-rays were studied to get the information on the excitation mechanism as well
as the effects of chemical environment on the X-ray spectra. Channeling experiments were
continued to study location of impurity atoms and radiation damage. Positron annihilation
studies were made on ionic crystals. Activation analysis by charged particles were applied to
study the surface of the semi-conductor materials. Studies of the radiation chemistry and
radiation biology were continued by using heavy ions as well as a-particles.

The first resonator and the injector of the new heavy-ion linac were installed. Model study
of the separated sector cyclotron was started.

Hiromichi Kamitsubo

Editor




2. MACHINE OPERATION

H. Takebe, S. Kohara, T. Kageyama, K. Ikegami,
H. Nakajima, K. Ogiwara, S. Fujita, and I. Kohno

During the period from Oct. 23, 1976 to Oct. 22, 1977, the cyclotron was operated on 24 h
a day basis.

Table 1 shows a statistics of machine operation. The beam time was 4346.9 h, decreased by
5.4% compared with that of the last year. This is due to the increase in the time spent for
overhaul.

Following troubles occurred in this period. The water-cooling pipe on the moving earth-plate
was damaged as a result of rather large number of discharges between the dee and the cooling pipe,
experienced during these several years. The driving shafts for the moving earth-plate were also
damaged by discharges. Because of the operation extending over 60000 h, the motor-generator for
power supply to the main magnet (M. G) were damaged. Mainly for the repair of this M. G.
system, the overhaul time was increased.

We constructed one more heavy ion source and at present we have three heavy ion sources.

A pulsed arc power supply was also completed and pulsed operation of heavy ion source was
frequently carried out to get much intensities of O°* and Ne®* jons.!” The automatic control
system for evacuating pumps was equipped to the cyclotron in this summer.

Table 2 shows the machine time allotted to various activities in this period. Due to the
request of research workers, beam time for heavy ions was increased in percentage compared with
that of the last year.

Table 1. Machine operation.

Oscillator Ion source Beam

Reading of time meter
on Oct. 23, 1976 47050.3(h) 50354.3(h) 19474.9(h)
Reading of time meter
on Oct. 23, 1977 51750.8 55308.8 23821.8
Difference 4700.5 4954.6 4346.9
Percentage of 365 days 53.7 % 56.6 % 49.6 %
Schedule in this period

Beam time 231 (days)

Overhaul and installation work 65

Periodical inspection and repair 23

Vacation and holidays 46




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

Subject Heavy ion Light particles Total
Nuclear reaction 2198(h) 812(h) 3010(h)
Nucl. Phys. In-beam spectroscopy 224 72 296
RI production 0 4 4
Nuclear chemistry 13 133 146
Radiation chemistry 156 44 200
Fields others Radiation biology 99 99 198
than Nucl. Phys. Solid state physics 15 535 550
Inn§r a.tomlc shell 234 19 273
excitation study
L Stopping power study 15 44 59
Nuclear medicin 0 5 5
Outside users Nuclear fuel study 0 192 192
RI production 0 18 18
Development of instruments 17 0 17
Total 2971 1997 4968
Percent in total 59.8 % 40.2 % 100 %
Maintenance: operation and engineering
Exchange of ion sources 76(h)
Reserved for beam time adjustment
and cooling of radioactivity 37
Machine inspection and repair 552
Total 665

Reference

(1) H. Nakajima, S. Kohara, T. Kageyama, and I. Kohno: Report I. P. C. R., (in Japanese), 53, 132
(1977).



3. MACHINE DEVELOPMENT AND ACCELERATOR PHYSICS

3-1. Improvement of the Beam Probe System of the Cyclotron

K. Ogiwara and H. Takebe

(1) Three- and four-finger beam probe

In order to measure the vertical distribution of the beam in the cyclotron, a three-finger beam
probe was equipped and tested. Figure 1 shows three electrodes of the three-finger probe, length
of which are 4 cm in the radial direction of the beam orbit.

The beam intensity distributions along the radial direction measured by the three-finger probe
are shown in Fig. 2. Three curves in the upper figure are measured by upper, medium and lower
fingers respectively. In this figure, it is seen that the beam passed above the median plane at some
points of radius. The distribution of the total current measured by three fingers shows no smooth
curve, as is seen in Fig. 2 (the lower part). This kind of total current distribution is not
convenient for diagnosis of usual operation of the cyclotron. So we have made a four-finger probe
which has three differential electrodes and an integrating electrode. Figure 3 shows the electrodes
of the four-finger probe.

To sum up currents of the electrodes, the beam probe amplifier (Fig. 4, lower) has a sum

circuit with four current amplifiers which can measure from 1 nA to 1 mA. This amplifier is
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direction.
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Fig. 4. A view of the control panel for driving
system of the beam probe (upper) and the beam

probe amplifier (lower).

connected with a four-pen recorder. The recorder can be switched to other operational
parameters, for instance, vacuum pressures, frequency of the RF system, current of the main
magnet and so on. It is very useful for the maintenance of the cyclotron to monitor those
parameters for hours.

(2) Improvement of the driving system for the beam probe

To simplify the cyclotron operation, the driving system for the beam probe was improved.
The driving motor was changed from an induction motor to a pulse motor, and an indication of
the beam probe from an analog meter to a digital meter. Figure 5 shows the schematic block
diagram of the driving system using a pulse motor. The driving speed of the beam probe is 2
mmy/sec which is almost as fast as before. The control panel for the driving system, shown in
Fig. 4 (upper), assembles all of the operation keys and indicators. The beam probe is now easily
handled by only pushing a start switch after presetting a digital switch to define the distance to

move.
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3-2. The Pulsed lon Source

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

In the cyclotron, the heavy ion source of electron bombarded hot cathode type is usually
operated by applying direct current for arc discharge and has an available arc power dissipation of
about 2.5 kW, which is inadequate to create highly charged light ions such as Ne®* and O°®*.

In order to produce a powerful arc discharge beyond the power dissipation limit of the source,
pulsed operation of the source was proposed. A pulsed arc power supply which allows to furnish
an ion source with an instantaneous arc power of about 10 kW was fabricated and operated
successfully. The pulsed arc power supply is composed of a power switching circuit and the DC
power supply used so far for CW operation. The power switching circuit which consists of a
switching power tube, a transistorized driver stage and a pulse generator is placed between the
source and the DC power supply, and produces periodically an arc potential at the source (Fig. 1).
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Fig. 1.  Circuit of the pulsed arc power supply.
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The power switching circuit as it is installed is shown in Fig. 2 and a typical wave form of arc
discharge is presented in Fig. 3. The pulsed arc power supply has realized large power
enhancements for arc discharge and a remarkable displacement of the mean charge state toward a
larger value was observed in the charge state distribution of ion beams.!” Typically, the source
was operated with an arc potential drop of about 500 V and an arc current of 8 to 12 A at peak.
A duty cycle of about 30% and a pulse duration of about 1 ms were chosen.

Neb* and O°” ions were accelerated successfully up to 160 MeV and more than 0.1 uA of
those ions were extracted from the cyclotron. (5%, Ne”*, and 22Ne®* ions were also extracted
with a modest intensity. The intensities of C**, N**, N°* and O°* ions were increased by a factor
of 5 or more, compared with those in DC operation.

Particles, energy ranges and particle yields obtained by using pulsed operation are shown in
Table 1. A source life of about 5 h was obtained with a mean arc power of about 2 KW (7 KW



Fig. 2.

circuit.

at peak).

The power switching

Fig. 3.

Vertical sensitivity: 5 A/div.

Typical wave form of arc discharge.

An arc current is shown by upper wave form.

Horizontal time:

1 ms/div., Lower wave form present an arc

potential, Vertical sensitivity: 500 V/div.

This life is very short in comparison with a life estimated from an erosion of the upper

cathode of about 20 h. The main problem remaining is to increase the source life time.

Table 1.

Particles. energy ranges and particle yields.

Particle

(AN
0s*
20N66+
20N67+
2 2Neé Ls
£in-*
N4+
N°*
OS+

®

*

ES

*

*

Energy (MeV)

49 - 130
65 - 160
82 — 160
82 — 185
90 — 155
49 — 100
57 — 100
57— 125
65— 125

Extracted beam current

0.1 uA
0.2 uA
0.2 uA
10 nA
10 nA**
10 A
10 uA

3 uA

3 uA

2=
=

Mean arc power: 2 kW

*

L3

Reference

1)
132 (1977).

, Pulse duration:

Newly accelerated ions.

Natural Ne gas was fed.

1.2 ms, Duty cycle:

30%.

H. Nakajima, S. Kohara, T. Kageyama, and 1. Kohno: Reports I. P. C. R., (in Japanese), 53,



3-3. Acceleration of Polarized Protons with S.F. Cyclotron at INS

T. Fujisawa, S. Motonaga, N. Ueda,* S. Yamada,*
T. Hasegawa,® T. Wada, Y. Toba, and H. Kamitsubo

A polarized ion source for the proton and deutron was installed on the S.F. Cyclotron at
Institute for Nuclear Study (INS) in Tanashil)?*®>  The polarized proton beams from the ion source
are vertically injected to the cyclotron at 10 keV and inflected to the median plane on the mirror
The mirror voltage is about 7 kV. The energy of the extracted
The intensities of

at the centre of the cyclotron.
beams is 28 MeV. The size of the beam spot on a target was 2 mm X 4 mm.
the polarized proton beams were 5 pA, 1.4 pA, 50 nA, 10 nA, and 3 nA at the outlet of the
source, the mirror, the inlet of the deflector, the outlet of the deflector and the target respectively.
The carbon target for a polarimeter was a 5 mg/cm? self-supporting foil.*)  The scattered protons
were detected by 5 cm¢ X 2 cm Nal (T¢) crystals mounted on photomultipliers with defining slits
of 3 cm¢ and placed symmetrically to the beam direction at positions 45 cm from the target. The
energy resolution is enough to separate the ground state and the first 2* state of !2C. The angles
where the beam polarization was measured were corrected by measuring the angular distribution of
the elastic scattering cross section of the unpolarized proton on 2C and differences of detector
efficiencies and solid angles were corrected by measuring the asymmetries of the unpolarized and
polarized beams alternately.

Figure 1 shows the variation of the polarization of the proton beams against the RF field and
the static magnetic field of the RF transition. Figure 2 shows the drift of the polarization degree

of protons measured over a long time.

R-F Power=1735V Staticfield = 0.4
S05p e . 05 ..
o . .
Q L L s 1 0 ! ! 1
0.5 0.5 1.0 1.5 2.0
Stotic field of R-F transition (A) Power of R-F field (V)
Fig. 1.  Polarization of proton beams for static

field and R. F. power of the R. F. transition.

* Institute forNuclear Study, University of Tokyo.
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References
1) S. Motonaga, T. Fujisawa, I. Takeshita, K. Nishi, and H. Kamitsubo: Genshikaku-Kenkyu,
(in Japanese), 21, 766 (1977).
2) S. Yamada, N. Ueda, Y. Sakurada, M. Sekiguchi, T. Tanabe, Y. Honma, and T. Hasegawa:
ibid., p.772.
3) S. Motonaga, T. Fujisawa, F. G. Resmini, Y. Toba, S. Yamada, N. Ueda, T. Hasegawa, and
H. Kamitsubo: [PCR Cyclotron Progr. Rep., 10, 16 (1976).
4) R. M. Craig, J. C. Dore, G. W. Greenlees, J. Lowe, and D. L. Watson: Nucl. Phys., 83, 493 (1966).



3-4 Design Study of a Linac-Injected Separated Sector Cyclotron (1)

Four Sector SSC

S. Motonaga, H. Kamitsubo, N. Nakanishi, K. Ogiwara,
F. Yoshida, and 1. Yokoyama

A design study of a linac-injected separated sector cyclotron has been carried out in order to obtain particles
of energy over 80 MeV/n for light heavy-ions and over 12 MeV/n for very heavy-ions using as an injector the
variable frequency heavy-ion linac which is under construction in [PCR." Injection energy is in the range of 4
MeV/n for light heavy-ions to 1 MeV/n for very heavy-ions. The basic parameters of this cyclotron are given in
Table 1. The magnet system of the cyclotron consists of 4 sector non-spiral magnets. The maximum field-radius
product (Bp) is 3400 kG-ecm. The effective sector angle of 50° was chosen to provide suitable axial and radial
focusing property of the ion beam. Figure I shows the resonance diagram which is calculated by assuming an
appropriate soft edge field.?)  The locus of each particle does not cross any major resonance line. If the injection
energy of light heavy-ions, such as C®* and Ne®, are increased up to 4.8 MeV/n, these ions can be accelerated up to
energy of 100 MeV/n. In the case of proton acceleration to energy of about 200 MeV, the proton beam must cross
the v, - 2v, = 0 and v, = N/3 resonance lines as shown in Fig. 2. It may not be impossible to pass through these
resonance lines without any loss or deterioration of the beam, because of large energy gain per turn and good beam

quality in this cyclotron as compared with an ordinary cyclotron. But extensive studies are needed to overcome this

difficulty.

magnets.

Table 1.  Basic design parameters of the linac-injected separate sector cyclotron.

Maximum encrgy
Proton H*

(~200 MeV, E; . =~ 10 MeV)

Carbon C®* 80 MeV/n !
Uranium U*%* 1S MeV/n
Number of sectors 4
Sector angle 50°
Magnet fracticn 0.555
Orbital fraction 0.558
Gap between poles 8 c¢m
Maximum Magnetic field 17.3 kG
Maximum field-radius product 3400 kG -cm
Number of trimming coils >20 set
Injection radius 77 ¢cm
Extraction radius 327 ¢m
Weight total 1900 ~ 2000 ton
Energy gain per turn ~1 MeV
Number of dees 2
Angle of dee 22.5°
Orbit frequency 2.5 -5.55(8.7)MHz
Accel. RF frequency 17 - 45 MHz
Harmonic number 8.0, (5)

Numbers in ( ) are values in case of proton acceleration.

lon acceleration is done by 22.5° delta-shaped two dees located at opposite valley spaces between sector

the accelerating frequency of the linac.

The frequency range of the system is 17-45 MHz and its acceleration harmonics is 8 to synchronize with
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Fig. 1. Focusing properties calculated with soft edge approximation.
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very heavy ion(U*%"). (B) Injection energy is assumed to be 4.8 MeV/n for C®" and Ne%".
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Fig. 2. Focusing properties for various injection energies

10 R 2 } of proton beam.

In order to specify the most favourite parameters, two 1/4-scale model magnets were constructed to obtain
detailed information on properties of sector magnets: their excitation characteristics, field distribution which
includes the interference by adjacent magnet, and field formation for accelerating the beam.

Excitation characteristics and relative field distribution inside and outside of the gap were measured
preliminarily using an NMR calibrated Hall plate (SBV-595) without a temperature stabilizer. These measurements
of the magnetic field were done to get rough information on properties of the sector magnets. The excitation
curve obtained is shown in Fig. 3, being in good agreement with the calculated one. It may be seen that assumed
magnetic induction at various points along the magnetic circuit is quite reasonable. The radial distributions along
the center line of the sector magnet are shown in Fig. 4 at magnetic field if 1.2, 1.5, and 1.75 Wb/m?. The
decrease of magnetic flux near the center is supposed to be due to slight local saturation effect. The correction
for obtaining the isochronous field can be made by triming coils.
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Fig. 3. Excitation characteristics of the Fig. 4. Radiual field distribution along the center line
model sector magnet. of the model sector magnet. Relative values are

normalized to the maximum field at radius of 45 ¢m.

Azimuthal field distributions are measured at 4 radii in two regions: one where there exists the interference by
the adjacent magnet and the other where there is no such interference. Results are shown in Fig. 5(a) and 5(b).
Effect of interference is observed in the field distribution near the center. Accurate and extensive measurements

of the magnetic field and computations of the beam dynamics are in progress.
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Fig. 5. Azimuthal field profiles of the magnetic field normalized to the maximum value at radius of
535 ¢m (QB) and (QA) indicate the region with and without the effect of interference by adjacent

magnets.

References

1) M. Odera: Proc. Proton Linear Accelerator Conference.. Chalk River, p. 62 (1976).
2) . Miura: SPYRING CODE, private communication.



13

3-5. Design Study of a Linac-lnjected Separated Sector Cyclotron (2)

Six-sector SSC

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

A separated sector cyclotron (SSC) is adopted as a booster acclerator for a variable frequency

heavy ion linac. Possibility of a 6-sector SSC is investigated and a typical example is presented

herein.

It is well known that beam stability depends on the property of its betatron oscillation around

the equilibrium orbit. The behavior of focusing frequencies v and v, shows the beam stability in

the process of acceleration. in which these parameters Yy, v, are respectively the radial and axial

oscillation frequencies expressed in units of the revolution frequency of the particle. Actually, the

space of focusing frequency v, - v, is divided into several regions by resonance lines which make

oscillation amplitude large. Thus it is required that the beam path in the v, - v, space should not

cross the resonance lines, or that some measures should be taken technically if the path intersects

the lines.

Investigations have been carried out to find out magnet configulations which satisfy kinematic

conditions for beam focusing and isochronism.

the code developed by Gordon.!

Calculations have been made modifiing

The SSC composed of six sectors is assumed to have straight edges and an appropriate fringing

field. Main parameters of the SSC are summarized in Table 1, and final energies expected for

various particles are given in Table 2. Figure 1 shows the behaviors of focusing frequencies in the

T

v, - v, space. Since curves for proton cross the resonance lines, further investigation has to be

Table 1. The parameters of the present separated-sector cyclotron.

Energy constant K
Injection radius R,
Extraction radius R,
Burst numbers per turn
Energy ratio Ee/Ei
Betatron frequency

Orbit

Number of sectors
Sector angle

Magnet gap

Field strength B
Number of trim coils
Iron weight

Magnet

Number of dees
Dee angle
Frequency range
Harmonic number

RF

260(C8H)N340(15 MeVpT)v445(U0h)
0.88 m
3.40 m

9
14.5722.5
vy 1.0nv1.5
v, < 0.95

6

29 .4°

10 cm
1018 kG
~20

1500 t

3

20°

18745 MHz
<9




Table 2. Final energies of some particles .

Particle Initial energy Final energy Maximum field
(MeV) (MeV) (kG)
Ip* 10 189 12.2
Ipt 15 336 16.8
4He?* 16 258 13.7
1206+ 48 773 13.8
20Ne?* 90 1468 16.4
4015 120 1887 15.6
84K 24+ 160 2452 16.1
132 %30+ 180 2724 17.0
23837+ 200 2991 19.3

made concerning beam dynamics.

As to the number of sectors it is considered that a SSC with 6 sectors is superior to one with
4 sectors because of the following reasons: (1) Resonance lines are less in the used region of the

r

v, - v, space. (2) The total weight of the magnet is lighter. (3) There exists a possibility of

larger turn-separation owing to three dee structure.
[nvestigation is also in progress for the magnet with spiral edges.

Reference

1) M. M. Gordon: Nucl

Fig. 1. Behaviors of focusing frequency in the
v, - v, space. Straight lines are resonance lines.
Symbols P,, and P, represent curves corresponding

to 10 MeV and 15 MeV protons, respectively.

. Instr. and Meth., 83, 267 (1970).



3-6. Beam Study on the Baby Cyclotron

T. Karasawa

(1) Phase history of an ion
The phase, 0,, of an ion crossing the acceleration gap at the radius, r,, is given by the
following equation for the 2nd harmonic acceleration with two 45-degree dees in push-push
excitation,
We/2—w,
Wy

sin(6,—45°) —sin (§,—45°) :ﬁn% {
0

1 (r,B—B() ,, », E,
to golﬁoBo d(r)szocz} (D

where W, Is the frequency of the R. F. voltage applied to the dees, w, is the rotation frequency of
an ion, B, is the magnetic field and 0, is the phase of an ion at the center of the magnet,
respectively. E,; is the energy of an ion at the radius of r,, myc? is the relativistic expression for
mass and energy and V, is half of the peak to peak R. F. voltage.

If 8,, By and B(r) are given, 0, can be calculated by using equation (1). However, Garren
and Smith" have developed experimental method for the determination of 8, as a function of
radius. In Fig. 1, a calculated phase history of 9.4 MeV proton accelerated by the 2nd harmonic
mode is shown together with experimental results measured by the method of Garren and Smith.

.04

s
_ @
g Lot
°
-1.0 —L L ! ‘ 1.00
o) 200 300 ace 500 600
RZ (em?)
Fig. 1. Displacement of the orbit center
for three different positions of the ion 0.995 5 -
source. Data points for the displacement R (cm)
correspond to ion source positions. Fig. 2. Magnetic field distribution.
Figures attached to the points indicate the Dotted line shows isochronous field for

number of revolution. 9.4 MeV proton.
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The magnetic field distribution is shown in Fig. 2. In the case of 9.4 MeV protons, 8, is suitable
for the maximum energy gain per turn and isochronism is sufficient up to nearly the maximum

radius, as shown in Fig. [.
While, in the case of 4.7 MeV deuteron accelerated by the 4th harmonic mode, wider spread of

6, and large phase excursion from +90 degrees to -90 degrees were observed.
(2) Displacement of orbit center from the magnetic center at higher harmonic mode acceleration
It is well known that an orbit center of an ion is displaced by the first harmonic in the
magnetic field.2> At the higher harmonic mode acceleration, orbit center displacement is caused by
occurrence of asymmetries of both the magnetic field and the acceleration field. The latter is

generated by phase difference of the ion arriving at the acceleration gaps.”)
According to Hagedoorn and Vester,*) the displacement of orbit center from the magnetic
center is written as given by polar coordinats p and ¢. For the 2nd harmonic acceleration with

two 45-degree dees in push-push excitation, variation of p and ¢ per revolution of an ion, Ap and

Ay, can be given by following equations

Ap:—%psin (2¢+6+45°) +rmr C,sin(p—¢))
Ap=—T20/T sin(0—45") —sin (2g+6—45°)) @

+K%CICOS (p— ) +2r(v—1)

where V. E, 8 amd r are the same meaning in the Eqn. (1). C; and ¥, are the amplitude and
phase of the first term in a Fourier expansion of the azimuthal variation in the magnetic field. U»
is the radial betatron oscillation frequency.

Figure 3 shows the results of computation of the orbit center displacement at the 2nd
harmonic mode acceleration for three different positions of the ion source. The ion source
position works as an initial condition for the Eqn. (2).

[t is seen that a small change of the ion source position is responsible for a large displacement
of the orbit center.  We are now searching for an optimum accelerating condition, carring out
detailed numerical calculations and experimental study using shadow technique.’’

The author would like to acknowledge the collaboration of the cyclotron group at the Muroran

Plant of Japan Steel Works in Hokkaido.

T 5mm

L smm Fig. 3.  Phase of a 9.4 MeV proton vs.

\ square of radius.
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4. NUCLEAR PHYSICS

Scattering and Reactions

4-1. Spin Flip in the Inelastic Scattering of Polarized Protons on '*C

T. Fujisawa, S. Motonaga, F. Soga, M. Yasue,*
N. Ueda,* T. Hasegawa,* M. Nakamura,**
T. Wada, H. Toba, and H. Kamitsubo

The spin flip probability of polarized protons exciting the 2* state of !2C was measured
using the (pp’y) method, i.e., by measuring the angular correlation between protons scattered
inelastically from the 2* excited state and the E2(2"—>0" ground) de-excitation y-rays emitted
perpendicularly to the scattering plane. 1.2 The polarized proton beam extracted from the

atomic beam type polarized ion source which was constructed at The Institute of Physical and

1 ok Ep=28MeV e Elastic
' ¢ Inelastic
A A-P
E o
50 FpizaMEV
°®
5 : .
40 @ 0. < ., .
< L]
: -
S ° o
301 «

SF (%)

1]
0= 35 " &0 % 120 150 ~05 50 60 30 120 150
BLob OLab
Fig. 1. Proton spin flip probability(SF) Fig. 2. Analyzing power of the elastic
in the reaction '2C(pp’)'2C*(4.43 MeV) at and inelastic scattering of proton by '?C
E_ =28 MeV at 28 MeV(A). And difference between
D )

analyzing power and polarization of the
inelastic scattering (A-P). The open and
closed circles represent the analyzing

powers of the inelastic and elastic scattering,

respectively. The triangle represents A-P.

* Institute for Nuclear Study, University of Tokyo.

**  Department of Physics, Kyoto University.
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Chemical Research was accelerated to 28 MeV in the SF Cyclotron of Institute for Nuclear
Study.?®) The beam current at the scattering chamber named SF 80 was about | nA and the

size of the beam spot on the target was 2 mm X 3 mm. The y-rays were detected with a

7.6 cm X 7.6 cm Nal(T¢) crystal mounted on a 56 AVP photomultiplier which was situated
above the chamber. It had a slit made of lead 10 cm thick with an aperture of 57 mm¢. The
scattered protons were detected by ORTEC 5000 um surface barrier and 5000 um Li-drift SSDS
with defining slits of 6 mm¢ placed symmetrically to the beam direction at points 11 cm from
the target. The detectors monitoring the beam polarization which were consisted of two 2000
um surface barrier units with aluminum absorbers 2 c¢cm thick and defining slits of 6 mm¢ were
situated at angles of 62.5 degrees from the beam direction symmetrically in the same scattering
chamber because the analyzing power of ' 2C for the proton is known at the same energy.*
Difference in the efficiencies of two detectors and the difference of solid angles were compensated
by measuring the asymmetry of the polarized and unpolarized beams alternately. Figures 1 and 2

show the preliminary result.
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4-2. Two-Step Process in Proton Inelastic Scattering

H. Amakawa, A. Mori,* and K. Yazaki**

The reaction mechanism of single particle excitation reaction induced by protons is studied

using the three-body model. In this model, the target nucleus is assumed to consist of a neutron

and inert core nucleus. Employing the two-step approximation, the reaction amplitude Tfi of this
model is decomposed into three terms: the DWBA term, the (p, d, p') term (pickup-stripping
process via the ground state deuteron (d) propagation) and the (p, d*, p’) term (pickup-stripping
process via the continuum p-n system (d*) propagation). Thus, Tfi is expressed as follows:

T =

ot LAY i

E—H,—eo—Ug+ie E

S Vonl ¢ e (R | Vendke

t = Von V/)n’¢d\-$

where X's are distorted waves, K is a relative momentum between p and n, Hy and Vpn are kinetic
energy operator and p-n interaction, respectively. ¢ gand ¢>E(+) denote the internal wave

functions for d and d* whose energies are €, and €y, respectively. Uy is an appropriate potential

r YOl p,p/)TO¥ 172%, 0.871 MeV) - i O lp, o1 70% /2%, G871 Mev)

Ep= 35 MeV ‘ £,=10.5 Mev

do/dfl  mb/sr)

60° 120° 18¢° 0 ) 80" - 120° T8g°
8., (deg.’

]
[s]
@

By (deg

Fig. 1.  Calculated cross sections for '7O(p, p)!'70*(1/2%, 0.871 MeV) reactions at
Ep = 35 MeV (Fig. 1(a)) and 10.5 MeV(Fig. 1(b)). Solid curves denote the coherent sum

of the DWBA, (p. d, p') and (p, d*, p’) cross sections. Spectroscopic amplitudes are
assumed to be 1.0.

*  Numazu Technical College.

L]

Department of Physics, University of Tokyo.
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which depends only on the p-n center-of-mass coordinate relative to the core nucleus. In the
following numerical calculations, we use the optical potentials for Uq which reproduce the elastic
scatterings of deuteron.

We calculate these three terms in the case of ' 70 (p, p’) '7O* (1/2*, 0.871 MeV) reactions
at 35 and 10.5 MeV bombarding energies. [t has previously been pointed out that the finite range
effect of the pickup-stripping transition is important.!?  Therefore, we have performed the exact
finite range calculations using the computer code TWOFNR.2)  For the p-n continuum state, only

the s-state was included. The integration over K was replaced by the summation over €).. The
parameters of the optical potentials were taken from Ref. 3 and 4.

In the 35 MeV case (Fig. 1(a)), the (p, d*, p') term has a magnitude comparable to other two
terms. If one does not include the (p, d*, p’) term in the reaction amplitude, the cross section
(double-dotted-solid curve of Fig. 1 (a)) at forward angles is reduced by a factor of 1/4. This
clearly shows the importance of the (p, d*, p') term at this bombarding energy.

On the other hand, in the 10.5 MeV case (Fig. 1 (b)), the (p, d, p’) term almost dominates
over the reaction amplitude. The DWBA and (p, d*, p’) terms do not play an important role at
this bombarding energy.
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4-3. DWBA Analysis of Proton Inelastic Scattering from 79%°S;

and Blocking Effects in the Core-Excitation of #Si

Y. Toba, N. Nakanishi, H. Sakaguchi,* A. Goto,*
F. Ohtani,* N. Kishida, M. Yasue,** and T. Hasegawa®**

In order to investigate the blocking effect in the core-excitation of 2°Si caused by the Pauli
principle, proton inelastic scattering experiments on 28>29:39Sj were performed with a 16.2 MeV
proton beam from the IPCR cyclotron and a 51.9 MeV proton beam from the INS
synchrocyclotron. The experimental results at IPCR have already been reported.‘) In the
experiments at INS, a broad range magnetic spectrograph? was used for the detection of scattered
particles. The targets which were used in the 28-3°Si (p, p') experiment were a 1.02 mg/cm?
thick foil of natural silicon (28 Si 92.2% abundant) and a 0.165 mg/cm? thick foil of enriched
silicon oxide (3°Si 95.6% abundant) with 0.5 mg/cm? Mylar backing. These were prepared by a
centrifugal precipitation method.®> A 2°Si 0.135 mg/cm? self-supporting foil of enriched silicon
oxide (2°Si 92.2% abundant) was prepared by vacuum evaporation.

Figures 1, 2, and 3 show 51.9 MeV and 16.2 MeV data together with results of the DWBA
calculations, respectively. In the DWBA calculations of the inelastic scatterings to the 2% states of
28,308 a macroscopic form factor was used. In the case of the 3/27 1.27 MeV, 5/2% 2.03 MeV,
3/2% 2.43 MeV, and 5/2% 3.07 MeV states of 2°Si, wave functions calculated with the intermediate-

coupling model by Castel et al.*) were used. On that occasion, core-excitations were calculated

Table 1. Optical potential parameters used in
the optical model and DWBA calculations.

Ep Vo(MeV) ro(fm) aO(fm) WV(MeV) WV(MeV) rI(fm) aI(fm) VSO(MeV)
51.9MeV 36456 1.18 0.7 7.043 1.394 1.182 0.692 5.4
16.2 MeV  53.575 1.186 0.65 0.659 10.249 1.085 0.533 5.424

r. =125 fm, and ry, and ag, are the same as r and a,, respectively, except a;; = 0.6 fm for Ep =16.2 MeV

Table 2. (,-value deduced from the DWBA calculations.

Ep 28 Gj 298i 305j
51.9 MeV 0.42 0.364 0.36
16.2 MeV 051 0.434 —

*  Faculty of Science, Kyoto University.

*E Institute for Nuclear Study, University of Tokyo.
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with macroscopic form factors and single particle excitations were calculated microscopically with
the Blatt-Jackson potential for the two-body interaction. Optical potentials used in the calculations
are shown in Table 1. Collective 2* strengths 8, deduced from the analyses are shown in Table 2.
Apart from the 16.2 MeV data which are affected remarkably by giant resonances, the 51.9 MeV

data show that the core-excitation of 2°Si is reduced by about 25% compared with 22Si, but is
almost the same as 3°Si.
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Fig. 1.  Angular distributions of 51.9 Fig. 2. Angular distributions of 51.9
MeV elastic proton scattering on 28-29:30Sj MeV inelastic proton scattering to the
and inelastic scattering to the 2* state of 3/27.5/27,3/25, and 5/25 states of 2°Si.
28,30Gi. The solid curves represent the The solid lines represent DWBA calcula-
optical model fits and DWBA calculations. tions. In the case of 3/27 state, the

contributions of the core-excitation
(CE) and the single particle excitation
(SPE) are represented by a dashed and
a dash-dotted curve respectively.
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4-4. Analysis of (p,t) Reaction Induced by Polarized Protons

T. Kammuri

Some (p, t) and (p, *He) reactions using a 49.5 MeV polarized proton beam were studied by
Nelson et al.l) Only poor fits to the experimental cross sections and analyzing powers were
obtained by the zero-range DWBA calculation. Here we present the analysis for the '2C(p, t)!°C
ground state reaction by the DWBA method which includes the effects of the finite-range force and
2)

the sequential transfer. Simultaneous transfer process is treated by the sum of interaction

method, thus making it convenient to see the competition between one- and two-step processes.

The parameters of the optical potentials used are listed in Table 1. In treating the finite-
range force, we take the Yukawa interaction (V, = 100 MeV, u = | fm) together with the Hulthen
type wave functions for light ions, and the Gaussian force (Vo = 70 MeV, u = 1.58 fm) with the
Gaussian wave functions. Zero-range strengths DJ (in unit of 10* MeV? fm?) are 8.8, 1.02, and
3.37 for (p, t) (p, d) and (d, t) respectively.

Table 1.  Optical parameters for ' 2C(p, t)! °C calculations.

\Y% o ap w Iy aj \Y% Ig ag Ic

S
t 1329 154 057 195 182 022 0 0.813)
t 1312 - L1197 .50 154 057 0.8
p 352 1.15 068 487 1.10 1.14 342 0.62 024 1.25
d 1092 1.0 09 223 152 050 0 1.0%

Imaginary part of triton and proton potentials are of volume type, while that
of deutron has surface-peaked shape.

Potentials a), b), and c) are taken from Ref. |, referred there as HB3, SHB3, and PEC,
respectively.

Firstly we discuss results of simultaneous transfer. Oscillations in the differential cross
sections cannot be obtained by the zero-range calculation while they are stronger than the data in
the finite-range case (Fig. 1). Inclusion of the spin-orbit term in the triton potential affects the
analyzing power A(0) but the fit to the data becomes worse (Fig. 2). [t can be seen that all one-
step results cannot dissolve disagreement with experimental A(8).

Secondly we cosider the results obtained by assuming the sequential transfer. Differential
cross sections show oscillatory behavior with shapes similar for the zero- and finite-range
calculations (Fig. 3). Good agreement with experimental cross sections can be seen. Predicted
A(0) differs considerably from the one-step results and gives better fit to the data (Fig. 4).

In summing one- and two-step transition amplitudes expressed in the prior and prior-prior
representations respectively, the one-step amplitude is reduced considerably by the non-
orthogonality term, leaving 1/4 of the original magnitude. This is the reason why the composite
cross section resembles very much with the latter, although the one-step cross section has the
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comparable magnitude with that of the two-step process. Therefore the conclusions obtained in
the two-step calculations can be applied to the composite case.
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4-5. Analyses of the **Fe(d, p) **Fe Reaction Data at Egq=24 MeV

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

More detailed analyses of the >%Fe (d, p) angular distributions for the low-lying levels in °° Fe
in terms of DWBA, CCBA and the adiabatic theory for deuteron breakup (ADB) have been made
since the last report.!)

Various distorting potentials are used in the calculations. The deuteron potential D1 is an
optical potential which fits the elastic angular distribution, D2 is the same as D1 but without
spin-orbit potential, D3 is an adiabatic potential?) D4 is obtained from Ref. 3, and D5 from Ref. 4.
The proton potential P1 is obtained from Ref. 5, P2 is a set without spin-orbit potential
searched for so as to reproduce the elastic angular distribution calculated with P1.

The potential sets D1, D4 and D5 reproduce the elastic angular distribution well. Thus those
potentials are used in DWBA calculations for the ground state transition (Fig. 1). As the potential
sets D4-P1 presented the best result, they are primarily used in the following calculations.

G. S. (3/2). The results of DWBA and ADB calculations are shown in Fig. 2.  Only the

\‘.5 S5Fe G.S. 3/2° = /\ 55Fe G.S. 3/2°
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Fig. 1.  Comparison of DWBA calculations Fig. 2.  DWBA and ADB calculations
with various distorting potentials. compared with the experimental angular

distribution for ground state (3/27). ZRL,
FRL, and FRNL denote zero-range local,
finite-range local, and finite-range nonlocal
calculations, respectively. Local energy
approximation has been used in FR and

NL corrections.
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FRNL DWBA calculation can reproduce the experimental angular distribution. Especially it

should be noted that the effect of nonlocality is very large.
0.411 MeV state (1/27). Fig. 3 shows the results of calculations.
a good fit.

The ADB calculation gives
The FRNL DWBA calculation reproduces an overall shape, but it does not fall off
beyond the third maximum.

0.941 MeV state (5/27). FRNL DWBA calculation without spin-orbit potential (D2-P2)
reproduces the angular distribution very well (Fig. 4), although its significance is not clear. We
are inclined to think that this is related to the fact that £ = 3 j-dependence cannot be reproduced
in (p, d) and (d, p) reactions at relatively high incident energies.

= //\\\ 55Fe 0.411MeV 1/27 © B 55Fe 0941 MeV 5/27 |
gy DWBA D4—P1 FRNL 2 DWBA D4—P1 FRNL
3 \ —-— DWBA D4—P1 ZRL 3 —-— DWBA D4—Pl ZRL
5 L e ADB D3-P1 ZRL A ADB D3—P1 ZRL
° . - DWBA D2—P2 FRNL
10 ‘l - 1.0 (noVso) i
'\
-2 -
107 . 10
10° . 10°
[l \ § + = -
A { 3 N
\ //++ \
\ S AN
\\/, \\
| Il | 1 1 1 1 1 L
0 30 60 30 120 150 180 0 30 60 30 120 150 180
B¢y (deq) O cwmideg)
Fig. 3. DWBA and ADB calculations for Fig. 4. DWBA and ADB calculations for

the 0.411 MeV (1/27) state compared with

the experiment.

the 0.941 MeV (5/2") state compared with

the experiment.

1.317 + 1.409 MeV states (7/27). DWBA and ADB calculations cannot reporduce this
angular distribution (Fig. 5). These states are not good f7/2 single-neutron states, because °“4Fe

is an f;,, closed shell nucleus.

At least one of them can rather be regarded as a phonon-particle
coupled state. Indeed a good fit is obtained by CCBA calculation as shown by solid line in Fig. 6,
if a small direct f7/2 ampritude is included. The CCBA calculation has been made without
FRNL correction whose effects are very large for other transitions. Moreover a sophisticated form
factor is required when the configuration mixing is large and the direct ampritude is small.
Nevertheless the calculation suggests the presence of the ground state correlation in **Fe

(lv p%,, £:2,> configuration etc.).
3712172

Exact-finite-range DWBA calculations are also performed in which D-state of the deuteron
ground state is included. It is found that the inclusion of the deuteron D-state has very small

effects on calculated angular distributions.
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Fig. 5. DWBA and ADB calculations for
the 1.317 + 1.409 MeV (7/2°) states
compared with the experiment.
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4-6. Coupled Channel Effects on (d,p) Reactions

M. Ichimura, B. Imanishi, and M. Kawai

Rearrangement collisions are studied in a frame work of coupled channel formalism (CC) in

which rearranged channels couple to each other. The purpose of this work is to investigate the

effects of multistep transfer processes and thus to get some insight on limitation of the validity of
DWBA and further to clarify the role of non-orthogonality terms which is characteristic of the
coupling between rearranged channels.

(d, p) reactions are taken as an example, because they involve fairly simple system (a proton,
a neutron and the core nucleus) and they have been studied quite well by DWBA. For simplicity,
we only consider a process in which the neutron goes back and forth between the proton and the
core.

Namely, only the coupling between the initial deuteron (d) channel and the final proton (p)
channel is taken into account.

Following the formalism presented before,!) the coup"led equations for the wave functions,
Xeo (Tg), of the relative motion of the channels are written as

<TQ+LJaiEa>xa<ra> - S { gg("a» rﬁ) +Na/3(ra, I’[S) }Xa(r;ﬁ (13 rs (a,,@:d,p, CY—JF,[))) S
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The cross sections calculated by CC with full kernel (full line), by CC without
non-orthogonality (dash-dot-dashed line) and by DWBA or OPT (dotted line).
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where the coupling kernel is decomposed into the interaction kernel Vgﬁ due to neutron-proton
interaction and the so-called non-orthogonality kernel Naﬁ'

Numerical analyses have been done for the reactions (1) '°0(d, p)!’ O(s-state) with Q-value
Q = 1.046 MeV and the incident energy E_. ., = 10.49 MeV and (2) *°Ca(d, p)*!Ca (p-state)

with Q = 4.19 MeV, and Ec.m. = 10.48 MeV, and the (d, d) and (p, p) scattering associated with
the above (d, p) reactions through the coupling. The results obtained by CC with the full kernel
(V(%’ + Ngg), with only VEE kernel and by DWBA or the optical model (OPT) are compared?) in
Fig. 1. This clearly shows appreciable effects of the coupling as well as the importance of the
non-orthogonality.

In order to investigate how many steps should be taken into account, we solved the coupled
equations, the kernels of which are artificially multiplied by a constant A, for several values of A.
Then, the S-matrix elements for a given total angular momentum J are simulated by a polynomial
with respect to . The power, n, of A\ corresponds to the number of steps if the series converges.
In particular, n = 0 corresponds to OPT and n = 1 corresponds to DWBA. An estimate of number
of necessary steps is shown in Table 1 for the case of oxygen. (Calculation has also been done
for calcium,) Effects of the coupling are stronger for lower partial waves. It must be noted that
number of steps depends very much on the process.

We also investigated the energy dependence of the effects of the coupling by performing
similar calculations for various incident energies (2 — 30 MeV) with the fixed distorting potentials
U,. Comparing the S-matrix elements obtained by CC with those by DWBA (or OPT), one can
distinguish, in (Ec.m. — J) plane, a CC-region and a distorted wave (DW)-region where DWBA and

Table 1. Number of steps for the reaction 'O + d «—
70 (s) + pat Eg = 10.5 MeV.
J (d,d) (d.p) (p.p)
0 8 >11 >10
1 0 5 8
2 2 3 2
3 0 S 4
4 0 1 2
5 0 I 2
e ree s e ) “Cora e “Ctp)+p
30} 30f
T cc ow Y ow e
/ e
IO:- // |OE //
. ~
st //Q\LO 5[ d
: /x/\\\@ i /// (2J+1)1S 4, 1€O.I
2L //\'zf5 2+ e
B 0 5 oI
Fig. 2. Decomposition into the CC-region and the DW-region.
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OPT are valid. The analysis is summarized in Fig. 2.
Judging from the calculated cross sections, one concludes that the effects of the coupling is

smaller as the incident energy increases. This is partly explained from Fig. 2. Namely, the ratio
of the CC-region to the DW-region becomes smaller as the energy increases. We also recognized
that the absolute value of the difference between the S-matrix element obtained by CC and that by
DWBA relative to the absolute value of the S-matrix element of DWBA itself becomes smaller.
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4-7. Quasimolecular Resonance by the Mg (a, "?C)'*O Reaction

F. Soga, J. Shimizu, N. Takahashi, K. Takimoto,
R. Wada, T. Wada, T. Fujisawa, and H. Kamitsubo

Since the discovery of the E = 19.7 MeV resonance in the '2C + 190 system, there is a

growing accumulation of experimgﬁr}[zl evidences to suggest that anomalies not consistent with
statistical fluctuations exist in the compound system *®Si. However, in many cases the spin
assignments have not been firmly established. To confirm the existence of resonances and
determine their spin-parities, we have made an experiment on a-induced reaction on ?%Mg target,
which produces the intermediate states of the same excitation energies as those reached by the
heavy-ion incident reaction.

The 24Mg («, '2C)' %0 reaction was studied using the a-beam accelerated by the cyclotron.
The *2C ion ranging from 15 to 7 MeV was detected and identified with a AE-E counter telescope
of 6.8 um and 30 um Si detectors. The carbon recoil from the elastic and inelastic o-scattering on
the small amount of C contaminant which had approximately the same energy as the true event
was dropped off by the anticoincidence with the associated a-particles scattered at the backward
angles.

The measured excitation function, the energy ranges of which were selected with consideration
of the existence of anomalies, is shown in Fig. 1. Two peaks correspond to anomalies at E. ,, =
10.7 and 12.7 MeV in the '2C + 'O reaction. (Refs. 1 and 2). Figure 2 is the angular
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Fig. 1. Excitation function for Fig. 2. Angular distribution for

24Mg(a, '2C)'¢ 0O reaction, 24 Mg(a, "2 C)'°0 reactionat E, . = 10.7 MeV.



distribution at Ec.m. = 10.7 MeV. This angular distribution reflects the interference effect
probably due to the presence of the neighboring smaller peak in Fig. 1.

If this anomaly can be
attributed to a resonance, the possible value of spin may be 7 or 8.

Figure 3 is the angular distribution taken at E. ;. =127 MeV. The existence of the

resonance at this energy has already been established in exit channels of neutron, proton, dueteron
and a-particles from the '2C + 190 reaction.?)

Solid line shows the x? fit curve obtained by
using linear expansion with Legendre polynomials up to 16th order.
is much larger than those of the other terms.

The coefficient of 14th order

Dashed line shows the square of Legendre
polynomial of 7th order and it can be said that the spin-parity of this resonance is 77
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4-8. Quasimolecular Resonances Formed by the System '*C+ C

B. Imanishi

In the elastic scattering of !2C + !3C, non-statistical structures have been observed by several
authors!’™) in the excitation function in the energy region above the Coulomb barrier. In the
system '2C + ' 2C one of the nuclei has an additional neutron which is not so tightly bound as the
other neutrons. Of the inelastic scattering induced by !2C and !3C those going to the channels
concerned with this neutron excitation, are strongly enhanced.®”  This suggests the possibility of
the quasimolecular formation, in which the valence neutron plays an important role through the
interaction between n and '*C.

Here, by assuming that the resonance system is formed in the system spanned by the channels,
120, +13C (1/25 gr.), '2Cy + 13C* (1/2F, 3.086 MeV), 12C, + 13C* (5/2%, 3.854 MeV) and their
“core-exchange’’ channels (!3C—~!2C, + n), we carried out the coupled-channel calculation.

The potentials between n and '>C and between two ! 2C nuclei®) are assumed as

voR ~56.7 - 6.17(R)
ne 1+expi(R- 2.26)/0.705¢
- 1.d ] (1)
2841075 qR 1 Fexp {(R —2.26) /0. 705
and
Ueelx) :1090 e \'[]//[;1+<xx;)<(x— 6.2)/0.551)  W'E__ )
/((1+expilx—5.82)/0.21i ],
with
V, = 13.8 MeV, W = 0.24 MeV for ground channel,
Vo = 15.3 MeV, W'=0.1 MeV for other channels.

In Fig. 1 the results of preliminary calculation for the real part of the elastic scattering phase
shifts §yp (J = 11/2, 13/2 and 15/2) are shown as functions of the incident energy. Resonant
behaviour is seen in each curve. Especially, in the curve for J™ = 13/2" (¢ = 7) there appear two
prominent resonances, i. e., the one with narrow width at Ecm = 10.2 MeV and the other with
broad width at E.,;; = 9.3 MeV. The broad one seems to be single-particle resonance of the
elastic channel which may correspond to the one (£ = 7) derived by Crozier and Legg® from the
resonance analysis of the elastic scattering, and the narrow one seems to be the doorway-state
resonance enhanced by the above broad resonance through the double resonance mechanism.”)

In our present calculation of 8y, for J = 11/2 — 17/2, we could not find marked resonance at
the energy region near ECm ~ 8 MeV, where Willet et al. have observed prominent structures.

Strong coupled-channel effects are seen in the curves of 6J£ (elastic). The difference between
6J:£ +1/2,0 (elastic) and 8J:g ~1/2.¢ (elastic) in Fig. 1 is due to the coupling effects between the
elastic and other channels. If there are no coupling effects on the elastic channel, these phase
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shifts must agree with each other in the heavy-ion approximation.

Resonances with such strong coupled-channel effects cannot be understood only by the

distorting potentials for respective channels.

However, such resonances can be plainly explained by

the following potential®) (adiabatic potential) which is defined by the diagonalization:

¢ i(l") = > {Ail(r)}ik {U(I') +€}k1 Ay (I‘) + €, (3)

K,

where € = [¢ 8] is a matrix consisting of the excitation energies €; of 13C*,

In Fig. 2 the lowest two of the adiabatic potentials §‘i(J7r =13/29 (r) are shown. These

potentials explain the nature of the resonances with the coupled-channel calculations.

What we

would like to pay particular attention to is that the lowest adiabatic potential {, (r) describing the

elastic scattering is pushed down from the potential U, , (r) by about 6 MeV at r = 5.5 fm and by

about 1 MeV at the barrier peak.
E.p = 9.2 MeV broad.
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4-9. Fusion Reaction in "C+ "N and O+ '°B Systems

T. Motobayashi, S. M. Lee, T. Shimoda,
H. Utsunomiya, M. Yanokura, and I. Kohno

In order to study the behavior of the fusion reaction at high energies, especially to investigate
its incident channel dependence, we have measured the yield of ¢ Li particles emitted through
12C + '"*N and '°0O + '°B reactions. The results were analyzed using the Hauser-Feshbach
theory to extract critical angular momenta for fusion (J o) as reported previously [1, 2].  They
indicated some difference in the behavior of J . values arising from the difference in the incident
channel (Fig. 1). This suggests that the fusion reaction process is mainly governed by the reaction
dynamics of the two colliding nuclei and not by the property of the compound nucleus ¢ Al.

To re-examine this incident channel dependence of the JCr values in a different way, we
measured here the cross section of the evaporation residue for the same systems (!*N + '2C and
160 + 10B),

The experiments were performed with '*N and !'°O beams from the cyclotron and the
energies were 91.3 MeV and 97.9 MeV, respectively. These values were chosen so as to produce
the 2¢ Al compound nucleus with the same excitation energy (57.2 MeV) in both cases of '*N +
12C and '°0O + '°B. The emitted particles with Z = 6 — 12 were detected with a counter
telescope which consists of a gas proportional AE counter and a Si E detector. Since the
evaporation residue are emitted in the forward direction, special attention was paid upon the
forward angle measurement and consequently detection at 3.5° was achieved. Targets were of
self-supported '°B (40 ug/cm?) and '2C (70 ug/cm?) foils. To eliminate the contribution from
the contaminant in these targets, we also measured the systems of 'O + 10, '°0O + '2C, and
14N + 160, to know such contribution. A TiO, foil (60 ug/cm?) was used for !¢ O target.

Data analysis is now in progress.
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Fig. 1. Values of J_. extracted from the
0 "ij E— 2|O —t Hauser-Feshbach calculations on the reactions
J(Rh) 12C(14N, °Li)2°Ne and '°B(!1¢0 ,6Li)?°Ne.
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4-10. «-Transfer Reactions between 1p or 2s-1d Shell Nuclei (2)

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

In spite of recent progress in the DWBA theory for heavy-ion induced reaction, the mechanism
of the a-transfer reaction has not been fully understood yet. The calculated cross sections have
always been much smaller than the experimental ones. To investigate this descrepancy, we
performed a series of experiments on a-transfer reaction between light nuclei (1°B, '2C, 4N, '¢Q,
and 29Ne). For these nuclei the a-cluster structure has been well studied theoretically with the
shell model')'?) or the cluster model.?>»*)  The experimental procedure and the experimental
results were already reported.®’ We present here some results of the DWBA analysis.

Some results of the DWBA calculations are shown in Fig. | together with the experimental
data. The exact finite range code SATURN-MARS®) was revised so as to be suitable for the
calculation of the a-transfer reactions.”” The bound state wave functions were obtained with
Woods-Saxon potentials (a = 0.7 fm and R = 1.3-AY? fm) by the separation-energy procedure.
The distorting potentials were that of the optical model which reproduce the angular distributions

of the elastic scatterings. The values in parenthesis in the right hand side of each curve in Fig. 1.
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are the values of the normalization constant n, which were obtained by comparing the calculated
cross section with the experimental ones as

N |
dQ) /exp T da DWBA ' ()
The values of n obtained for various reactions are listed in Table 1. If the DWBA calculations
performed here are correct in describing these reactions, n should be equal to the products of two

S-factors corresponding to two «-core systems involved in the reactions. Hence, we can extract
the values of S-factor for each a-core system from the analysis of the case of elastic transfer

Table 1. The values of n and S for various reactions.

021V 021V 0.19Y 02320 0.692)
Reactions n S 20Ne 16y 14N
ot >+ 4t ot

20Ne('€0, 2°Ne)' 0 01 0.80  0.89
2t 022 089 0.25

4t 011 0.89 0.12
rso 2, te0y2¢c ot 1.0 1.0
IOB(14N,10B)14N 82 91
n n(cal)
L2C (14N, 1OB)L 6O 10 9.1

160 (1€0, '2C)2°Ne 01 0.62  0.89
2t 034 025

(n = S2; see also in Table 1). Using these extracted values of S, we can calculate the values of
n for other reactions. As is seen in Table I, these values agree fairly well with the ones
extracted directly from Eqn. (1). This fact provides an evidence for the consistency of the
DWBA analysis for these a-transfer reactions.

However, values of S-factor extracted here are much larger than the ones predicted by the
theory (listed in Table 1). We have now to re-examine the «-core wave function. In Fig. 2
the microscopic wave function®’ for the ground state of 2°Ne is shown. This wave function
includes the effects of the anti-symmetrization between the nucleons in the a-particles and the
ones in the core-nucleus. For comparison, the wave function corresponding to the Woods-Saxon
potential (which was used in the present calculations) and the same function multiplied by the square
root of S (= 0.21 [1]) are also shown in Fig. 2. It is clearly seen that the microscopic wave
function has damped amplitude in the interior region of the nuclei, and has amplitude as large as
the simple Woods-Saxon wave function in the nuclear surface region. Therefore, we can conclude
that the S-factor obtained from the analysis of the experimental data is not the S-factor itself
predicted by the theory, because the transfer cross sections is affected strongly by the nuclear
surface on account of the strong absorptive nature of the heavy-ion scattering, and the behavior of

the [Su (1) is very different from that of y (r) in the nuclear surface region. Therefore, it is not
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surprizing that the S-factors obtained are much larger than ones predicted by the theory. To
understand more precisely the mechanism of the o-transfer reactions, microscopic wave

function itself sould be used in the analysis.

?*Ne —"0 +

0.6r

0.4

0.2

—-0.2

—-0.4

Fig. 2. Comparison of the various kinds of the alpha-core wave function.
The solid curve corresponds to the microscopic wave function [8], the
dashed-dotted one corresponds to the simple Woods-Saxon wave function,
and dashed one Woods-Saxon wave function multiplied by the square root
of the theoretical values of S(=0.21).
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4-11. Spin Polarization of "B in (B, '’B) and

("*C, '*B) Reactions on '“°Mo

M. Ishihara, K. Tanaka, H. Kamitsubo, N. Takahashi, Y. Miake, Y. Nojiri
T. Minamisono,* A. Mizobuchi,* and K. Sugimoto*

In previous papers (1) we reported on the measurement of spin polarization of ' 2B
performed to study the mechanism of energy and angular momentum transfer in the heavy ion
collisions. In that experiment the polarization P as a function of reaction Q-value was
determined for the reaction '°°Mo('*N, '2B)!°2Ru at 90 and 125 MeV by measuring -ray
asymmetry of the decaying '?B products. The results obtained may be summarized as follows:

(i) In the high energy region of the energy spectrum, where the quasi-elastic hump
dominates, P varies smoothly from large negative (P = -0.3 to -0.5 at highest energies) to
positive as the Q-value becomes more negative. (P>0 when T)’//Téf X Tgi)

(ii) Zero crossing of P occurs around the Q-value corresponding to the peak of the
quasi-elastic hump.

(iii) In the low energy region, where the deep inelastic hump becomes dominant, P is
negative but relatively small (IP1<0.1).

A remarkable aspect about these results is that they generally do not conform to the
predictions from the classical model (2) of heavy ion collisions in terms of frictional forces.
Especially the Q dependence of P in high energy region as described in (i) is opposite to the
classical prediction. On the other hand, a microscopic consideration based on the kinematical
matching conditions (1, 3) for the particle-transfer reaction well accounted for qualitative
features of experimental results.

This indicates for the reaction studied that mass transfer is the main mechanism responsible
for the energy and angular momentum transfers rather than the process of inelastic nature (not
accompanied with mass transfer) which may be phenomenologically represented by frictional
forces.

To confirm the validity of the microscopic model employed, the measurement of P was
extended to pick-up and mass-exchange reactions, for which the model predicts different Q
dependence of P from that for the stripping reaction (!N, '2B). The reactions ' °°Mo('°B,
12B)?8Mo at E('°B) = 67 MeV and '°°Mo('2C, '2B)!'°%Tc at E('2C) = 90 MeV were used.

Figure 1 shows P and the yield of '2B as a function of Q-value obtained for the ('°B, '?B)
reaction. A characteristic feature of the energy spectrum is that the peak position of the
quasi-elastic hump is pushed towards the small Q value close to Qgg = 0.6 MeV. This complies
with the expectation from the matching conditions that the cross section is favoured towards
positive Q values for pick-up reactions, though it is towards negative Q values for stripping
reactions; the optimum Qeff value Qeff may be expressed as

_ A
Qefp =5 mv? - o (1

for pick-up reactions as compared to

*  Taculty of Science, Osaka University.
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l Al
Qeff="7mv2 +T1V'1Tl , (2)

for stripping reactions, where v is the relative velocity of the colliding nuclei and A, and \, are the
z-component of the orbital angular momentum of the transferred cluster with respect to center of

mass of '°B and %N, respectively.

IOOMO(IOB, IZB)QBMO

O8F  E-67Mev I
6:20° ¢ i
@ 04
Z L @ 4
o2t e 1
L —— —— |
0 'ﬂ: L L
ool 40 50 60 ]
o1t 8
=N |
O >
a |
_OI [ 4
_02 L -
03], Q (_g(/;l eV) . 0 Fig. 1. Yield (upper part) and polarization (lower
B : ' ‘ part) of 1?2 B as a function of Q value obtained in the
40 50 60 70 190Mo('°B, '2B)?8 Mo reaction at Elab(loB) =67 MeV
E(“B) (MeV) and U, = 20°.

The low energy portion (Q <—15 MeV) of the cross section may be attributed to some other
complex reaction mechanism.

The polarization observed for the region of QE hump (Q = 0~ -10 MeV), may also be
explained by Eqn. (1), which indicates that the component of A, = +2 is most responsible for
this region of negative Q values while those of A,= 0 and -2 for the region of positive Q values.
Considering the fact that the ground state spin of '°B is J7 = 3" and thus the sign of P of
lng_S_ should be inverse to that of A\, (£, = 2 assumed), we obtain P<0 in agreement with
experiment. The small positive P values obtained for the lower energy region remain to be
explained.

For the exchange reaction (' 2C, '2B), small positive P values less than 0.1 were obtained

over the most part of energy spectrum.
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4-12. On the Mechanism of Two-Nucleon Transfer Reactions

Induced by Heavy lons

T. Takemasa and H. Yoshida

Two-nucleon transfer reactions are analyzed here to clarify the reaction mechanism. For that
purpose, the one-step (simultaneous) and two-step (successive) transfer processes are taken into
account in the analyses. Denoting the reaction as A(a, b) B, the corresponding transition
amplitudes for one- and two-step processes are

Toa= S dradrpXy ™ (ry) <Bb| V| Aa =X, (r,) (D

szazg drydry Xy * (rb) Vi alry,rad X2 (ry) , (2a)

Vi alry,ra) :; S dr.dr/<Bb| V| Ce>G ™ (rf,re) < Ce| ValAa >, (2b)
where x(i)(r) and G (1, 1) are the distorted wave and Green functions respectively. In Eqn. (2).
the transition amplitude T{)Za) for the two-step process is written in the prior-post form so that the
non-orthogonality term may not appear. The finite-range calculations with full reccil are
performed here both for T(bla)l and Tl()2al)‘ The one-step amplitude Tg’g is calculated by the usual
exact finite-range DWBA where the microscopic form factor is constructed by the generalyzed
method!) of Bayman and Kallio?) and the single particle wave functions with half the separation
energy of the transferred two nucleons are generated from the Woods-Saxon potential with the
geometrical parameters ry= 1.25 fm and a = 0.65 fm. For form factors of the two-step process,
the usual separation energy method is used corresponding to the one-nucleon transfer reaction at
each step. The reaction considered here are '2C ('80, '°0) '4C, 4% Ca ('*0, 190)%°Ca and

*8Ca (%0, '"*C)® Ti. Structure wave functions for p-shell nuclei, '# O, °Ca, and 5°Ti are taken

Table . Optical potential parameters used in the analyses.

\Y% W rR rl aR al Ref.
T el S o b LR 200 10 1.28 1.28 045 045 1)
Bda o T s & § i & <yl 55T 12 1.14 0497 0422 7)
ol BT eal e sl el 37 78 1.35  1.27 042 0.28 8)

from Refs.3-6. The optical potential parameters for each reaction are listed in Table 1. They are
the parameters that fit the elastic scattering at entrance channels. In the present analyses, the
common parameter set is used for the entrance, intermediate and exit channels in each reaction.
The results of the calculations are shown in Figs. 1-3 together with the experiments. The dashed
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line is the calculated cross section due to the one-step process. The dot-dash line is the calculated

cross section due to the two-step process and the solid line is the coherent sum of these two processes.

The results can be summarized as follows: The two-step process competes with the one-step
process and the interference of two processes is important to reproduce the angular distributions as
well as the absolute magnitude of the cross sections. The shift of the grazing peak and the large
normalization factors predicted by the usual DWBA calculations have largely been improved by the
inclusion of the two-step process. One exception is the case of the reaction 43Ca (160, '*4C)3°Ti,
where the normalization factor N from 10 to 25 is still needed.®) 1) The use of the more
refined structure wave functions does not seem to improve the present results. Probably the other
reaction mechanisms are playing the role in this case.'®’  As for the role of the intermediate states
in the two-step process, the ground states give generally the dominant contribution to the cross
section with the exception of the reaction *¥Ca ('* O, 10)5°Ca, where the excited 1/2* state of
170 has the dominant effect on the cross section. This is partly due to the fact that ls,,,- orbit
has large amplitude in the nuclear interior and the two-step process is generally affected by the

nuclear interior region.

0*(E4=0.0 Mev) ,*°. *8q('%0,90)%Ca
== 1.0 i \/\/" £, =50 Mev f
{ 1ZC{\301¥60]\4C I f\/ \ J

£, =24 Mev

D2 MeV)

{mb/sr}
o

2=t

do/df)

60 90 120 150 180
Eem
Fig. 1. Angular distributions of the Fig. 2.  Angular distributions of the
reaction 12C(%0, "0 C. The reaction 48 Ca('20, '°0)5°Ca. See the
dashed line is the calculated cross section caption to Fig. 1 for details.

due to the one-step process. The
dot-dash line is the calculated cross section
due to the two-step process and the solid
line is the coherent sum of these two

processes.
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48Ca (60 ,'%C ) 50T
£,=56 MeV n

[=)

Fig. 3. Angular distributions of the reaction
#8Ca(10, "“C)*°Ti. See the caption to Fig. 1
for details.
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4-13. Calculation of Friction Force in the Collision ?Si <+ °Ne on the

Basis of the Linear Response Theory

A. Iwamoto,* K. Harada,* K. Sato,
S. Yamaji, and S. Yoshida**

Hofmann and Siemens!) formulated deep-inelastic collisions of heavy-ions based on the
linear response theory. This theory is rather simple and is suitable for numerical calculation.
Also it provides a relation to the classical friction model used successfully to describe these
phenomena. However, the numerical calculation of heavy-ion reaction based on this model is done

2 We give here some results of calculation carried out on

hitherto only for a very simple system.
a more realistic case.

We adopt the two-center harmonic oscillator Hamiltonian®) in which the center separation R
and the deformations 6(6 = §,; = §,) of two fragments appear as parameters. The expression of

the friction coefficient Yup is given as

(iJ ;ek> <] | F.u\ >' </k ‘ Fp
{(e, &) +I"}

i)

Vv = _4]—'%12}(1”( (1)

where the quantity Fu stands for the derivative of two-center Hamiltonian Hrc with respect to the
dynamical variable u(R or §),

. aII [(7

52 (2)

|
and Ijk is given by
1 ' 1
Ijkv—’ ‘{ 1 l

e (S5 e ew (S5 @

In the above expressions, €] stands for the single-particle energy of j-th orbit, kT, the nuclear
temperature and A, the chemical potential. We have included a smearing width [" in Eqn. (1),
which is necessary when we deal with a finite system with discrete energy levels?)  The quantity
I' is taken to be a free parameter in our numerical calculation.

The introduction of I' in the expression for Yy Causes a difficulty in the theory. That is, we
have a finite value of energy dissipation arising from the relative motion of two fragments even
when they are far apart. In order to eliminate this difficulty, we subtracted from Fr a term
which arises by the simple translation of two centers of the potential. So the remaining terms in
FRr are suchas those caused by the changes of neck shape and the oscillator parameter due to the
volume conservation, etc. This procedure is correct in the asymptotic region, but is only an
approximation when R is small. The numerical calculation was done for the system 28Si + 2°Ne.

* Japan Atomic Energy Research Institute .

**  Tohoku University.
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Figure 1 shows the quantity Y @ @ function of center separation R for three different
values of I' at zero temperature. In this and the following figures, I' is given in the unit of hw,,
the oscillator constant of the compound nucleus. We see clearly the surface-peaked feature of
o g DL this system, the scission configulation is at R v 8 fm. Also seen is the fact that Vi

decreases as I' increases.
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285 + 20Ne
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sec)
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fm
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\
|
{ Fig. 1. Radial-radial friction coefficient ygg
as a function of center separation R. Temperature
‘ xT is zero and three curves correspond to I' =
=~ | 1.0two, T'= 0.5 hw, and T' = 0.2 he,,
Romi ’ respectively.
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Fig. 2.  Friction coefficients as a function of center separation R. Smearing width T"
is 0.2 hw, and two curves correspond to kT = 0.0 MeV and kT = 1.0 MeV.

Figs. 2(a), 2(b) and 2(c) correspond to the radial-radial coefficient YRR - the
deformation-deformation coefficient Yss » and the radial-deformation coefficient

YRy > respectively.
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Figure 2 shows the quantities Yer> Vss and 6Ré as a function of center separation R for
temperatures of zero and 1 MeV, respectively. The smearing width I' of 0.2 hw, is used in both
cases. The effect of finite temperature is seen to reduce the magnitude of Vs Vss and Vs At
surface region. This tendency is opposite to the result of Ref. 2.  We also find that the cross
term vy, is rather large, that is, the relation YRGN/Zm‘ holds approximately at the surface
region, which means that the coupling of R and & motions is important.®’ — ¢’

As to the absolute magnitude of v, we compared our value with the results of two other
calculations. One is the value of Gross-Kalinowski,”’ which was used in the classical friction model
calculation. The other is the one calculated by Gals-Mosel® using a microscopic model. They are

given by
Gross-Kalinowski Vr V400 X 10723 MeV fm™? sec,
Glas-Mosel Ve VS X 10727 MeV fm™ sec,
ours Ver v 20 X 1072 MeV fm™ sec.

Thus our value is not very different from that of Glas-Mosel, but much smaller than that of Gross-
Kalinowski. But this discrepancy between ours and that of Gross-Kalinowski does not mean
directly that the microscopic model is useless, because the coupling between R and & motions may
cause a very large effect.

References

1)  H. Hofmann and P. J. Siemens: Nucl. Physics, A257, 165 (1976).
2) P.J. Johansen, P. J. Siemens, A. S. Jensen, and H. Hofmann: Preprint, to be published in

Nucl. Physics A.
3) A. Iwamoto, S. Yamaji, S. Suekane, and K. Harada: Progr. Theor. Physics, 55, 115 (1976).
4) R. Eggers, M. N. Namboodiri, P. Gonthier, K. Geoffroy, and J. B. Natowitz: Phys. Rev.
Letters, 37, 324 (1976).
5) H. H. Deubler and K. Dietrich: Nucl. Physics, A277, 493 (1977).
6) A. Iwamoto and K. Harada: Phys. Letters, 68B, 7 (1977).
7) D. H. E. Gross and H. Kalinowski: ibid., 48B, 302 (1974).

8) D. Glas and U. Mosel: Nucl. Physics, A264, 268 (1976).




51

4-14. Canonical Quantization from the Time-Dependent

Hartree-Fock Theory in the Lipkin Model

T. Hoshino, K. Yazaki* and T. Yukawa**

In recent years, many calculations on heavy-ion reactions have been done based on the time-dependent
Hartree-Fock (TDHF) method.”  Since the TDHF method is suitable to describe the large amplitude collective
motion, it has also been investigated theoretically in many aspects.?)" Reviewing the theoretical studies of TDHF,
we consider that interesting points to be investigated are mainly the followings: (1) How to derive from TDHF an
appropriate collective coordinate and construct a classical Hamiltonian apart from the adiabatic assumption.” 2)
How to quantize the classical collective Hamiltonian and to what an extent the quantized Hamiltonian and its
energy eigenvalues approximate the exact ones. In order to clarify these points, we adopt here the exactly
solvable Lipkin model® which has often been used as a testing ground of various theoretical methods of the

collective motion. >

The Lipkin model consists of N fermions which occupy two N-fold degenerate levels with energies Leand

L respectively. We denote the upper (lower) orbit by a quantum number +p (—p) (p = 1,2,.....N) an%i define

a slightly generalized Lipkin model Hamiltonian by

ﬁ:eK3+%—(Kﬂ+K,2)+V’K32 , (1)

o ] K 3 ~ EX ~ - KA KA
where K= - E(ap'ap—a_p1 a_p), K+EZap’a7p, K =K, and . ! (a ) is a creation (annihilation) operator

of a particle in the *p orbit. For later use, we define a Hermitian operator KZ: k25 % (K+ — k_). Since K
and K+ obey the quasi-spin algebra, the eigenstates of H are characterized by the eigenvalues of

f(z (k25k32+ . (k k_+f<_f( ). It is therefore convenient to adopt for basis vectors the eigenvectors
2 + + p &

of K2 and Ky: K2 [T M>=J(J+1)[1.M> and K3 [T M>=MII.M>. where M = —J, —J + 1, .....J. We define the
vacuum state of the N particle system by ‘ J,-I> (J=N/2). in which all the N particles occupy the lower orbits.
We restrict our concern to those collective states which contain a component of the vacuum state.

A single Slater determinant can be defined by |6¢>Eexp(—i¢K3) exp (—j@Kz) J,-J>, where 0.¢ are time-
dependent parameters. H consists purely of K3 and K+, and | §¢> is the single Slater determinant generated by

rotating \J,—J> in the quasi-spin space. Consequently, |0¢> satisfies all the necessary conditions to be a solution
of the TDHF variational equation §<6¢ Ii % -H | 0¢>=0. As is well known, the above variational equation is

equivalent to the variational equation for the action integral 61=6 | Ldt=0, where L is the classical Lagrangian:®

L=< 0¢|ig——H|€¢>
=—Jcosf-¢ —[—elcos 5+%Jcos (2¢) (1— cog0) —I—%Jcoszﬁ—l—&fil)c’ |, @

where x = V(2J - 1) and x' = V'(2] — 1). Since L contains only the time-derivative of the parameter ¢, we first
assume ¢ as a coordinate. Then the momentum canonically conjugate to ¢ is p¢=all/a<b=—Jc050, and
therefore the classical collective Hamiltonian is derijved as

* Department of Physics, University of Tokyo.

**  National Laboratory for High Energy Physics .
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&l 2 2'] ’
Hoppur= P¢ ¢ L= €p¢+2]C05<2¢) ( “Pg > +2']p¢ +2J—1X (3)
According to Ref. 7 | for example, the quantal transformation matrix element
Fq't :qt) =y<q't gt >=s< q"| exp[ —iH(t—t")]]q > )

is equal to the Feynman path integral

l/

Fq't';qt) j2177rg dgdp expl i S X {p'q—H p,q)tdt] . (%)

In Eqn. (4), [qI>H ( |q>S) is an eigenstate of a coordinate operator QH(t) (QS) with eigenvalue g in the Heisenberg

(Schrodinger) picture (¢<q" ~q>s=5(q “-g)). The integrand on the exponent of the expression (5) is a classical

Lagrangian, in which the classical Hamiltonian is defined by

H(p,q):H(p,q ;q )= Sd(q —q") expl—ipla’— a”)1s<a’|Hlq" >s - ©

While the quantal effect is taken into account by the integration over p and q, a classical trajectory is obtained by
ta. ing the variation of the action integral on the exponent. Thus we consider it as the minimum condition in
quantization that the quantized Hamiltonian reproduces the classical Hamiltonian through Eqn. (6). Therefore the
present quantization prescription is in general

Hp,q) =H(P.Q) = 1 qudpdp exp (i 215)](|>Ss<q\exp(iﬁ}’)

2
exp (iop)H(p,a) @)
where Q and P are quantum operators satisfying the commutation relation [P,Q]: ]ﬁ - Applying this
i

prescription to Hppyyp, we finally obtain a collective Hamiltonian quantized from TDHF:

2 . X e 2 S 2 e
Hq-nm-:€l’+ﬁ§exp(ilQ) (J*=P% exp(£iQ) +ﬁP +§]2L1X . (8)

m>> = m’m>>), where m is finite
(m= J+1, +3, .......... J - l) <<—J*|‘ HTDI{F‘_]+l>>:<<J_]‘11TDHF}J+1>>=O and <<m|HTDllFl

This Hamiltonian is diagonalized within the space of eigenstates ‘m>> of P (l;

m'">>#0 only for m-m'=+2 or 0. The finiteness of m is consistent with the fact that P is bounded by +J and —J, i.e.,

Pp = --J cos 8. It should be noted that tlie above property of HTDHF’ which leads to the finiteness of m, is not
produced by the ordinary Hermitian ordering, though we do not show a proof here.

The exact collective Hamiltonian, on the other hand, is derived as

Hexact= 51’+2’(2—J:1—Ze\p +iQ)rJ° —P? {(.]+1)2—f)zer|%eXI)(iiQ)_

pP? ©)

by using the Nodvik's expression for the quasi-spin operatorszs)

~ ~ ~ /) 1 A N ~
K3 P'ii . Ki=exp(* i Q) (U —l’z]v*exp(i'T Q). The comparison of Hypyp and H

10Q
shows that HTDHF approximates H

exact

exact to the 2nd order in P with errors in the coefficients of 0(1/J) with respect

to the main parts. Since the quantal effect in this model is roughly 1/J, i.e. m is bounded by —J+1landJ -1
differing by 2. the error in the coefficients comes partly from the ambiguity in the quantization procedure of the
classical HTDHF This error in the first interaction term makes the number of the eigenstates of HTDHF less than

that of H by 1. wlhich is again 0(1/J) with respect to the total number. It is not only due to the ordering

exact
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ambiguity but also is inherent in the TDHF approximation itself. Although there is no problem of the operator
ordering when x = 0, one still finds the error in the coefficient of the second interaction term. In the absence of

the two-body interactions (x = x'= 0), HTDHF is equal to H which can be proved in general.

exact
Now we proceed to discuss the results of the numerical calculation. Figure 1 shows the energy spectra of

the N = 40 system, in which ¥ is varied while ' is fixed to zero. As is mentioned above, the TDHF
spectrum agrees with the exact spectrum in the limit of small x. Although the difference between the
two spectra becomes larger as x increases, their deviation is iever seriously large. In Fig. 2, we show

the spectra of the N = 20 system for various combinations of x and x (x' = 0). In spite of the fact
that all the spectra are changed much from the unperturbed spectrum, in which levels are equally spaced
with the energy difference of 2, and moreover the measure of the error of 0(1/J) in this case is twice

as large as that in Fig. 1, the agreement of the TDHF spectra with the exact spectra is still remarkable.
We note again, however, that there occurs an inherent error in TDHF in the presence of the two-body
interaction, which we see in the case x = 0 and x' = 1 of this figure.

&8 -
5 -
v 1 ? ¢ Eaaet  TOH S TDHF Fxact TOHF
¢ Y=, 125 Yo ¥=05 Y=¥r=l
Fig. 1. TDHF and exact energy Fig. 2. TDHF and exact energy spectra
spectra for N = 40. for N = 20.
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4-15. a-Particle and Light Product Correlation

in the "N + ”Nb Reaction

T. Shimoda, M. Ishihara, H. Kamitsubo,
T. Motobayashi, and T. Fukuda*

Recent correlation experimentsl)"“ on heavy ion reactions have revealed that a-particles are
emitted with appreciable probability in company with reaction residues of the quasi-elastic (QE)
and deep inelastic (DI) collisions. Because of the exclusive nature of the information provided by
such correlations, the study of the a accompanying process has attracted much interest as a
promising probe to explore the detailed reaction mechanism of the energy dissipating collisions.

Among the different a-emission mechanisms proposed for the coincidence events, the process
due to the fragment decay succeeding to the primary reaction appears to be most likely. In fact
the present experiment on the '*N + ?*Nb system has shown that the sequential decay of the
projectile-like residues from the QE and DI collisions is the major origin of the coincident «
particles. This conclusion is in contrast to the results?) on relatively light reaction systems, where
the importance of the decay of target-like residues was suggested. It dose not either conform to
the prompt a-emission mechanism by the dissipative force suggested theoretically®) and
experimentally.

The experimental procedures were almost the same as those in Ref. 1. The energy and
angular correlations between the «-particle and the projectile-like fragments (from proton to 160)
were measured in the bombardment of a ®?>Nb metalic target by 90 and 110 MeV '*N ions. The
projectile-like fragments were detected at lab angle 8, = 35° and the coincident particles were
detected at various angles 0, In the scattering plane defined by the beam axis and the fragment
detector.

Figure 1 shows some of the energy-integrated angular correlations obtained at E,p = 115 MeV.
It is seen that the correlations for different channels are essentially the same as those at Eq 4 =
90 MeV reported previously.!? It should be noted that there is no particular enhancement in the
cross section for the '°B -« channel. The strong backward-forward assymmetry and the location
of the peak of the correlation indicate the dominance of sequential a-decay from excited light
fragments. Especially, the fact that the peak angle 6, and 0, are generally on the same side of the
beam axis (except for '*C- «) is contradictory to the prediction for the heavy fragment sequential
decay and of the “piston” model.>)

A more straightforward evidence for the light fragment sequential decay is obtained from the
energy correlations. A typical example of such correlation is presented in Fig. 2, where
coincidence yields for the '°B-a channel are shown by contour lines in the plane of a-particle c.m.
energy versus ' °B c.m. energy. Loci for given values of relative kinetic energy E,., between « and
10B, and c.m. kinetic energy E, of the primary excited nucleus ' *N* are also indicated in the
plane by dotted and dashed lines, respectively. The excitation energy of the decaying !*N* may
be given by the relative energy E1 9 and « separation energy. It is seen that the coincidence
yields mainly fall into two regions. Although these two regions are separated from each other,
they correspond to the kinematical zones defined by the same energy band of E, , = 1.2 £ 0.5 MeV

#  Department of Physics, Osaka University.
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Fig. 1. The energy-integrated in-plane Fig. 2. An example of the contour
angular correlations between « and plot of the energy corrclations is displayed
various light products at Ejqp = 115 MeV. in thleoplzme of c.m. energies of « particle
and 'YB.

The light fragments were detected at the
fixed laboratory angle of 6, = 35°.

and E, = 55+ 5 MeV. Essentially the same feature was observed in the other channels except for

few channels like a-«.  This double-told nature of the contour map is apparently a property

characteristic of the light fragment sequential decay.
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4-16. Light Fragment Excitation in the "N + ”Nb Reaction

T. Shimoda, M. ishihara, H. Kamitsubo,
T. Motobayashi, and T. Fukuda*

We have reported! that the light-fragment sequential decay is the dominant mechanism for
the coincidence process between light product and « particle in the '*N + ?3Nb reaction.
Appreciable yields observed for the coincidence process imply that a conciderable fraction of the
light products are populated in their excited states above the « separation energies when they are
produced in the primary two-body reaction. Thus the cross section of light fragment excitation is
related to the mechanism which determines how the light and heavy products share the internal
energy supplied from dissipation of relative kinetic energy in the primary quasi-elastic and deep
inelastic process.

The total cross section of light fragment excitation above the « separation energy S, is
deduced as a function of the scattering angle 0, of the primary excited light fragment by
d*o

integrating the coincidence yields =

over the energy plane obtained at a given set

of angles 0, and 6. (subscripts 1 and o refer to the light fragment and « particles, respectively.)
To accomplish this integration the coordinate system referring to center of mass of the decaying

light fragment was used as shown in Fig. 1. This coordinate system consists of four variables, i.e.,

Fig. 1. The velocity diagrams of three body
system displayed in (a) the laboratory system and
(b) the center of mass system of the decaying
light fragment. Particles denoted by 1 and 2 are

observed. The primary product (1 + 2) decays

(o) into particle 1 and 2.

energies E; . Eq and corresponding angular variables &, , §2o, where E, _ is the relative
kinetic energy between « particle and the final light product and E, is the kinetic energy of the
primary excited light fragment. For given values of 0, and 8, £2, may be considered to be

€ X . eXx
constant for a large range of E; and E,. The cross section- 99" g given as 3?2 = Sgg dE, _,
0 0

dE,dQ2 J d . where J is the Jacobian relevant to the transformation of the
00 =2 UE dEadS, A2

Department of Physics, Osaka University.
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coordinate system. In the integration over Ql 9 isotropic angular distributions of the break-up
particles are assumed.

Figure 2 shows the cross section of the light fragment excitation probability thus obtained.
The angles 0, of the primary products are 29° ~ 31° for all channels. The points are labelled by
the corresponding primary light product. The abscissa represents the threshold Q-value Qggg
the three-body process, which is related to the two- body ground state Q-value Q g A5 Qggg Qgg
+ Sa. It is clearly seen that the reldtlve cross sections for different isotopes with a given Z are

well represented by the expression dox

= f(z) exp (Qggg/Teff)’ which is analogous to the
expression?) for the singles cross section. The value of effective temperature Tepf Is about 3.5
MeV for all of the B, C, N, and O isotopes, and is comparable with the value of T eff = 2.9 v 3.5
Mev for singles cross section.

. - Fig. 2. The cross section for light
E’ 10— “ S —] fragment excitation above « separation
‘é N \\\ i energy are plotted versus the threshold
— [ - Q value for the three body process,
% _; T =35MeV '4° n where the excited primary products
610 — ot — are emitted at the laboratory angle of
© E g™ 90MeY k \ . 29° — 31°.  The solid lines
- = repre@ent the function f(z)exp(Qggg/
| | I ‘) for the case of Tcﬁ 3.5 MceV.
0 -10 -20 ic normalizations of the function
Qqqq(MeV) arc arbitrary for each isotopes.
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4-17. Angular Distribution and Energy Spectrum of “Direct”

a-Particles Emitted from the "Tb+ 95 MeV "N Reaction

T. Inamura, K. Hiruta, S. Ise, T. Shimoda,
T. Nomura, and M. Ishihara

We have measured angular distributions of a-particles and other ejectiles from the '5°Tb + 95
MeV 4N reaction to study how ‘“direct” e-particles are emitted from the reaction. This was
initiated by finding that the starting population for y-deexcitation following forward-peaking fast
a-particle emission is different from that in the compound reaction.!)

To detect particles a AE-E counter telescope was used, consisting of 30 um and 2000 um
thick Si surface-barrier detectors. The '3°Tb target was a self-supporting metallic foil 2.1 mg/cm?
thick.

Figure 1 shows the observed angular distribution of a-particles with E, = 30 MeV in the
laboratory system, together with the angular distributions observed for typical ejectiles heavier than
a-particle. The followings are noted: for '' C the distribution shows a bell shape whose peak
coincides with the grazing angle (Bgr = 43° in lab.), being typically quasi-elastic; from '°B to
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Fig. 1.  The laboratory Fig. 2.  Angular distributions of
angular distributions of a-particles integrated over small ranges of
a-particles with Eg > 30 MeV the kinetic energy.
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59

a-particle there are rising cross sections at forward angles with increasing transferred mass and small
bumps near the grazing angle; and, except for ! 2B, the position of the bumps moves toward larger
angle than the grazing angle with increasing transferred mass.

Figure 2 shows angular distributions of a-particles integrated over small ranges of the kinetic
energy. The rising cross section at backward angles is considered to be due to evaporation process.

The energy spectrum of “‘direct” a-particles observed at 20° to the beam (22° in c.m.) is shown
in Fig. 3. This was obtained by subtracting the evaporation component from the total energy
spectrum recorded. The evaporation component was deduced from the data taken at 160° to the
beam (162° in c.m.) with a reduction factor sin 162°/sin 158°. Here we assumed that the angular
distribution of evaporated a-particles is symmetric about 90° in ¢. m., following the 1/sinf rule.
It should be noted that the shape of the “‘direct” « spectrum is likely to be described by a Gaussian
(or Maxwell-Boltzmann) distribution, showing a sort of statistical nature. As was suggested by
Britt and Quinton,?’ this might be explained by a vector coupling between the projectile velocity
(group velocity) and the intrinsic a-particle velocity in the region of reaction because the latter
distribution may be approximately given by a Gaussian distribution as is the velocity distribution of
nucleons. This idea is applicable so long as the memory of the initial linear momentum is not lost.

The reaction of interest looks as if the target nucleus absorbes the transferred '°B nucleus,
while a-particles are emitted directly, i.e., "*N + '5°Tb = (a+ '°B) + '5°Tb »a+ ("°B + '5°Tb)
= a+!15%Yb*. Because of this we have applied an idea of the two-body reaction mechanism?3’+4’
to describe the optimum Q-value and the angular momentum of the residual nucleus. By
assuming the kinematical conditions Ak = 0 and AL = 0 (see Ref. 4), the residual angular
momentum is estimated to be A, = 21 h. If ““direct” a-particles are emitted tangentially from the
colliding system in the reaction plane, the incoming partial wave is estimated to be £;,=39h. This
result is in accord with the conclusion about the angular momentum distribution of the entrance
channel on the basis of ‘‘direct” a-y coincidence measurement.!)

9Th + 95 Mev N

“direct” o

e sr )

sdf -dfi [ mb.

a¥

=2 evaporated o )
° Fig. 3.  Energy spectrum of “direct” a-particles
emitted to 22° (¢.m.) from the '*°Tb + 95 MeV
‘ Ly | 14N reaction, together with the one of evaporated
v o 20 ) a0 % 60 .
£, tMeV) a-particles.
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4-18. Energy Relaxation of a Composite System
Deduced from Preequilibrium a-Particle

Spectra in *’Bi + "N Reactions

T. Nomura and H. Utsunomiya

Weiner and Westrom!? have recently attempted to describe preequilibrium phenomena in terms
of diffusion of heat in nuclear matter, starting from a “hot spot” created by a reaction at a nuclear
surface. They have shown that evaporated particles from such a locally excited system are expected
to show enhancement of high-energy parts and a large asymmetry in the angular distributions. The
angular and energy distributions of a-particles emitted in the 2°°Bi + ' * N reaction described in the
preceding paperz) seem to be consistent with this interpretation, i.e., evaporation from a locally
heated system. We thus decided to analyze the experimental a-particle spectra by the following

simple statistical formula of Ericson®’

N gloc Kaoella) expl Ko/ T). (D

Here, Ea is the kinetic energy of an «-particle, 0. the inverse cross section, and T the nuclear
temperature of the residual nucleus, which is related to the usual level density parameter a and the
averaged excitation energy of the residual nucleus U, with T? %Uav/a, U,,~30 and 40 MeV in
cases of 85 and 95 MeV incident energies, respectively. In Eqn. (1), we assume the spin-independent
constant nuclear temperature. This may be justified because we are treating high excitation energies
and relatively low angular momenta; the maximum spin calculated from the sharp cut-off
approximation is 39 h (85 MeV) and 52 h (95 MeV). In fact, the spin-dependent temperature
defined by Williams and Thomas®) as Tj ~ T (1= E¢0/U,)"? is close to T provided the
rotational energy k. () is calculated by the rigid-body moment of inertia.

As for 0 (E,), we used reaction cross sections calculated by [go,>) who showed the results
as a function of Ea/Ba, where B is the barrier height of the optical potential used. A spherical
nucleus is assumed in Ref. 5, in which B, >~ 21.5 MeV. Eqn. (1) turned out to reproduce well
the spectral shape at backward angles when T is taken to be a “compound nucleus value™
described later, but the calculated peak position is by 2-3 MeV higher than the experimental one.
The similar discrepancy has been pointed out by Knox et al.®) and was attributed to the nuclear
distortion resulting in a smaller Coulomb barrier. In order to take this effect into account in
the calculation of 0. we treat By as a parameter to be determined and assume, for simplicity, the
same dependence of o, on E,/B, as in the case of a spherical nucleus. It turned out that all the
observed spectra could be fitted excellently by Eqn.(1)  when we assume B, = 19.5 MeV and
treat T as another fitting parameter. To show this, we plotted the quantity N(EO()/EO(OC(EO()
versus E, on a semilog scale in Fig. 1, where N(E,) were taken from experimental spectra. If
Eqgn. (1) can reproduce experiment, the resultant plot must be a straight line. This is indeed the
case at all angles as seen in Fig. 1. The slope of a straight line at each angle gives the best value

of nuclear temperature. The values of T thus determined are shown in Fig. 2. The temperature
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are calculated under the assumption
of By, = 19.5 MeV. The lab. angles
are indicated.

decreases monotonically with increasing angles and almost reaches, at very backward angles, a
“compound nucleus value”, a value expected from an energetically equilibrated system, which is
calculated from T?~U,,/a and a=A/9MeV ™" with A=219.

A possible origin of the local heating may be the following. There is some experimental
evidence that the a-particle emission of interest originates from reactions occurring at nuclear
surfaces. Quite recently, Inamura et al.”) suggested that the associated initial channel spins are
localized just above the critical angular momentum for complete fusion, being similar to deeply
inelastic reactions, where relaxation phenomena become important. At such reactions, a “‘hot
spot” is formed as soon as the two colliding nuclei touch each other due to large radial frictional
forces, and the relative angular momenta are transformed mainly to the rotation of a heavier
nucleus, i.e., 2°?Bi in our case, due to its large moment of inertia. The hot spot sitting on the
surface of this rotating system is an origin of the observed a-particles, which are emitted, in
average, in the direction of the rotational velocity at the surface. Let us assume that the hot
spot is directed to forward angles when the system starts to rotate. Then, we may relate the

emission angle somehow to the reaction time in the similar manner as suggested in deeply inelastic
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collisions (e.g., negative deflection angle).®) It seems, therefore, that the nuclear temperature
deduced from the present analysis can be interpreted to have physical significance, i.e., to show
the degree of energy relaxation of the hot spot versus the time lapse measured from the initial
collision. The size of the hot spot can be obtained from T2 %Uav/a and a=A/9, assuming that

these equalities hold even in the local heating. The results are shown in Fig. 2.
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4-19. Preequilibrium a-Particle Emission from

*°Bi - "N Reactions

H. Utsunomiya, T. Nomura, T. Motobayashi,

T. Inamura, and M. Yanokura

In reactions induced by relatively light “heavy ions” (e. g., '2C, "N, and '°0) at
bombarding energies well above the Coulomb barrier, a-particles are known to be emitted with
large probabilities. The «-particle emission occurs predominantly in the forward direction with
appreciable enhancement of the high-energy part when compared to an evaporation spectrum
observed in compound reactions.!-2)  The reaction process involved, however, has not yet been
well understood. In order to throw more light on this phenomenon, we have studied 2°°Bi + 4N
reactions at relatively low bombarding energies, i. e., at Elab.: 85 and 95 MeV, with emphasis on
energy and angular distributions of a-particles. The Coulomb barrier of the entrance channel
estimated from the systematics generally adopted is around 65 MeV.

A self-supporting 2%9Bi target of about 1 mg/cm? thickness was bombarded with 85 and 95
MeV '“N ions from the cyclotron. The following measurements were carried out: 1) Charged
particles with Z<<8 detected with conventional counter telescopes were measured between 20° and
160° at 85 MeV and between 40° and 170° at 95 MeV. 2) Fission fragments were measured
between 10° and 170° at both incident energies; we identified high-energy particles stopped within
a thin (30 u Si) AE counter as fission fragments. 3) Cross sections for the production of heavy

residual nuclei following fusion or fusion-like reactions such as (**N, xn) and (' *N,axn) were

Table 1. Summary of experimental cross section.

Cross sections (mb)

—

85 MeV 95 MeV
o-particles” 42+6 (63)
Fission 890 + 65 1350 + 100
(1N, xn) 5+ 3+1
(14N, axn) 31+ 3 49 + 8
(M*N, 2axn) 3+ 3+1

a) Estimated tfrom the smooth extrapolation of the observed angular
distributions at very forward and backward angles. In the case of
95 MeV, the given value has a large crror due to lack of

statistics at forward angles.

measured by detecting a-decays of their ground states in-becam in the same way as described in
Ref. 3.

The measured cross sections are summarized in Table 1. The following points are to be noted.
1) Fission is the almost exclusive mode of the deexcitation of the compound nucleus, neutron

evaporation being negligibly small. Since a-particle evaporation is far less probable than ncutron
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evaporation in this mass region, we expect no significant contribution from the compound
reaction to the observed a-particles. 2) The cross section for the emitted «-particles is roughly
equal to the sum of cross sections for heavy residual nuclei produced in (**N.axn) and (**N,
2axn) reactions; this shows that the rest of a composite system after the a-particle emission mostly
fuses each other.

The measured angular and energy distributions of «a-particles were transformed into those in
the ¢. m. system under the assumption of a binary reaction, i.e., 2°9Bi + '*N —»a + 2!'°Th, which
seems reasonable from the above mentioned facts. The present angular distributions are very
similar to those reported in similar reactions by Britt and Quinton.!) The yield decreases rapidly
with increasing angles up to around 70°, and still continues to decrease slowly at more backward
angles; in particular, there is no such rise near 180° as expected from the compound reaction.

A main difference between the present angular distributions and those reported in Ref. | is that we
observed a small bump or shoulder , at both incident energies, near grazing angles, i. e., at around
100° (85 MeV) and 80° (95 MeV), in which typical transfer reactions have peaks in their angular
distributions as shown in Fig. 1. We therefore consider these bumps as originating from the most
direct a-particle or ® Be emission corresponding to '°B or Li transfer reaction, respectively.

In fact, the difference between on- and off-peak spectra shows a broad peak at energies
corresponding to the initial velocities in both cases as shown in Fig. 2. A preliminary measurement

on the 181 Ta + !4N and '?7Au + '"*N reactions at 85 MeV has shown the same features.
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Fig. 1. Angular distributions of a-particles,
Be, B,and C isotopes taken in the 2°°Bi +
"N reaction at 85 MeV.

Difference spectra between those

and at an off-peak angle. See also Fig. 3.

The measured a-particle spectra at 85 MeV are shown in Fig. 3. At backward angles, they

are peaked at around 19.5 MeV and have nearly exponential tails toward high energies; this is a
familiar feature generally known in the evaporation process from the compound reaction. The
forward spectra are very broad and apparently quite different from the evaporation spectrum;
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however, we can still note the existence of high-energy tails which also decay almost exponentially
but very slowly, indicating high “nuclear temperature” of the associated composite system. The
experimental spectra at 95 MeV have nearly the same tendency. The most probable energy, i. e.,
energy at the peak position and the averaged energy at each observed angle are shown in Fig. 4.
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Fig. 3.  «-particle spectra at various Fig. 4. The most probable (Ep) and
. 9 - 4 . ~ . . .
angles taken in the 2°°Bi + 4N averaged energies of a-particles emitted in
reaction at 85 MeV. the 29?Bi + '*N reaction at 85 and 95
MeV. The energies corresponding to initial
velocities are shown by dashed lines.
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5. NUCLEAR PHYSICS

Nuclear Spectroscopy

5-1. Cross Section for the “Ca (O, p)**Co Reaction

H. Morinaga, M. Yanokura, J. Imazato *
T. Nomura, and M. Ishihara

Recently studies of precompound process with heavy-ion beam have revealed some new
aspects of heavy-ion reaction mechanism.!”?) In the present work the cross section for one
proton emission in case of '°0 ions was measured in order to investigate such a reaction. A
radiochemical method was employed to determine the yield of 3°Co after the bombardment of
40y with 'O beam of 89 MeV for 3 h. The target was highly enriched isotope (>99.99%)
and also chemically very pure, so that we had not to worry about contaminative reaction. Its
thickness corresponds to the range of beam energy E{,,, = 89 to 63 MeV. A 53 Co source was
prepared by ion exchange for the HC! solution of the target and the recoil stopper, and completely
separated from other strong activities. The vy transition of 931 keV from the *°Co decay
with a half-life of 18 h was observed in a Ge(Li) spectrum obtained by -y coincidences to
suppress the background. The cross section turned out to be 1.75%0.5 ub for the *°Ca (' ©O,
p)55Co reaction.  Other activities observed were *3Cr, *°Cr, *?Mn, %3Sc, and **Sc, they are

summarised in the table.

Table 1. Cross section for the activity production in 4°Ca+'°0.

Nucleus Cross section
55Co 1.75 £ 0.5 ub
52Mn (ground state) 42 +8 mb

(isomer) 73+ 15 mb
49Cr 244 £ 40 mb
48Cr 4.1 +1.0mb
44Sc 0.21 £ 0.4 mb
438c 9.0+ 0.2 mb
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5-2. y-Rays Following Fast a-Particles Emitted

in the ""Tb+ 95 MeV "N Reactions

T. Inamura, K. Hiruta, S. Ise, T. Shimoda,
M. Ishihara, and T. Nomura

We have already pointed out:'?>2) (1) for the !5°Tb + 95 MeV !*N reaction, unlike
compound nucleus formation, the fact o-particle emitting reaction involves incoming partial waves
with angular momenta restricted to values just above the critical angular momentum Cor for fusion
reaction; (2) because of this, high-spin states are populated selectively and they decay to the
ground-band without feeding side-band members. We have also inferred that fast “direct”
a-particles are emitted tangentially from the colliding system in a peripheral collision between
heavy ions. This conclusion is in accord with the observed angular distributions of ‘“‘direct”
a-particles, which show features characteristic of a peripheral collision between heavy ions.*’

Concerning the reaction mechanism of fast a-particle emission, Gross and Wilczynski have
recently suggested that fast a-particles are emitted along the direction of the radial frictional force
(from the opposite side of the target nucleus) in heavy ion reactions.*’ In this case there should
be the following characteristic features: (1) the angular momentum removed by the fast a-particle
is zero; (2) the associated incoming partial waves are identified by the direction of the a-particle
emission; and (3) the angular momentum deposited on the residual nucleus is almost identical with
the angular momentum of the incoming partial wave. Accordingly one can expect that if it is
observed in coincidence with fast a-particles, the starting population for y-deexcitation depends
on the position and the finite solid angle of the a-particle detector; the starting population will
move towards higher spin states for a-particles emitted to larger angles than for those to smaller
angles. The finite solid angle will determine the width of angular momentum window of the
associated entrance channel. That is to say, one may have a -y-transition yield curve similar to

our observation!’-2) but with a different critical point (see Fig. 1) depending on the a-detector
position.
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We have measured y-rays from the '5°Tb + 95 MeV %N reaction in coincidence with
energetic a-particles (E,=>33 MeV in lab.) recorded at 8, = 12.4° (the angular width 246 = 8°) and
6, = 28.2° (80 = 8°) to the beam direction (in lab.); in terms of Gross-Wilczynski model*) the
angular momenta of incoming partial waves corresponding to these directions are estimated to be
¢, =13 hand ¢, = 26 h by assuming ry = 1.25 fm. However, nothing different has been found
between the observed ~y-transition yield curves at two different angles as is shown in Fig. 1. The
previously observed y-transition yield curve (8 = 24.7°, 20 = 16°) is also shown in Fig. 1. This
result contradicts the expectation mentioned above, indicating that there exists an angular
momentum window in the entrance channel which leads to the fast a-particle emission,
independently of its direction.

In conclusion the present observation of «y-rays in coincidence with fast a-particles is not in
accord with the mechanism suggested by Gross and Wilczynski,*) in which the fast a-particle is
emitted along the direction of the radial frictional force.
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5-3. High Spin States of *’Yb

A. Hashizume, T. Katou, Y. Tendow, and H. Kumagai

Levels of '©?Yb were populated by means of the compound-evaporation reaction ' %°Gd
(*2C, Sny) '°2Yb. De-excitation y-rays were detected with Ge (Li) detectors. In this type of
reaction, the incident heavy-ion carries a large amount of angular momentum into the compound
system (£= 46 h) for a classical grazing collision of 95 MeV '2C on '3°Gd. The evaporated
nucleons and de-exciting -y-rays, on the other hand, carry away relatively little angular momentum,
amounting to at most a few h per nucleon. Thus these compound-evaporation reactions are very
suitable for the study of the high spin states.

The excited states in ' > Yb were studied previously by the '®%Er (o, 6n7y) reaction and the
ground state rotational band up to the 147 state has been established.!) This result makes some
contrast to that of '®®Yb where the ground state band up to the 20" state has been known.

A self-supporting and isotopically enriched target ! 5°Gd was prepared by use of vacuum
evaporation technique where Gd, O; was reduced by thorium. Figure 1 (a) shows the excitation
functions obtained by measuring vy-rays between the transitions in the ground state band. These
y-rays were observed at 90° to the beam direction. Examples of excitation functions of another
y-rays assigned to the transitions in '¢2Yb are also shown in Fig. 1(b).
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The angular distributions of vy-rays were studied from 90° to 30°at every 15°. In y-y
coincidence experiments, a magnetic tape recorder system developed for this purpose?’ was
employed. Figure 2 shows the sum of 7 background-subtracted -y coincidences resulting from
gates placed on each individual ground state band transition up to 147 > 12%. All the transitions
in the ground state band up to 14" are in good agreement with the results reported by Banaschik
et al."’ Further, the 147 > 127 transition is supposed to be a doublet, because the peak still
appeared even when the gate was opened by the same energy. This fact suggests that the energy
of 167 > 14% transition nearly coincides on that of 147 - 127 transition. Other vy-rays such as
382, 452, 634 and probably 570 keV coincide to members of transitions in the ground state
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band. From their intensities, these y-rays are presumed to originate from the transitions in side
bands. Studies of the structures of the side bands are in progress.

The level structure of the ground band in '®2Yb is shown in Fig. 3. In the well deformed
region to which '92Yb belongs, the lower levels of the ground state band can be described by
simple rotational model. However at high spin states, the sudden increase of moment of inertia
was observed in the nuclei of deformed region. This fact is now believed to be the crossing of
different bands. Figure 4 shows the curve, giving the relation between the moment of inertia
and square of angular rotational frequency of !®2Yb nucleus. The curve does not show the
so-called backbending shape as that of 19°Yb does.
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5-4. High Spin States of '*Yb

A. Hashizume, H. Kumagai, T. Katou, and Y. Tendow

This study is one of the series experiments on high spin states in Yb isotopes. The '°*Yb
was excited by means of the 15°Gd (!2C, 3n) reaction. The target is the same as that used for
the study on '92Yb. Excitation functions, angular distributions of y-rays and y-y coincidences
were taken by the same experimental set-up as in the case of 1®2Yb. The high spin states in
164y} have been studied by Lieder? and by Stelson?) and states up to 22* have been reported.
No side band has yet been found.

The v-v coincidence has been studied at the incident energy of 70 MeV C-ions. By
examining each spectrum gated at the transitions in the ground state band, the spin states up to
18" were confirmed. Figure 1 shows the sum of 9 coincidence spectra gated by the members of
the ground state band from the 18" state except the 8 — 6* (468 keV) transition. The peak of
the 468 keV transition coincides accidentally with that of a y-ray of another origin and its

spectrum (Fig. 2) shows the coincidence with several y-rays indicated by asterisks. The origin of
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these y-rays is not yet elucidated. The peak at 633 keV reported as 20* - 18* transition”’
coincides also with one of the above 7-rays of unknown origin and it was difficult from the
coincidence spectrum gated by 633 keV ~v-ray to conclude it as 20" — 18* transition.
Furthermore, the 713 keV v-ray has not been confirmed as 22* - 20" transition because of
appreciable statistical errors of the data.

In addition to the y-rays in the ground state band, there was reported!) a 647.5 keV vy-ray
which has nearly equal intensity as that of 16" = 14* transition. Following our coincidence
experiment, a existence of 2.4015 MeV state is suggested which de-excites to 1.7540 (10%) state by
emitting the 647.5 keV y-ray. Figure 3 shows the behaviour of apparent moment of inertia as
a function of angular rotational frequencies. Further analyses of data is in progress.
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5-5. High Spin States of '“Yb

A. Hashizume, Y. Tendow, H. Kumagai, and T. Katou

This study is one of the series of experiments on high spin states in Yb isotopes. The
experimental set-up is the same as used in the preceding reports. The '°°Yb was excited by
means of the138Gd (' ?C, 4n) reaction. A thick, self-supporting and isotopically enriched
target was used. Excitation functions, angular distributions of y-rays and -y coincidences were
studied.

Figure 1 shows the sum of 9 spectra of y-y coincidences gated by the successive cascade
transitions from 207 to the ground state. In this spectrum coincidences with the background
have been subtracted by setting a window near the gating peak. The 18* = 16" transition, as
its energy being 509 keV, could not be resolved from the annihilation y-rays. Therefore, the
spectrum gated by the 509 keV y-ray was not involved in the above sum spectrum. By
investigating each spectrum gated at the transitions in the ground state band, the spin states up
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to 20" were clearly confirmed.!” Further, there is an indication that the 656 keV y-ray coincides
with those of ground state band. Figure 2 shows a coincidence spectrum gated by 20" - 18*
transition y-ray. We propose tentatively that the 656 keV transition goes to the 20" state from
higher energy level. The peak is so weak that we could not determine E2 character of this
transition. However, if it is assumed that the 22* state de-excites to 20" state emitting 656 keV
v-ray, the backbending curve representing change of moment of inertia as a function of the square
of rotational frequency can be extrapolated smoothly as shown by dashed line in Fig. 3. Figure
4 shows the ground state rotational band in !¢¢Yb.

Besides the transitions in the ground state band, there were found about 20 weak y-rays
which could be able to attribute to transitions in '°¢Yb. These y-rays may be emitted by the
de-excitation process from the states in side bands. Further study is in progress.

In Yb isotopes of the mass numbers from 162 to 170, there is an interesting behavior
concerning the moment of inertia of high spin states. In '2Yb, the moment of inertia of high
spin states change rather rapidly, but the values as a function of square of angular rotational
frequency do not make the backbending shape. Whereas the curves for '°4Yb and '°°Yb show
large backbending. In contrast, the values of 29/ rest nearly constant in 168Yb, and 170Yb shows
again rapid change of 29/h? | though the latter doesn’t show S shape.z) It is a suprising fact that
the small change of neutron number results in the large anomalies of angular momentum. These
anomalies have been studied by the theorists®>*) in the framework of Hartree-Fock-Bogoliubov
cranking model or utilizing deformed BCS trial wave functions. They could explain the anomalies
qualitatively, though it seems that some discrepancies yet exist between experimental and

theoretical results.  Further study on high spin states in lighter Yb isotopes will be interesting.

4t 33073
5t 102.¢
g :
hwt? (Mev?, 186 vy,
Fig. 3. Relation between the moment Fig. 4. The ground state
of inertia and the square of rotational rotational band in '6°YD.

frequency.



76

References

1) R. M. Lieder, H. Buscher, W. F. Davidson, P. Jahn, H. -J. Probst, and C. Mayer-Brorike:
Z. Phys., 257, 147 (1976).

2) H. Beuscher, W. F. Davidson, R. M. Lieder, and C. Mayer-Boricke: Phys. Lett.. 40B, 44
(1972); A. J. Hartley, R. Chapman, G. D. Dracoulis, S. Flanagan, W. Gelletly, and J. N. Mo:
J. Phys., 6, L60 (1973).

3) A. Faessler, F. Grummer, L. Lin, and J. Urbano: Phys. Lett., 48B, 87 (1974).

4) A. L. Goodman and J. P. Vary: Phys. Rev. Lett., 35, 504 (1975).




77

5-6. Populations of the Particle-Hole K Isomer and

the Ground State Rotational Level

H. Ejiri,* T. Shibata,* S. Nakayama,* and A. Hashizume

Recently we have found that particle-hole K isomer is populated strongly by (p, xnvy)
reactions with large input angular momenta per projectile nucleon, and that the ground band
rotational level with K = 0 is well populated by complex projectiles with small input angular
momenta per projectile nucleon. It provides firstly an evidence that excitations of states with
same spin but different K (microscopic structure) depend on the projectile velocity. We define the
K isomer ratio PK(J)/RO(J), where PK(J) and P,(J) are the population of the K isomer and the
ground band (K = 0) levels with the spin J. Here the P(J) is corrected for the contribution from
the isomer.

Population of isomers following (i, xnvy) reactions was previously investigated by various

authors.1)-2)

The K isomer ratios, PK(J)/PO(J), have been found to increase ') as the input
angular momentum ot the projectile increases for low incident energies because of the increase of
the fraction of large K levels which preferentially feed the K isomers according to the K-band
deexcitation model.?’

Therefore measurement of the K isomer ratios for two different mass projectiles with nearly
the same input angular momentum is crucial in order to establish the projectile (velocity)
dependence rather than the previously noted angular momentum dependence. In the previous
work the P8(8)/P0(8) were measured for the JTK = 878 particle-hole state (1832.5 keV) and the 8*8
ground band level (1278.5 keV) in '820s. They were excited by the (p, 4nvy) reaction with 40
MeV P, the (°*He, 3ny) reactions with 24 - 26 MeV 3He, the (a, 6nvy) reaction with 90 MeV ¢ and
the (!*N, p7n) reaction with 120 MeV '*N. The experiments were carried out by using the 3 He
beam provided from the Osaka Univ. energy variable cyclotron, and the @ and HI beams provided
from the RCNP cyclotron. From the view point mentioned above the best comparison can,
however, be made for the 40 — 50 MeV (P, 4nvy) data and 28 — 35 MeV (®He, 3n) data. The
(P, 4n) v reactions have been studied previously.?>4)  The latter reaction, however, has not been
studied although (*He, 3ny) reactions below that energy have been investigated at the Osaka Univ.
Dept. Physics, cyclotron. The RCNP cyclotron gives too high energy *He. Thus the IPCR
cyclotron is best suited for the purpose.

In the present work the isomer ratio Py (8)/Py(8) for the !®20Os was studied by using the (?He,
3ny) reaction at E = 31 MeV. The *He beam was provided from the IPCR cyclotron. Singles,
prompt and delayed v ray spectra were measured by two Ge (Li) detectors set at 125° and 235° to
the beam. We found the ratio Pg(8)/Py(8) = 0.210 = 0.020. The present isomer ratio and the

previous data?)®

are plotted in Fig. 1.

We found that the Pg(8)/P,(8) are almost constant for the complex projectiles with various
input angular momenta, and that the isomer ratios for protons are definitely larger than those for
the complex projectiles. The present result suggests that the 40 -- 50 MeV (p. 4n) reactions give
an effective K distribution exp ((K?/2K3) with a large K, = 5, while other complex projectiles give
the exp (-K? /2K(2)) with a smaller K, = 3.8 (see Fig. 1). The Pg(8)/P,(8) increases smoothly as the

*  Department of Physics, Osaka University.
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modified medium spin I’m defined as ZIP (I)/!
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Im (MODIFIED MEDIUM SPIN) 3.8 for other complex projectiles.

average input angular momentum per projectile nucleon (ji) increases. One might guess that each
nucleon of the projectile hits each paired target nucleon and has to transfer large angular
momentum to get a large K p-h pair. On the other hand complex projectiles transfer angular
momentum to many nucleons, each exciton having rather small J and K, and populate well

rotational levels with small K.

The present experiment is one of the works being carried out in collaboration with the Dept. Physics and RCNP inbeam

PEP group (Y. Nagai, H. Sakai, T. Itahashi, M. Hoshi, T. Kishimoto, and K. Maeda).
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5-7. Half-life of *¥Bi

M. Yanokura, H. Nakahara,* and K. Miyano**

The radioactive isotope ?°7Bi is widely used as a y-ray standard source. However, its
reported half-life ranges from 28 to 50 years.’"*) [n the method of determination of the
half-life by specific activity, one has to use data such as photon intensities per disintegration,
y-ray detection efficiencies which are likely to become source of large errors. Therefore, it is
advisable to find a method which requires as few auxiliary data as possible.

We propose a method which requires no knowlege of the number of the atoms of 2°7Bi.
the y-ray detection efficiencies and geometry. Figure | shows the partial decay scheme of
>11At relevant to the present work. The 570 keV level in 2°7Pb is fed both by alpha decay of

(uz) _ cosey) 32
9/20 I EC 2”At
7.23h
Mpy 053 |
Q, 7592 Q5581
512
1

712

1317 Fig. 1. Decay shemes of ?''At, *!'Po, and *°7Bi.
3 ‘ Only the levels related to the present work are shown.
517 The dashed level in 2! Po is the new level, but not
315

207pp discussed in this report.

211Po and by EC decay of 2°7Bi.  Since the half-life of 2' ' At(2! ! Po) is very different from the
that of 2°7Bi, the photopeak area ratio of A, and A,, which due to 2! 'Po and 2°7Bij,
respectively, can be determined from the analysis of the decay curve of the 570 keV ~v-ray. This

ratio satisfy the following equation.

A1(211P0) _ Ao Nobgea, (1)
A,2YBi)  A,Nyb,y,

where N, is the number of 2! ! At atoms at the end of chemical separation, b /by is EC/a ratio
of 21T At, «, is the branching ratio of the 6.868 MeV a-ray emitted from 2!'!Po, v, is the
intensity of the 570 keV y-ray per disintegration of 2°7Bi, and Ay and A, are the decay constant
of 2!V At and 2°7Bi, respectively.

*  Faculty of Science, Tokyo Metropolitan University.

**  TFaculty of Science, Niigata University.
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A metallic bismuth target (99.999% purity) about 1 mm thick was bombarded with o beam
of about 1 uA from the cyclotron for one hour to produce 2!! At through the reaction 2°°Bi
(o, 2n)2 11 AL

The alpha energy was set below 28 MeV so as not to produce 2'%At. The target was
dissolved in conc-HCI, and astatine was extracted into the organic phase by diisoproplether and
again back-extracted into aqueous phase by distilled water. An aliquot of the aqueous sample
solution was pipetted to a glass vial, and the decay of y-ray from 2!!Po and 2°7Bi populated by
the decay of 2! ! At were followed for several days by a heavily shielded Ge(Li) detector. A
thin bismuth target, which was vacuum-evaporated onto an aluminium foil, was also bombarded,
and reaction products recoiled out the target were collected onto a catcher foil. The a-ray from
211 At and 2!'1Po in the catcher foil were measured by a Si-detector.

The half-life of 2'! At was evaluated from the decay curves of the 897 keV photopeak and
7.868 and 7.448 MeV alpha peaks. The results of the least-squares analysis yielded 7.23 + 0.02 h.
The EC/a ratio of 21! At was calculated to be 0.583/0.417 from the measured spectrum.
Branching ratio of the three o decay from 2!!Po and « energies were determined. The results
obtained are shown in Table 1. The 570 keV v-ray, turned out to have two components in its
decay curve, from which we estimated the ratio of A1 /Az' The branching ratio of the 570 keV
vy-ray from 2°7Bi is taken from Ref. 5, since the decay schemes of 2°7Bi is well known.

The half-life of 2°7 Bi evaluated from Eqn. (1) was 33.4 * 0.8 years. The quoted error
was mainly due to the counting statistics associated with the photopeak area of the 570 keV
vy-ray emitted from 2°7Bi.

Table 1. Experimental results of energies and intensities of
the y-rays and a-rays.

Nuclide Half-life Ey (keV)  Ea(MeV) ~ 1“}§T;Sity EC/
201At 723+02h 686.7*0.48  (5.868) 417 +0.01 0.581/0.417
211pg (0.53 s) (569.7)  6.568 + 0.001 0.58 * 0.01

(897.3) 6.891 = 0.001 0.60 £ 0.01
(7.448) 98.82 £ 0.01

The parenthsized values were taken from Ref. §S.
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6. NUCLEAR INSTRUMENTATION

6-1. A Particle Identification Program for the On-Line Use

T. Nomura

A simple on-line program to identify mass and atomic numbers of heavy particles has been
made for the OKITAC 4500C (32 K core memories) data processing system. The code assumes
two different experimental arrangements for the particle identification (PI): (1) AE-E counter
telescope and (2) time-of-flight. For the first method, we used the empirical formula proposed in
Ref. 1, which was slightly modified and approximated by

Pl=nAE] (E4+0.49AE) /300] ", (1)

with n=1.84—0.046AE/T. (2)

Here, AE and E are pulse heights (in unit of MeV) from AE and E counters, respectively; T is
thickness of the AE detector, measured in unit of mg/cm? in the case of a Si counter. Eqn. (1)
turned out to show remarkable improvement for PI compared to a conventional electrical circuit
used for PI.  The principle of the second method is the same as described in Ref. 2. The above
two PI methods can be used separately, or if desired, can be combined together.

The program can be applied to experimental data taken in the coincidence mode with up to
four parameters stored on a disk pack in a event-by-event wise. This code is usually stored in
another disk pack as one of the utility programs of the PHA system, and can be called any time
during or after the data accumulation. “Gates” can be set on a calculated PI spectrum displayed in
log or linear scale in order to represent the corresponding energy spectra (AE, E and / or AE+E) and
other possible spectra depending on other parameters in coincidence. Inversely, gates can be set on
energy spectra and others to obtain the corresponding PI spectrum. The parameters for PI and
gates are inputed from the teletype and can be changed any time even during the data accumulation;
When they are changed, the calculation starts from the beginning of the data stored in the disk pack.
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6-2.

Energy Loss Curves

Determination of the Etching Rate Versus Restricted

in CN Films and CTA Films

by Using N-lon Beams

T. Doke, T. Hayashi,* T. Yanagimachi,** and I. Kohno

For determination of the flux of heavy charged particles with Z>40 in the primary cosmic

rays at the top of atmosphere in Japan, where the energy of the incident cosmic ray particles is in

the relativistic region, we have recently tried a series of balloon experiments using plastic nuclear

track detector arrays with a large detection area.!)"?)

In these experiments, the nuclear,charge of

cosmic ray particle passed through the plastic detectors was determined by measuring the efching

rate (Vy) of the particle track and by referring it to the curve of REL (restricted energy loss)*

versus Vt obtained by using known heavy charged particles.
One was a 190 um thick cellulose nitrate (CN, Daicel)

kinds of nuclear track detectors were used.

In the balloon experiments, three

film, the second, a 250 um thick cellulose triacetate (CTA, Fuji) film, and the third, a 200 um thick

polycarbonate (PC, Teijin) film.

these plastic films, the films were irradiated with N-ions of 6.43 MeV/n.

To obtain the curves (so-called calibration curves) of REL-Vt for

Two geometrical

arrangements of the plastic films used for the N-ion irradiation are shown in Fig. 1(a) and (b).

plastic film

6.43 MeV/n N-ion

Au-scatterer
(300 pg/cm?)

plastic film

6.L3MeV/n N-ion

Fig. 1. Two geometrical arrangements of
plastic films and the scatterer (Au-foil of
300 ug/cm?) for the N-ion irradiation.

For CTA and PC, films were enveloped in
16 um thick Al-absorber.
angle of the scattered N-ion to the plastic

films is 19° — 41°.

The injection

After N-ion irradiation, the plastic films were immersed in the solution of 6.0 — 6.7N NaOH,

which was kept at 30° or 45°C for various lengths of time.
track length (L(t)) for 6.43 MeV/n N-ion was obtained as a function of etching time (t).

Thus, the growth curves of the etched
From

* Science and Engineering Research Laboratory, Waseda University.

s FFaculty of Science, Rikkyo University.
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this grwoth curve, the REL-V, relation can easily be obtained. Calibration curves for CN and for
CTA thus obtained are shown in Figs. 2 and 3, respectively. In these figures, the results recently
obtained by using Ar-ions of 400 MeV/n from Bevalac are also shown.>)

As seen in Fig. 2, the result by N-ions is in agreement with that by Ar-ions within the
experimental errors.

In the results by Ar-ions,®) a remarkable difference in the response curve between the front
and back surfaces, of CTA was found, while, in the results by N-ions, no difference could be found
presumably due to large experimental errors. For N-ions, therefore, the mean values of V¢ in both
surfaces are shown in Fig. 3.  The curve obtained by using N-ions seems to be roughly consistent
with that by Ar-ions.

These results were used for the determination of the charge of particles detected in the
balloon experiments carried out in 1973 and in 1976.

The calibration curve for PC could not be obtained because of the short registration range of

N-ion.
60 T r v -
CN ] )
100f <N -ion 60N 30°C (1973) 1 CTA(1976) .
< Ar-ion 67N 30°C (1976) o N-ion 6.0N 45°C ’
50 T areion M) g o uste
B [ a (back)
80 o -
v 40
& % :
= i & 530 o
g ;lf E ,'/'
feop v
T } e 20
g i a S
i P A
207 7T 1 10 / v
3 .l . L‘l:j:-‘:':-
¢t A
: Z(£23GeVin) = 2(62 36evin1
30 /40 50 60 70 80 0 0 F0 so 70 86 90
Oo ‘ é I 4 5 B 0 2 4 6 8 10 12
REL (x10°MeV-cm?/g) RE L (510 Mevoeriig)
Fig. 2. V¢ REL(or Z) relations in CN. REL Fig. 3.V, REL(or Z) relations in CTA. The
in the relativistic region depends only on the solid lines are represented by the relation, V¢ =
nuclear charge (Z). The solid curve is represented  B-REL + €, where B = 2.81, C = 0.53 for the
by the relation, V= V {1 expi- A (REL front surface and B = 7.67, C = 22.1 for the
- RELC){], where A = 0.356, VO = 87.5 (um/h) back surface. respectively.

and REL, = 1.32 (x10° MeV-cm?/g).
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6-3. Target Chamber for Recoil-distance Lifetime Measurements

T. Katou, H. Kumagai, Y. Tendow,
Y. Awaya, and A. Hashizume

A target chamber for recoil-distance measurements of nuclear lifetime in the range from 1 ps
to 1 us was constructed. An outline of the chamber is described in this report.

A schematic diagram of the plunger apparatus and the electronics are shown in Fig. 1. The
beam from the cyclotron enters the target chamber and passes through the collimators and
focusses at the target. The stopper foil is held firmly in position by a holder which is electrically
insulated from a support attached to the base of the chamber. The equipment for controlling the
linear movement of the target is also mounted on the same base of the chamber in order to reduce
the possible relative movement between the target and the stopper when the chamber is evacuated
or the room temperature changes. The linear movement of the target is provided by a sliding
stage moved by a pulse motor (240 pulses correspond to 1 um).

The control system has the following functions: a) setting of the direction and distance of
movement: b) detection of the touch of the target to the stopper: c) detection of the maximum
limit of the movement.

To measure the distance of movement the output pulses from a commercially available
“MAGNESCALE” are counted by UP/DOWN scaler or the advance pulses to the pulse motor are
counted.

A MAGNESCALE graduated to 1 um is used to measure the distance between the stopper
and the target foil. The zero distance determination can be done in the same way as in Ref. |
with capacitance method. Figure 2 shows an example of a plot of C!versus the MAGNESCALE
reading. The expected linear relation is found. The target was able to approach to the stopper
within 5 um. For a typical recoil velocity of 1% of the light velocity and a lifetime of 1 ps, the
mean path is about 3 um. The capacity is also used to monitor the thermal expansion of the

system when the beam is present.
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Fig. 1.  Schematic view of the plunger apparatus. Fig. 2. A graph giving C™! vs the
distance.
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The procedure adopted for pre-aligning the target parallel to the stopper surface is to adjust
the reflected laser lights from the stopper and the target using an adjuster.

The foil-stretching technique is consisted of pressing an area of foil with a frame over the
circular end of a cylindrical tube and further stretching the foil surface from the opposite direction
with a metal insert which slides inside the tube. This double stretching technique improves a flat
foil surface and eliminates nonuniformities at the edge. The frame for mounting the foil is shown
schematically in Fig. 3.

Figure 4 shows an example of interferogram of gold target foil obtained by a He-Ne light with
wavelength 663 nm. The height difference between neighboring fringes is half a wavelength, that
is, 0.3 um.

The test experiments using HI beam are now in progress.

(@ (b) (] it 2
]
]
0 1 2 3 4
L 1 | I —|
Scale in cm.
Fig. 3. A schematic diagram of the Fig. 4.  Interferogram of a gold target foil.

mounting frame: a) locking nut; b)
stretching insert; ¢) mounting frame;

d) pressing frame.
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6-4. Gas ~E-E Telescope for the Particle |dentification of Heavy lons

M. Yanokura. [. Kohno, T. Motobayashi,
H. Nakahara,* and K. Yamakoshi**

One of the most common techniques for the particle identification is the AE-E method. where
AE is specific energy loss and E is total energy. For the detection of light particles with Z<9
solid-state detector telescopes are widely used, while Gas detectors are used for the dE/dX
measurement at low energy of heavier particles. Both ionization chamber and proportional counter
have been used as the gas detectors. General advantages of the gas counters are the following: (i)
by adjusting the gas pressure the thickness of AE detector can be varied, according to the
requirements of a given specific experiment; (ii) the homogeneity of the gas AE detector can be
better than 1%. On the other hand, the gas detector have some defects. First is the difficulty in
handling the gas flow system and the mechanical weakness of the window material. Second,
resolution of AE spectrum is affected significantly by the uniformity of the electric field.

Photograph of the gas counter was shown in Fig. 1. It has three advantages: (1) Various
length of outer tube of AE detector can be selected; (2) A thin window film can be easily
exchanged without changing the counter setting; (3) The same counter can be used as an ionization
chamber and a proportional counter, only by exchange of the anode parts. A simplified diagram
of the telescope was shown in Fig. 2. The outer tube of gas counter, entrance housing and SSD
housing are machined from brass. The grid and anode are made of Au-coated tungsten wires of
10 um. These wires are parallel to the trajectory of the particles. The outer tube. grid and anode
are mounted on insulators. The space between outer tube and anode is 20 mm and between grid
and anode is S mm. The entrance window is made from VYHH film, copolymerization resin of
90% Vinyl acetate and 10% Vinyl chloride, of 10-30 ug/cm? thickness. Typical outer tube length

is 70 mm. The entrance window is 1.5 X 5 mm and can safely support a gas pressure of 42 Torr.

: B
Beami— : 9) I3
m%

anode

B RN A D RS RS

Outer tube ™

L s N " g

0 50mm
Fig. 1. Photograph of the gas AE - E Fig. 2. The gas counter. Typical length
counter. The gas pipes, magnet and of the counter was 115 mm.

shielding wall are set.

&

Tokyo Metropolitan University.

¥*  Cosmic Ray Laboratory, The University of Tokyo.
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Gas flow system is shown in Fig. 3. The gas counter was operated with a steady flow of PR
gas containing of 90% argon and 10% methane. The gas pressure was stabilized with the mass
flow controller and a reservor of large volume. For gas pressure 7 to 30 Torr, the stability was
better than 1% over a time of 12 h. The pressure was measured by an alphatron vacuum guage
and monitored throughout the experiment,

The test experiment were performed with a 82 MeV carbon beam from the cyclotron. The
target was a self-supporting **Cr foil. A 1 mm thick Si-detector was used as a E counter. For
AE detector the proportional counter was used with operating gas pressure of 17 Torr, window
thickness of 20 ug/cm? and operating anode voltage of 150 V. As is shown in a 2E spectrum
gated with a constant E (Fig. 4), light particles are reasonably resolved by these conditions.
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9| I ¥ |
‘ c Sécr o s2Mev 2c g 227
| 4
‘(/)_‘uc"\)' l'i
5 LB 15
38 k Lo
'
u ! L‘ i Recoil
[ B F{ l} | l F Ne Na Mg Al Si
O 1
[ A B l [ ! ' s oy
I o W " ’l‘ql b MHJ] “FTHL‘«
e - i U * ) i \
OLJ i, b Il N” ,“"“‘er “'P‘f"»'lil-il”‘lij'i-wnm‘imm.-‘-.'.-L'ft, ot el L fx'x Al o
0

200 w0  Channel 600 800 1000

Fig. 4.  One of the typical AE spectrum.
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7. ATOMIC AND SOLID-STATE PHYSICS

7-1. Energy loss and Straggling of C and He lons in Metal Foils

T. Takahashi, Y. Awaya, T. Doke, T. Hamada, A. Hashizume,
K. Izumo, H. Kumagai, T. Tonuma, and S. Uchiyama

According to Ashley, Ritchie and Brandt,l) and Jackson and McCarthy,z) the energy loss of
a heavy particle of charge Z, e and velocity v = B¢ can be written as

dE _zikazy

dx
where J/K is a small positive quantity, of the order of a few hundredths for 8 = v/c = 0.1. To
test the Z} dependence, we made preliminary experiment on Al, Ni, Ag, Au, and Pb foils, using C
and He ions of 0.10<$<C0.11. Results are shown in Table 1 and Table 2, where interpolated
values from Northcliffe and Schilling’s data®’ are also shown. Our data are in accordance with
Northcliffe and Schilling’s data within the experimental accuracy, except for Pb. Because of
experimental errors, no conclusion can be drawn about the Z3 dependence, but it seems somewhat
smaller than that predicted by the theory. Experiments at higher energies, where the zZ3
dependence is expected to be more clearly observed, are now in progress.

According to Sofield et al.. ¥ energy straggling ot 5.486 MeV He ions in Al is in excellent
agreement with the Bethe-Livingstone theory.®)  Our results on the straggling of 22 MeV He ions
show 20 — 40% larger values than those predicted by the theory. The reason for this is not
explained yet.

Table 1. Electronic stopping power of C ions in units of MeV/(mg/cm?).

Material Energy (MeV/nucleon) Our experiments Northcliffe and Schilling
Al 5.301 1.953 £ 0.018 1.96 £ 0.02
Ni 5.273 1.597 + 0.021 1.60 + 0.02
Ag 5.288 1.260 + 0.015 1.27 £ 0.02
Au 5.082 0.956 £ 0.017 0.98 = 0.01
Pb 5.345 0.974 = 0.025 0.92 £ 0.01

Table 2. Electronic stopping power of He ions in units of MeV/(mg/cm?).

Material Energy (MeV/nucleon) Our experiment Northcliffe and Schilling
Al 5.295 0.222 £ 0.002 0.219 + 0.002
Ni 5.273 0.179 £ 0.004 0.180 + 0.002
Ag 5.300 0.145 £ 0.004 0.141 £ 0.002
0.108 + 0.002

Au 5.076

0.107 £ 0.003
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7-2. X-Rays Following Multiple Inner-Shell lonization (1)

Y. Awaya, T. Katou, H. Kumagai, T. Tonuma,
Y. Tendow, K. Izumo, T. Takahashi,
A. Hashizume, M. Okano, and T. Hamada

The dependence of the Ka X-ray spectrum pattern on the incident energy (E) of the projectile
has been studied by exciting a Ti target with N ions of 66, 71, 84, 95, and 108 MeV and C ions of
61, 72, and 82 MeV. The dependence on the atomic number of the projectile (Z,) has also been
studied by exciting the Ti target with 6 MeV/amu « particles, C, N, and O ions.

The o particles. C**, N** (N** for 108 MeV) and O%* ions were accelerated by the cyclotron.

The Ti target was a self-supporting metallic foil. Its thickness was 1.35 mg/cm? except for the

case of 95 MeV N-ion bombardment where a foil of 1.8 mg/cm? was used.
at 60° with respect to the beams.

than 6% of the incident energy.

The target was placed
The estimated energy loss of the projectile in the target is less
X-rays were measured with an automatically controlled step-
scanning Bragg crystal spectrometer!’:?) employing a flat crystal of LiF (200). The detection
system of the scintillation counter (SC) was used in most of the measurements. When the X-ray
yield was not enough to use SC, the detection system of the proportional counter (PC) was used.

Energy (keV)
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X107
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Fig. 1. Ti Ka X-ray spectra excited by N ions of the
indicated incident energy.
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The efficiency of the spectrometer utilizing PC system is ten times larger than that utilizing SC
system for Ti K X-rays whereas the resolution of the former is worse than the latter. This
dependes on the angular divergence of the Soller slit and the absorption of the X-rays by the
Mylar window of the chamber!”?) besides the efficiency of each counter.

The spectra of Ti Ka X-rays induced by 66, 71, 84, 95, and 108 MeV N-ion impact and those
induced by 6 MeV/amu « particles, C, N, and O ions are shown in Figs. 1 and 2.
denotes the m K-shell and n L-shell vacancies in the initial state.
spectra were also measured. They are shown in Fig. 2.
peak means that the peak belongs to Ko or Kf transition.

The analysis of the spectra will be made in part (II).

Symbol KMLI
For some cases the K§ X-ray
The symbol « or § attached to each

T — | Fig.2. Ti K X-ray spectra excited by
" 20 (deg) - 6-MeV/amu « particles, C, N, and O ions.

References

1) Y. Awaya, Y. Tendow, H. Kumagai, M. Akiba, T. Katou, and T. Hamada: IPCR Cyclotron
Progr. Rep., 9, 79 (1975).

2)  H. Kumagai, Y. Awaya, Y. Tendow, T. Katou, and M. Akiba: Reports I.LP.C.R., (in Japanese),
53,153 (1977).



93

7-3. X-Rays Following Multiple Inner-Shell lonization (2)

Y. Awaya, K. Izumo, T. Hamada, M. Okano, A. Hashizume,
T. Takahashi, Y. Tendow, H. Kumagai, T. Katou, and T. Tonuma

The previously reported data!’ on the dependence of K X-ray spectrum pattern on the atomic
number of the target element (Z,) as well as the present data described in part (1) are analysed.

(1) The diagram and satellite X-rays

Relative peak intensity obtained for N-ion bombardment are shown in Fig. 1 and those for
C-ion bombardment in Fig. 2. In Fig.2, data at lower energies and the result of theoretical
calculation, in solid curves, are those of Hill et al.?)

By assuming that there is no correlation between electrons and that the probability for
ionizing each sub-shell electron of the L shell is the same, the ionization cross section of m K-shell
and n L-shell electrons o i p is given by the following expression,3)4)

T = | PRI 1= Pa®)T ™ (I PIB)1 Pub)]* " 2abah, (1)

where PI(b) is the probability of single ionization for the I shell with N electrons, b is the impact
parameter and (I)\(J) is the binomial coefficient. For the expression of single K-shell and n L-shell
ionization cross section O1K.nL’ @ factor [1 - PK(b)] is approximated to one and, in the region
where Py (b) # 0, Py (b) is almost constant and can be approximated by Py (0).  Then,

G = CVPROT PO T 2& Py(b) 27bdb - (T (O [1-P (O] "0, (2

E (MeV/amu) Target element
5 6 7 8 Ni Fe Cr Ti
T T T T T T T T
T £,=84MeV
aof N . 50| v
K
' +
30r ’ 40p L
’ >
= o 3
= ‘6 g K
S 2of S 30+ .
5 T < = l l
k- ]
< a0 b e P b KL = a0F T | * KL
o o
] kS
« 30F v 30k
g 'ty . g .o
< 0 . K2 a ‘ ¢ KL
L[]
101~ L2 1ok . '
* ¢ N . KL3 . . s [ KL3
oL | | | | 0 I ! I |
5 6 7 8 9 4 5 6 7
E/ A £/
Fig. 1.  Percent of total K« intensity in the diagram line and satellites vs.
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the Ti, Fe. Cr.and Ni targets were bombarded by 84 MeV N-ions.
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the diagram line and satellites vs. energy of
per amu of projectile for C-ions. The open

circles and solid curves are taken from Ref.2.

The relative intensity of KL™ X-rays lias been converted to the relative ionization cross section
by using the calculated fluorescence yield wy;n. The value of wg;n was calculated by a statistical
scaling procedure by assuming no initial M-shell vacancies and by using values of radiative transition
probability calculated by Scofield®’ and those of Auger transition probability by Kostroum et al.®)
The estimated values are listed in Table 1. From the relative ionization cross section for each KL
configuration, the parameter P (0) has been determined by the least square fitting. It was found
that the curve uL2 PL(O)/Z1 2 ys. E/)\uL shows the same relation which can be applied universally as
is obtained for single inner-shell ionization, where uy is the binding energy of the L electron and
N is the mass of projectile in electron mass unit. The result is shown in Fig. 3.

Table 1. Scaled K-shell fluorescence yield wygn of Ti, Fe, and Zn for
various combination of 2s (n;) and 2p (n,) vacancies (n = n;
+ n,). Interpolated values are used for Cr and Ni.

nl\nz 0 I P 3 4 5
0 0.194 0.197 0.197 0.189 0.168 0.118
Ti {1 0257 0272 0.286 0.296 0.295 0.252
P 0.324 0352 0.383 0.418 0.450 0.447
0 0319 0.325 0.327 0319 0.291 0.217
Fe {1 0.395 0.414 0.433 0.448 0.449 0.400
p 0467 0.499 0.533 0.570 0.604 0.603
0 0.453 0.461 0.467 0.460 0.431 0.340
Zn |1 0.532 0.553 0.573 0.590 0.593 0.547
2 0.598 0.628 0.661 0.694 0.724 0.726
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(2) The hypersatellite X-rays

The relative intensity of hypersatellite to the diagram plus satellite lines, OX(K2 )/UX(K),
increases with either the increase of E or the decrease of Z,, when Z, is constant (N-ions). It is
found that when the values of OX(K2 )0, (K) are plotted against the reduced parameter E/\uy,
these two kinds of points, one with increasing E and the other with decreasing Z, . are connected
smoothly as is seen in Fig. 4, where ug is the K-electron binding energy of the target atom. The
points marked by atomic symbols were obtained for 84-MeV N-ion impact to the corresponding
target element and those without the marks are for bombardment of the Ti target with N and C
ions of corresponding value of E.

The plot of ox(Kz)/ox(K) vs. Z,? is shown in Fig. 5. This result shows that the value of
oX(KZ)/oX(K) is proportional to Z,%. Since the value of 04 (K) is proportional to Z 2 as
long as the ionization is caused by the direct Coulomb interaction, this shows that the value of
0, (K?*) is proportional to Z,*.  This fact provides another evidence of Z,*-scaling for double
ionization of K shell obtained by Kawatsura et al.”’
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0.03F ; /
z ; 0.03+ /
E‘ § i g /"
= } ) Q 'Y
< 5 o = 0.02F ’
= 0.02f < y
g % = /
= /
] © /
e N-ions 0.01F //
3 O C-ions /
//
0.01 1 ! l l l 0.00 4 1 | |
0.4 0.5 0.6 0.7 0.8 4 16 36 49 64
E/s Aug Z\Z
Fig. 4. Total K?L"«X-ray intensity relative to Fig. 5. oX(K2 )/OX(K) as a function
total KL"aX-ray intensity vs E/MAuy. of 72.
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7-4. Gas Target System for Study of X-Rays Induced by Heavy lons

T. Tonuma, Y. Awaya, T. Kambara, H. Kumagai, and I. Kohno

A gas target system equipped with gas cell was made and used in the study of K x-rays
induced by ions. It is advantageous in our case of using the cyclotron beam to employ a closed
gas target system equipped with windows because of following reasons: 1) thickness of gas target
is easily controlled and also it is easy to get high pressure that can not be attained by a differential
pumping system; 2) after passing through a window, heavy ions (C, N) accelerated by the cyclotron
are almost naked ions. Therefore, an initial charge state of heavy ions are regarded as a fully
stripped charge state.

Figure 1 illustrates the gas cell and the gas feeding system. Two windows through which the
beam passes are covered with 7 um thick aluminium foils and the other window facing an x-ray
detector with 50 um thick beryllium foil. Each window has a diameter of 12 mm. The vessel
itself is made of aluminium. The cell is able to withstand the gas pressure of about 300 Torr
when placed in vacuum. The pressure was monitored by an a-tron gauge throughout the
experiment. The size of the beam spot was less than 3 mm in diameter at the entrance window.
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Fig. 1.  Gas target and gas feeding system. Fig. 2. The Kr K X-ray spectrum induced by
84 MeV N-ions measured with a Si(Li) detector.



97

The x-rays from the gas target, emitted by the beam bombardment, were detected by a
Si(Li) x-ray detector? and by a Bragg crystal spectrometer.?)

The first example of the x-ray energy spectrum obtained by using this gas target system is
shown in Fig. 2. The K, and Kﬁ spectra from a Kr gas target induced by 84 MeV N-ions were
measured using the Si(Li) detector which was placed perpendicular to the beam direction. Air

space of about 7 mm existed between the window of the target and that of detector. Each

window was covered with 50 um Be foil. The pressure of the Kr gas was kept at 4.0 Torr during

the measurement. In the low energy region of x-ray spectra continuous background was observed.

This may be due to the bremsstrahlung induced by recoil electrons created by the projectiles in
the target and windows."

The second example of the x-ray energy spectrum is shown in Fig. 3.
satellite line spectra of Ar gas target induced by 84 MeV N-ions were measured by the Bragg
crystal spectrometer, which had a Ge(l111) crystal and a proportional counter. In the measurement,
Bragg angle(260) was increased by steps of 0.05° after counting was done for integrated current of
1.5 uC at each step. The beam current was about 10 nA up to 15 nA. The pressure of Ar gas
varied from 203 Torr to 210 Torr during three and a half hours required for the measurement.
Each peak in the figure is labelled by symbol KL™ which denotes the corresponding initial

configuration having one K-shell vacancy and n L-shell vacancies.

The K, diagram and

E (kev)

x103

Counts

Fig. 3.  The Ar K« X-ray spectrum

| i | ‘ induced by 84 MeV N-ions measured

76 77 78 79 8C 81
20 {deg) with a Bragg crystal spectrometer.

Using the Si(Li) detector, the yield of Ar x-rays was determined with and without a magnet
which suppressed secondary electrons emitted from an Al foil window by the beam bombardment.
From the measurement it was found that the secondary electrons created little Ar x-rays. The
yield of x-rays created by ~y-rays emitted from an Al foil might be also negligible because the cross
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section were very small. The determination of target thickness requires the knowledge of the

temperature as well as the pressure of the gas. However, it is difficult to know the exact
temperature of gas during the experiment because the temperature may rise locally due to heating
by the beam. Heance, the x-ray yield or the elastic scattering yield will have to be monitored by
another counter instead of measuring the temperature.” The ratio S/N was rather unsatisfactory
as shown in the figure. Improvement of the S/N ratio is being tried.
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7-5. Chemical Effect in X-Ray Spectra Produced by Fast lons

M. Uda, K. Maeda, Y. Awaya, M. Kobayashi,
Y. Sasa, H. Kumagai, and T. Tonuma

X-ray emission spectra induced by 84 MeV N** 72 MeV C**| 24 MeV He?*, and 6 MeV H* ions
generated in the cyclotron were measured with an on-line Bragg spectrometer. ! Integrated beam
current was kept constant for each angular setting. Target materials used here were in the form of
thin films, thickness of which was in the range of 1-5 mg/cm?. Insulators were made conducting by
coating with a thin layer (200 R) of carbon.

The present study deals with chemical effects reflected in X-ray spectra emitted from F, Na, S, Fe,
Ni, and Cu in different kinds of chemical environments. Target materials used for this purpose were
205,
CuZS, N32 SO4, Al and A1F3, and (2) for transitions between inner shell and valence band such as (a)
F Ka, Na Ko, Al K@, S KB, Fe KB, and Ni Kg; NaF, Na, AlF,, AlF,, (CF,),, NaSCN, Na, S,0,, Cqu,
Na2504, Al, Fe, o-Fe, O,, Ni, and NiO, and (b) Fe La,B, Ni Lo, and Cu La,f; Fe, FeO, a-Fe, 0,,
Ni, NiO, Cu, Cu, O, and CuO.

The centroid energies and intensities of X-ray lines in FF Ko and Na Ko spectra were determined

as follows: (1) for transitions between inner shells such as Fe Ka, S Ko and Al Ka; Fe, a-Fe

by least-square fitting of the multiple Gaussian curves to the overlapping peaks.
S Ka and K@ spectra obtained from Cu, S and Na,SO, are shown in Fig. 1. K™L"« denotes K«
spectra emitted from S atom with mK and nL vacancies at the initial state. Same is true for KL Na.
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The spectra in KL« region are, both in intensities and centroid energies, quite similar to each other.

On the other hand, somewhat different intensity distributions can be seen in K region. If

components of K2 LM« named hypersattelite could be subtracted from this region, difference in KL"B

spectra in these two compounds would readily be noticeable. This is because the number of electrons

in 2p level which are responsible for KMI, Ny emission is the same but that in 3p responsible for the

emission of KLIg is different in these compounds.
Marked difference in Le, , and LB, band spectra modified with the high energy satellites from

the metals and the oxides can also be seen in Fig.2(a)--(c). No appreciable difference in Ka and K@

spectra between Fe and oz-Fe203, and also between Ni and NiO could, however, be observed under

our experimental condition.
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Fig. 2(a)(c). Loy, and LB, band spectra of Fe, Ni, and Cu
taken from Fe, FeO, and Fe,O;(a), Ni and NiO(b), and Cu and
Cu, O(c) which were induced by 84 MeV N*.  RAP(001) and

the proportional counter were here employed.

The centroid energies and the relative intensities of F Ka and Na Ko spectra are summarized in
Tables 1 and 2. The bonding effect is clearly reflected in F KL« spectra but is indistinct in Na Ko

Study to get the relationship between the intensity distributions of the satellite lines and ionic

characters of the compounds used is under way.
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Table 1. Centroid energies, full width at half maxima (FWH) and relative intensities of F Ko spectra
induced by 84 MeV N** 72 MeV C**, 24 MeV He?*t and 6 MeV HY.

KL?« KL Ko™ Ka®@”

s

Target Energy FWHM [ Energy FWHM 1 Energy FWHM 1 Energy FWHM 1

—

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

[ NaF 6848 34 85 680.1 2.5 149 676.3 2.3 100 673.8 3.6 17

N+ NayAlF, 6848 3.7 70 6799 2.8 120 6764 2.6 100 674.1 4.0 31
AlF; 684.6 38 63 680.1 2.9 &9 6769 2.8 100 6739 35 36

| teflon 683.8 38 44 679.6 29 58 676.6 2.5 100 674.1 35 38

[ NaF 6844 34 57 6797 2.6 145 6759 2.0 100 6738 3.0 23

ot NajAlF, 6846 3.7 53 679.6 2.6 94 6762 2.6 100 6739 3.6 35
AlF; 6844 40 54 6798 2.8 80 676.6 2.7 100 673.8 3.6 46

| teflon 6843 40 32 6800 3.2 48 676.6 2.6 100 673.7 3.6 34

NaF 684.5 3 7 680.0 2.7 60 676.1 2.1 100 674.1 32 35

He?+ Na;AlF, 6844 4 10 6799 23 37 676.3 2.8 100 673.8 4.2 50
AlF, 683.6 7 14 680.1 2.8 33 676.7 2.9 100 6737 4.1 67

| teflon — - - 679.5 2.4 30 676.6 2.4 100 673.7 5.1 75

[ NaF 684.1 3 6 6799 24 48 6759 2.0 100 6743 5.0 35

H NasAlF, 684.1 4 9 6798 24 38 676.3 2.5 100 6738 32 39
AlF; 683.5 4 11 680.1 2.2 27 676.8 2.6 100 6738 34 54

| teflon — — — 6796 3.0 31 676.8 2.3 100 673.8 34 43

* Ko spectrum is splitted into two components, Ko and Ka? | caused by formation of molecular orbitals.

Table 2. Centroid energies, full width at half maxima (FWH) and relative intensities of Na Ko spectra
induced by 84 MeV N4t

KL%« KL« KL%« KLe Ko
—_—— — — —— — v ,
Energy FWHM 1  Energy FWHM 1  Energy FWHM 1 Energy FWHM I  Energy FWHM 1

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

NaF 1076.1 60 6 10672 59 53 1057.5 5.6 121 1049.5 45 116 1042.0 52 100
Naj; A1F, 10763 58 7 1067.0 59 52 1057.5 S6 111 10495 44 116 10422 5.2 100
Na, SO4 10759 58 7 1067.0 57 52 1057.5 5.6 117 10495 46 122 10420 49 100
NaSCN 10766 59 7 1067.0 59 52 10574 5.6 128 10495 46 114 1042.0 52 100
Na, S, 04 1076.1 5.1 11 1067.0 5.5 53 1057.7 5.6 121 1049.5 4.6 130 10422 5.1 100

Reference

(1) Y. Awaya, T. Tendow, H. Kumagai, M. Katou, and T. Hamada: IPCR Cyclotron Progr. Rep., 9,
79 (1975).



7-6. Llattice Location of Ni Atoms Implanted into Al

E. Yagi, A. Koyama, H. Sakairi, and R. R. Hasiguti

The problem about interstitial sites in f.c.c. metals is fundamental one in lattice defects. In
the present work, the location of nickel atoms implanted into aluminum was investigated by means
of backscattering. It is expected that the implanted nickel atoms occupy the interstitial sites
because nickel has only small solubility in aluminum. If it is the case, the information on the
interstitial site will be obtained from the determination of nickel atom location.

Aluminum single crystals were electropolished and annealed in vacuum at 550°C for 7 h.
The 180 keV Ni implantation was carried out at room temperature with a dose of 2 X 106
ions/cm?. Channeling effects were investigated with respect to <100> and <110> axes by means
of backscattering with 4.8—5.8 MeV protons accelerated by the cyclotron.

collimated to have divergence less than 0.019°.

The beam was

The irradiated area was 0.2 mm?, and the beam
current was about 0.5 nA. The backscattered protons were measured by a surface-barrier solid
state detector (FWHM~15 keV) placed at a scattering angle of about 150°.
seen by the detector was about 9°wide.
during the channeling experiment.

The scattered cone
The target specimen was maintained at room temperature

In order to investigate the location of the implanted nickel atoms an angular scan was
performed through <100> and <110> axes. Figure 1 (a) shows the normalized backscattering
yields X from nickel and aluminum atoms as a function of the angle # between the incident beam
direction and the <100> axial direction. Figure 1 (b) shows the results for the <110> axis.

The backscattering yield from nickel atoms shows a dip with minimum yield Xmin ©f about
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Fig. 1.  Normalized backscattering yield from Ni and Al atoms as a

function of the angle 6 between the incident beam direction and the
<100> axial direction (a), and the <110>> axial direction (b).
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0.62 for the <100> axis, while a double peak for the <110> axis. The <100> Ni-dip has the
same half-width at half-minimum as that of the Al-dip. The double peak results from the flux-
peaking effect and indicates that nickel atoms are located at interstitial sites. These experimental
results suggest that the nickel atom occupies the interstitial site displaced from the normal lattice
site in an aluminum crystal by the amount of about one fourth of the lattice constant in the
<100> direction. In the <110> angular scan, an Al-dip has also fine structure consisting of a
small double peak at its center. As in the case of nickel, this result suggests the presence of
aluminum atoms displaced from normal lattice sites by nearly the same amount in the <100>
direction. The interstitial nickel atoms displace aluminum atoms at normal lattice sites into

interstitial sites.
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7-7. Damage Production Rate in TiO, as Measured
by Channeling Method

E. Yagi, A. Koyama, H. Sakairi, and R. R. Hasiguti

The damage production rate of interstitials in TiO, was investigated by channeling method.!)
Our previous channeling experiments” indicated that in a nonstoichiometric TiO, _, crystal main
defects are Ti interstitials and they are located along the [001] mid-channel axis. In the [001]
angular scan of backscattered protons from Ti ions a small peak due to Ti interstitials was observed
at the center of the Ti-dip.

In the present work. experimental details are the same as those described in the previous
paper.?)  The channeling experiment was carried out with 5.77 MeV protons. The effect of
radiation damage by incident protons was investigated. At large irradiation dose, the stoichiometric
crystal was colored slightly blue and the increase was observed in both normalized backscattering
yield Xo from Ti ions and that from O ions when measured for incidence parallel to the [001]
axis. Thus the dose dependence of such increase &X, was measured by the following procedure.
After the measurements of X, , the irradiation was carried out in the random direction with respect
to the [001] axis. This process was repeated successively. Figure 1 shows the increases X,
obtained for scattering from Ti ions and from O ions at depths between 4000; and 700010\. The
increasing rate of &X, is 1.8 X 10 ' /(particles/cm?) for Ti-dip and 7.9 X 10 19 /(particles/cm?)
for O-dip. These increases of X, are attributed to the production of Frenkel pairs of Ti ions and
that of O ions, respectively.

As previously reported.?) the normalized beam flux density amounts to about 4.2 at the
center of the [001] channel as a result of flux-peaking effect. Using this value, the damage
production rate of Frenkel pairs for Ti ions can be estimated to be about 4.4 X 10729 /(particles/
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cm?) in atomic fraction. This is of the same order of magnitude as that obtained in Cu for
irradiation with 4.9 MeV protons at liquid-helium temperature by electrical resistivity measurement
ji.e.~1 X 10 20 /(particles/cm?)!.>)  For O ions the damage rate cannot be estimated exactly
since the location of interstitial oxygen ion is unknown. But its lowest limit is estimated to be

1.9 X 107 ? /(particles/cm?), because the normalized beam flux density can be considered to be
less than 4.2 at any sites other than the center of a [001] axial channel.
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7-8. Perturbed Angular Correlation of ¥-Rays
Emitted from '"'Cd in NiFe,O,

H. Sekizawa, K. Asai, T. Okada,
N. Sakai, N. Shiotani, and E. Yagi

It is well known that large hyperfine magnetic fields are observed at the nuclei of
non-magnetic ions in a magnetic material below its magnetic transition temperature. Since the origin
of the hyperfine magnetic fields at the nuclei is the electron-spin polarization induced by the
neighboring magnetic ions, the investigation of the hyperfine magnetic fields at the nuclei of
non-magnetic ions supplies important information about the cation=cation magnetic interactions.
In a previous report we presented experimental data on the time-differential perturbed angular
correlation (PAC) of y-rays emitted from g in NiFe, O, at room temperature.!’ According
to our results, the hyperfine magnetic field at 1! Cd is distributed around 93 kOe at room
temperature. In this report we present similar experimental data at 110K and discuss the origin
of the distribution of the hyperfine magnetic field.

The procedure of sample preparation and the setup of the counter and magnet system were
the same as that described in the previous report. The sample was packed in an aluminum tube.
The normalized anisotropy of the coincidence counting rates R(t) is shown in Fig. 1. Definition
of R(t) is as follows:
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° 1) - W(180°, t
R(t)=w(90’) ( ’)y

W(90°, t) + W(180°, t)

where W(0, t) denotes the coincident counts, § the angle between the two cascade y-rays, t the
time interval between these y-rays. The physical meaning of R(t) is as follows: R(t) oscillates
with the frequency twice the Larmor frequency of the hyperfine magnetic field perpendicular to
the plane defined by the two cascade vy-rays. It is shown in Fig. 1 that the amplitude of R(t)
decreases as the time interval increases. The decrease of the amplitude can be ascribed to the
distribution of the hyperfine magnetic field at the ''' Cd nuclei. If we assume a Gaussian
distribution of the hyperfine magnetic field f(H) « exp [-(H - Hy)?/(\/2AH)? ], then, H, = 96
kOe and 2H = 17 kOe are obtained from the computer fits of 110K spectrum. These values are
nearly the same as those at room temperature except that H, at 110K is a little larger than that
at room temperature. Figure 2 shows the distribution of the hyperfine magnetic field at '11Cd
(our results) and '3 In (Ref. 3).
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We are interested in the origin of the distribution of precession frequencies Anw. In* ions
occupy preferentially tetragonal (A) sites (~80%) according to the magnetic measurement.3)
In* ion at A site is surrounded by twelve B site ions. Each B site is considered to be occupied
at random by Fe3* or Ni** ion. The hyperfine magnetic field of non-magnetic ion at A site is
contributed mainly by the neighboring magnetic ions at B sites.?>»3) The contribution of Fe3*
ion and that of Ni** ion are considered to be different. The fluctuation of the number of the
neighboring Fe®* and Ni?* ions on the B sites will produce the distribution of the hyperfine field

at "'Cd. This is an important mechanism to account for the distribution of precesssion
frequencies. If we assume that situations are not much different between In** and Cd**, simple
considerations lead to an expected apparent width AH of 24 kQe for Cd?*, which is a little smaller
than the experimental value of 40 kOe.

In the above discussion we considered only the distribution of magnetic fields. It is reported
that a quadrupole splitting is observed in the Mossbauer spectra of *” Fe nucleus at A site in
NiFe, O, in the paramagnetic region. Its value is 0.37 mm/sec. If we assume that electric field
gradient of the same magnitude acts on '!'Cd nucleus, then, the quadrupole frequency will be
6 X 107 rad/sec. This quadrupole effect in polycrystalline sample can give rise to an apparent
width of the hyperfine magnetic field comparable to the observed one.
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Further studies on the effect of the electric quadrupole field to the PAC spectra are in
progress. It seems to be necessary to investigate the PAC spectra in the paramagmetic temperature

range.
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7-9. On the Use of “V Source for the

Study of Positron Annihilation

K. Hinode, S. Tanigawa, M. Doyama,* and N. Shiotani

For the positron lifetime measurement, the birth signals of positrons are required, so that
not all the 8* decay nuclide can be used as a positron source for the lifetime measurement.
Fortunately, the disintegration scheme of 4®V enables one to perform the lifetime measurement
in addition to the y-y angular correlation and Doppler broadening measurements. As the birth
signal, one of the two y-rays with energies of 1.31 and 0.98 MeV emitted from excited states of
*8Ti can be used. (Fig. 1.)

The *He bombardment of 0.1 Coulomb (E3p, = 30 MeV) created 48y of about 10 uCi in a Ti foil
with the thickness of 1 um through the nuclear reaction Ti (° He, pxn)48V. (Fig. 2.)

This source is superior to the usual 22 NaCl source in various points. 1) The fraction of the
annihilation in the source foil is negligible, or less than a few percent. Positrons of higher energy
(Eax = 0.696 MeV) are emitted by *®V than by 22Na (B,
materials are not required because of the imbedded form of the sources in Ti foil. 2) Long

= 0.545 MeV) and source wrapping

lifetime components due to the annihilation of positrons in the source itself (e.g. NaCl) and in the
source foil materials do not appear in the lifetime spectrum. This enables us to obtain more
reliable data for long lifetime components. For example, Figure 3 shows lifetime spectra for
neutron-irradiated Mo measured with a.*®V source in Ti foil and with a 22 NaCl source of
equivalent intensity wrapped with 3.5 um Mylar. 3) This source can be used under many

1)

measuring conditions (e.g. at low temperature or high temperature,!’ in a vacuum® or for liquid

metals, etc.)
However, almost simultaneously with the positron emission, a pair of y-rays with energies of

1.31 and 0.98 MeV are emitted to nearly isotropic directions.? When one of these y-rays enters
*He
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Fig. 1.  Principle of lifetime measurement Fig. 2. Schematic drawing of the target
using *®V source. for the production of *® V in Ti foil.

*  Department of Metallurgy and Materials Science, Faculty of Engineering, The University of Tokyo.
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into the start detector and the other into stop detector, a prompt component may be added to
the original lifetime spectrum. This may degrade the spectra. The separation of this prompt
component is possible in principle. Such an analysis is now in progress.

References
1) S. Tanigawa, K. Hinode, R. Nagai, M. Doyama, and N. Shiotani: [PCR Cyclotron Progr. Rep.,

LU B DI R R
2) P. L. Roggenkamp, C. H. Pruett, and R. G. Wilkinson: Phys. Rev., 88, 1262 (1952).



111

7-10. Thermal Equilibrium Measurements of Positron Annihilation

Line Shapes in KCIl, KBr, and Ge

S. Tanigawa, K. Hinode, R. Nagai,
M. Doyama,* and N. Shiotani

Line shape measurements of spectra of positron annihilation radiations were carried out for
KCl, KBr and Ge to study the interaction of positrons with lattice vacanicies at thermal
equilibrium. The experimental set-up was similar to the previous one.!’> The energy resolution
of Ge(Li) detector used was 1.45 keV at FWHM for 512 keV y-ray from °°Ru. *®V
produced in a 1 um thick Ti foil by *He bombardment was used as the positron source. Merits
of this source are described in a preceding report.??

Figures 1 and 2 show the temperature dependence of parameter H, counts of the central
portion of the annihilation line normalized to the total counts, for KCI and KBr as a function of
temperature. Both KCI and KBr show similar temperature dependence. In the low temperature
region (region 1) i.e. in the region below 270°C for KCl and below 160°C for KBr, H decreased
linearly with temperature. In the intermediate region (region II) i.e. 270°C — 480°C for KCI and
160°C — 450°C for KBr, the increase of H was found.

H again decreased.

In high temperature region (region III),
The increase of H in region II can be thought as the result of trapping

of positrons by vacancies at thermal equilibrium. The slopes of H in regions I and III

are nearly the same. If it is assumed that H in region I represents Hp (H in perfect crystal sites)
and H in region IIT represents Hy, (H in vacant sites) and that they have the same negative
temperature dependence, one obtains Figs. 3 and 4 by the subtraction of Hp from the observed
value of H. In this way, the formation energy of the Schottky pair (the pair of neutral cation
and anion vacancies) was estimated to be 2.00 £ 0.1 eV for KCl and 1.84 = 0.1 eV for KBr,
Although the

interpretation of the negative temperature dependence of Hp and Hv has not yet been clear, it

respectively, by the use of trapping model of positrons by lattice defects.3

may be plausible that the lattice expansion effect and the temperature dependence of positronium
states*) are involved.
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Fig. 1. The temperature dependence of Fig. 2. The temperature dependence of
H for KCI. H for KBr.

*  Department of Metallurgy and Materials Science, Faculty of Engineering, The University of Tokyo.
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Fig. 5. The temperature dependence of the peak counts
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In Fig. 5, the peak counts N(0O) of the annihilation spectrum in Ge is plotted as a function
of temperature. N(O) shows a linear dependence on temperature, only slightly increasing with
temperature, and no vacancy effect can be found. In Ge, the formation energy El\:/ and migration
energy E]Y,[ of a vacancy have been expected to be about 1.9 eV?) and about 0.15 eV,®
respectively. The present results can be interpreted in either of the two alternative ways: (i) the
concentration of vacancies ¢, is too low to be detected by the positron technique, or (ii) positrons
are not trapped by thermally created vacancies. The mobility of vacancies is expected to be
very high because of low ER/,[. At the melting point a vacancy can migrate over 5 X 10 lattice
points during the lifetime of positrons. Therefore, even if c,, is small the number of chances for
a positron to meet with vacancies is much enhanced. So, the case (ii) may be more probable.
In Ga, similar results were reported by Segers et al.”)  Due to the loosely packed crystal structure
of Ge and Ga, it can be thought that vacancies do not provide strong attractive field for positrons.
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7-11. Effects of Irradiation Temperature, Prestrain, and
Helium Concentration on the Helium Embrittlement

of Type 316 Stainless Steel

H. Shinno, H. Shiraishi, R. Watanabe* H. Kamitsubo,
I. Kohno, and T. Shikata

It is known that metals or alloys irradiated by fast neutrons show reduction of ductility at high temperature,
which is thought to be due to helium produced by nuclear reactions in the materials. This effect is called “helium
embrittlement”, the study of which is urgently needed since it is one of the important restrictive factors in
designing controlled thermonuclear reactors. The aim of this study is to obtain information on the mechanism of
the helium embrittlement, and to utilize it for developing new metals and alloys which are highly resistant to
neutron irradiation embrittlement.

The helium injection by the cyclotron was conducted, with the variation of the three following parameters
which possibly affect the helium embrittlement; irradiation temperature, degree of cold-working, and helium
concentration. The material used in this experiment was Type 316 stainless steel commercially obtained. It was
cold-rolled and annealed alternately until it became 0.2 mm thick. From this thin plate, tensile test specimens were
prepared by punching. Then, they were annealed for 30 min, at 1050°C in vacuum (solution-treatment). After
that, some of the specimens were pre-elongated 5% using a tensile testing machine. Details of the helium injection
procedure were described elsewhere.’  The concentration of helium injected into the specimens was 3 to 10 atomic
ppm, and the irradiation was conducted at low (room temperature — 300°C) and high (750—900°C) temperature.
The irradiated specimens were tensile tested by an Instron type testing machine with the strain rate of 5 X 104
sec™!. Specimens were tested at room temperature in air or at 750°C in vacuum of 2 X 107%torr. The fractured
parts were cut from the tensile test specimens. Then, some pieces were annealed for 24 h at 1100°C in vacuum.
These specimens were electrolytically jet polished and observed by a transmission electron microscope (abbreviated
TEM hereafter).

Table 1 shows the results of the tensile tests. Each experimental value shows the average of the two tests.
The results of the tests at room temperature show no effect of the helium injection, but those at 750°C show the
reduction of ductility due to the helium injection in the case of the solution-treated specimens. The effects of
varying the above three parameters were summarized as follows: 1) No effect of the irradiation temperature was
found as far as this experiment is concerned. 2) Effect of the cold-working was remarkable. The specimens
strained 5% before the helium injection did not show the reduction of ductility even at the test temperature

Table 1. Tensile test results on helium injected and control
samples of Type 316 stainless steel at 750°C.

Heljium Irrad. Yield Ultimate Uniform Total
conc. temp. stress tensile elong. elong.
stress
(ppm) O (kg/mm?) (kg/mm?) (%) (%)
[0 7.47 17.6 25.4 56.0
Solution- 3 r.t. =300 7.96 18.6 262 33.3
treated 3 750-900 8.65 19.2 234 32.2
L 10 750-900 8.76 17.2 159 18.5
[0 12.9 18.6 23.3 52.5
5% pre- 3 r.t. =300 12.6 19.3 38.1 48.0
strained 3 750-900 12.8 19.7 22.3 504
110 750-900 12.1 18.8 22.4 51.5

* National Research Institute for Metals.
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of 750°C, though the solution-treated specimens showed notable helium embrittlement at the same testing
condition. 3) As the helium concentration increased, the reduction of the ductility increased
monotonically in the case of the solution-treated specimens, but the 5% prestrained specimens didn’t show
helium embrittlement up to the helium concentration of 10 ppm, as shown in Fig. 1.

SUS 316
T T T T T
Irrad. temp. 800°C
Test temp.  750°C
0OF ¢-5x1074sec” 7
> —— Solution-treated
1\, 1, ---- 5%prestrained |
3 ‘
R < S S J
C
£ =
Qo m© i
-—
[
=)0}
5@ 4
v e
58
=R

Helium concentration Fig. 1.  Total and uniform elongations as functions
LAE TR of helium concentration for Type 316 stainless steel.

An observation by the TEM showed that no helium bubbles appear in the tensile tested specimens

unless the heat treatment is carried out. In those samples helium probably exist as small bubbles which
are smaller than the resolution limit of the TEM (G0A). The precipitated carbides were not found in
these specimens.  Helium bubbles were found in the specimens annealed for 24 h at 1100°C, in the

solution-treated specimens as well as in the specimens 5% prestrained before the helium injection.

Prestraining of 5% was very effective to improve the resistivity of Type 316 stainless steel to the
helium embrittlement. In other words, dislocations were effective for the prevention of the helium
embrittlement. The interaction between dislocations and helium bubbles is well known.? Dislocations
probably work as trapping sites of helium bubbles, and prevent the accumulation of helium to the grain
boundaries. The reduction of ductility increased with the helium concentration in the case of solution-
treated specimens. The results are consistent with the previous data.?)  The tensile properties of the
solution-treated specimens irradiated at different temperatures were very similar, and the TEM observation
shows no microstructural differences. These results suggest that injected helium didn’t escape from the
specimens during the irradiation at temperatures as high as 900°C.

The effects of irradiation temperature, prestrain, and helium concentration on the helium embrittlement
of Type 316 stainless steel are concluded as follows: 1} there is no effect of irradiation temperature, 2) 5% prestrained

Type 316 stainless steel does not embrittle even in 10 ppm helium level, and 3) the ductility of solution-treated Type
316 stainless steel decreased as the helium concentration increased.
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8. RADIOCHEMISTRY AND NUCLEAR CHEMISTRY

8-1. Charged Particle Activation Analysis for
Surface Oxygen

T. Nozaki and M. Iwamoto

Charged particle activation analysis has begun to be applied to the study of surface oxygen
on high purity substances. The apparatus we use is shown in Fig. 1. The sample in the form of
two plates in intimate contact with each other is placed on the water-cooled target holder and set
in the bombardment vessel which can be evacuated by oil-free pumps. The reactions of
10 (p, ) 1¥N and '®O(3He, p)!8F have been adopted for radioactivation, and the incident particle
energy is so adjusted as to give the maximum cross section for the given reaction at the inside
surfaces of the sample plates. After the bombardment, the inside surfaces of appropriate
thickness are removed from the plates and their 13N or '8 F content is measured.

Target holder

j \ /sﬁpleD Cyclotron

Current I— Bean
[ntegrator ] D

T

A\
f ; 7 eam window foil
Water Glass _Z
lon Pump Sorption
Pump Fig. 1. Apparatus for radioactivation.

This method possesses the following advantages over other types of activation analysis and
electron or X-ray spectrometries for surface analysis: (1) freedom from the nuclear recoil effect;
(2) relative insensitiveness to the ambient atmosphere, and (3) capability of the determination of
impurities in the surface layer of some thickness, such as an epitaxial layer. Only superficial
oxygen in high vacuum can be measured by other methods, though information under usual
atmospheric condition would often be more important. In the present method, it will be possible
to study on the relationship between surface oxygen quantity and oxygen partial pressure of
ambient atmosphere.

Our study is still in its beginning stage, and we have so far analysed only high-purity silicon
after two different surface treatments. For the selection of the incident particle energy, the
excitation curve of the activation reaction should be known precisely. The excitation function
for the '60(p. @)!3N reaction was measured by the use of stacked Mylar foils. The result is
shown in Fig. 2. As for the 1603 He, p)!®F reaction, reliable excitation function is known.!

High-purity silicon rod (2 — 3 cm, diameter) after zone melting in vacuum was cut into disks
(200 or 500 um thickness). This kind of silicon is known to contain less than 100 ppb of bulk
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oxygen.?)  Thus, its surface layer with 5 mg/cm? thickness contains less than 0.5 ng of bulk
oxygen. The wafer was treated with a hot solution of NaOH (10%) or cold mixture of HF and
HNO; (1:3), washed in pure water with supersonic waves, and dried. Two of the wafers were
set in the bombardment vessel and bombarded with charged particles (2—3 #A, 10 min) after the
evacuation of the vessel. The vacuum condition was monitored remotely during the bombardment;
it was usually 1—2 X 10°® Torr throughout the bombardment, but sometimes degassing was
observed at its beginning.

After the bombardment, a bar was stuck with wax on the outside surface of each wafer in
order to facilitate manual operation for the removal of the inside surface layer by mechanical

grinding. The inside surface of about 5 mg/cm? thickness was then ground off on a glass plate
with the aid of a small quantity of alumina powder and water. These powders were transferred
altogether into a polyethylene tube for activity measurement. The annihilation radiation was
measured with a well-type scintillation crystal and a single channel analyser, and its decay
followed. The '3N or '8F component was always clearly identified in the decay curve. As
activation standard, a stack of three thin Mylar foils was bombarded with the incident particles
of the same energy as at the inside surface of the analytical sample and the inner foil of the
three foils was used.

The result of analysis for float-zone silicon is shown in Table 1. It will be interesting to
compare results of the present method with those of the on-line activation analysis in which
protons from the '®O(d, p)! ’F reaction are measured. We intend to analyse more variety of
samples under different ambient atmosphere.

Table 1. Quantity of surface oxygen (ug/cm?).

Surface treatment

; NaOH HF-HNO,
Reaction

(0.21 0.18
160(p, ®)'3N 0.17 0.15

0.11 0.098
'*OCHe, p)'*F 0.13
X 0.16 0.14

o 0.042 0.030
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8-2. Charge Spectra of '"®Hg"" |ons from the '"8Au Decay

Y. Itoh, M. Aratani, and T. Nozaki

It is highly probable that charge spectra of recoil atoms from a thin surface layer of a solid
is affected sensitively by the surface state. We expected the usefulness of charge spectrometry
in surface science. We measured charge spectra of 198 Ho'* from B~ decay of 198 Au in a thin
gold film evaporated on high purity silicon for different film thicknesses. The effect of surface
oxide layer on the charge spectra was compared with that on ESCA spectra.

The silicon substrate was a mirror-polished wafer (13 mm X 9 mm X 350 um) with resistivity
larger than 1082 cm and with <<100> surface orientation. It was washed supersonically with
acetone and etched in a 20% HF solution just before being installed in a vacuum evaporation
chamber. Gold of 99.99% purity was evaporated onto the wafer from a connical basket heater
of tungsten under a vacuum of 1 X 107® Torr at a rate of about 0.2 nm sec™'. Gold films with
3.6 nm and 1.2 nm thicknesses were thus prepared. Their thicknesses were controlled by a
ULVAC DTM-200 type monitor and certified by y-ray spectrometry after neutron activation.
The 3.6 nm sample was irradiated under a neutron flux of 1.5 X 10'2n ecm™2 sec™! for 12 h, and

2 gsec”! for 11.5 h. Their 128 Au activities at the

the 1.2 nm sample under 3.5 X 1031 cm”™
mass spectrometric measurements were 10 uCi and 83 uCi, respectively. The mass spectrometer
we used was described previously.l) A voltage of 5 kV was applied to the sample for acceleration
of the primary ion. Vacuum during the measurement was kept at 1 X 1077 Torr.

Charge spectra of Hg"* from the 8 ~ decay are clearly observed as are shown in Fig. 1 for
the two samples. For both samples Hg® was the most abundant and for the 1.2 nm sample Hg*
was of higher intensity than for the 3.6 nm sample. The difference of the charge spectra due to
the gold film thickness can be attributed to the presence of other atoms than gold on the film.

ESCA spectra of the two samples are shown in Fig. 2, which indicates the presence of more
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Fig. 1. Charge spectra of Hgm for the two samples.
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amount of SiO, on the 1.2 nm sample than on the 3.6 nm sample.

spectra observed in detail are shown in Fig. 3 for the 1.2 nm sample.

The Audf peaks of the ESCA
These charge and ESCA

spectra suggest that the gold surface was covered with a SiO, film formed from surface oxygen

atoms and Si atoms having diffused through the gold film, and that metallic gold atoms are mixed

with gold atoms of higher binding energies.
neutralized in the SiO, film.
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sample to air are shown in Fig. 4 (a), and the decrease of SiO* and increase of Hg®* after its
preservation under 1 X 10 ™7 Torr are shown in Fig. 4 (b). The increase of Hg** after air exposure
is shown in Fig. § (a) and (b); this is attributed to the partial neutralization of Hg** into Hg** in
the oxide film. We also detected considerably high peaks which can be assigned to HgSiO3* and
HgSi0**.

These results indicate that charge spectrometry is applicable profitably to surface research in
combination with other techniques, such as, ESCA, SEME, and AES.
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9. RADIATION CHEMISTRY AND RADIATION BIOLOGY

9-1. Emission Spectra of a KBr Single Crystal Irradiated

with Heavy lons at 4.2 K. Time-Dependent Spectra

K. Kimura and M. Imamura

Emission and absorption spectra of a KBr single crystal irradiated with heavy ions have been
found to differ substantially from those irradiated with X- or y-rays at 4.2 K; the outlines of
these results were reported in a previous report.!

One of the significant results was that an intensity ratio of the o- to m-emission increases with
increasing LET: 2.1 for X-rays, 6-7 for He-ions, and 10-12 for C-ions. This year, extensive studies
were made on this problem by using pulsed heavy-ion beams and stationary beams as well.

For pulse irradiation,24 MeV He-, 85 MeV C-, and 95 MeV N-ion beams were chopped to
pulses of about 40 us in width and the time-dependent emission spectra of a KBr single crystal
were recorded at 4.2 K by using an optical multichannel analyzer (OMA); set-up of the
measurements is shown in Fig. 1.

‘ xenon lamp

chopper

monitor

N

beam ‘

beam
chopper

T recorder

[ I
‘ PT-puncher ‘ rphotomultiplier W ﬁulser ‘

1
‘ AD-converter H Lock-in amp. J

Fig. 1.  Experimental set-up.

Figure 2 shows the time-dependent m-emission spectra observed for a KBr single crystal
irradiated with 85 MeV C-ions at 4.2 K. The half-life of the emission is 0.2 ms, which is a little
longer than 0.1 ms obtained by Pooley and Runciman?) using electron pulses.

The intensity ratios of o- to m-emission, IO/Iﬂ, are plotted as a function of absorbed dose of
He-, C-, and N-ios in Fig. 3. Since the emission intensities decrease with increasing dose, this
result indicates that the o-emission intensities for heavy-ion irradiated crystals are depressed to a
greatér extent than are the m-emission intensities at a dose larger than 2 uC.

From these result, the increased values of IO/IW in heavy-ion irradiations may presumably be
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ascribed, not to an increase in nonradiative decay of the w-exciton, but to an increase in radiative
decay of the g-exciton or to higher initial concentration of the o-exciton than that of the #-

exciton.
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9-2. Yields of Trapped Electron Produced by Heavy-lon
Irradiation in Ethanol Glass at 77 K

A. Kira, M. Matsui, and M. Imamura

Glassy ethanol at 77 K was subjected to heavy-ion irradiation. Electrons which escape
geminate recombination are trapped in the glass and exhibit a characteristic absorption band in the
visible region as shown in Fig. 1.

A comparative study has been made on the yields of trapped electrons produced by
irradiation of three different heavy ions, He-, C-, and N-ions whose incident energies were 18,

58, and 60 MeV, respectively. Ethanol was frozen on a Suprasil quartz plate attached to a
copper plate cooled by liquid nitrogen. Optical densities of irradiated glasses were measured on
a Cary 14RI spectrophotometer.

Figure 1 shows the absorption spectrum for ethanol glass irradiated with C-ions. The
absorption band does not precisely coincide with that for y-irradiated ethanol glass at 77 K,
unless the y-irradiated glass was slightly warmed before measuring spectrum, as shown Fig. 1.

This spectral shift, which was also observed for He- and N-ion irradiated glasses, may suggest
a temperature rise along heavy-ion tracks in glasses. No absorption band assignable to dielectrons
was observed; they might be expected to form in densely ionized regions.

In Fig. 2, optical densities of trapped electrons at 525 nm divided by the range of a heavy-
ion are plotted against absorbed dose. The yields of trapped electrons are not linear with dose.
Similar dose dependence of the yield has also been observed for the y-irradiated glass and regarded

as being due to electron capture by free radicals whose concentration increases with increasing

dose.
3
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Fig. 1.  Absorption spectra of trapped Fig. 2.  Trapped-electron yields (OD®?®
electrons in ethanol glasses irradiated with dividedby the range of heavy ion) as a function
C-ion (solid curve); irradiated with y-rays of dose: A, He; O, C; O, N. The curves
at 77 K (broken curve) and after represent Eqn. 1 by using the values

subsequent warming (dotted curve). for G, and aGp listed in Table 1.
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On the assumption of the electron capture by free radicals, the concentration of trapped
electrons, [et'], at a dose of r is given by

el =gs | 1- exp (g™ M
where G, and G are G-values of trapped electrons and free radicals, respectively; « is an electron-
capture constant of free radicals; N 5 is the Avogadro number.

In Fig. 2, curves are drawn to give best fit to the experimental values by taking the values for
Gg and aGpR as listed in Table 1. The value of G, which is the G-value for electrons escaping
geminate recombination and trapped in glasses, decreases with increasing LET of radiations. If

the value of the capture constant, «, is assumed independent of radiation quality, GR increases
slightly with increasing LET.

Table 1. The values for Ge and aGR.

Radiation Ge aGR X 1072(M™)
N 1.1 3.6
C 1.1 3.6
He 1.7 3.3

v 3.6 3.1
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9-3. Further Study of High LET Effect on Template/Primer

Activity of DNA in situ

S. Kitayama, F. Yatagai, and A. Matsuyama

We are interested in the difference between radiochemical lesions in DNA caused by low and
high LET radiations. The primer/template activity of DNA in bacterial cells can be assayed in
situ by the preparation of their permeable cells which can incorporate deoxyribonucleoside
triphosphates into DNA.") Irradiation at low LET range, e.g. y-ray irradiation, induces
mostly single-strand breakage in duplex DNA in vivo as well as in vitro. About 30% of such

single-strand breaks has free 3°-OH terminal which are priming sites for DNA polymerase. This
is one of the reason why vy-ray irradiation stimulates DNA synthesis in permeable cells of

bacteria.?)*)

As indicated in the previous report?) it is very plausible that high LET irradiation
would induce lesions in both strands at or near the complementary strands of duplex DNA. Since
DNA which has damages in both strands proximate each other is a poor template/primer for DNA
polymerase, it would be expected that high LET irradiation caused a different effect on the DNA
synthesis in the permeable cells from that of low LET irradiation. However, no quantitative
difference in stimulatory effect between irradiations with +y-rays and N-ions (2.9 MeV/amu)

was observed.® This might be due to the irradiation by secondary electrons ejected from the track
core whose range is ~1 um in water and is comparable to the size of bacterial cells. The
instability of permeable cells held at room temperature during the irradiation with N-ions is also
one of the experimental difficulties. So, we have improved the irradiation apparatus to keep the
temperature near 0°C by circulation of ice-water during irradiation. To avoid the formation of
dewdrops on the surface of the samples that cause serious change of LET, permeable cells were
spread on a membrane filter and were held on a filter paper pad. Moreover, the samples were
covered with a thin filter (polycarbonate filter, ~5 um in thickness) to eliminate the effect of
secondary electrons ejected from air layer in front of the samples. Dose-response curves of M.
radiodurans KD830 (Ade”, DNAase ) to a-particles (4.78 MeV/amu) and ¢°Co ~y-rays are

shown in Fig. 1. DNA synthetic activity in the permeable cells was compared after the irradiation
within shoulder doses of both high- and low-LET radiations. The relative synthetic rates of DNA

(a) (b)
100 10°P
E Fig. 1. Dose-response curves of M. radiodurans
2 10 107 to vy-rays from 9 Co(A) and a-particles
E (4.78 MeV/amu)
¢ Cells of M. radiodurans KD830 at logarithmic
phase of growth were washed with M/15
10‘20 L LL, els 48 10‘20 ||oo 2(\)0 3(!)0 phosphate buffer(pH 7) and irradiated under

Dose { x1073 rad) Dose (nC) cooling with ice-water as described in the text.
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during initial 20 min of incubation at 37°C are shown in Fig. 2. Although secondary electrons
gjected from the track core of a-particles in water traverse much less than those of secondary
electrons produced by N-ions, a-particles showed stimulatory effect on the DNA synthesis in the
permeable cells. However, the stimulation by a-particles was less than that by y-rays

especially at the low doses. This result may imply that a-particles as well as y-rays induce
single-strand breaks which have free 3’-OH, a priming site for DNA polymerase, but percentage
of such terminal in whole lesions is somewhat different between two radiations. In other words,
if any characteristic biological lesions are induced by irradiation of high LET particles utilizing
track-segment method, such lesions would be accompanied by many lesions similar to those

induced by low LET radiations such as ¢0Co ~y-rays.
3r 3r

(a) (b)

Relative rate of DNA synthesis

o
o

1 L 1 | 1 I ! I 1
]O 100 200 300 400 1O 20 40 60 80 100

Dose (krad) Dose (nC)

Fig. 2. Irradiation effect of vy-rays(A) or
o-particles(B) on DNA synthesis in permeable cells of
M. radiodurans.

Permeable cells of M. radiodurans'’ were irradiated
with (A) y-rays from ¢°Co or (B) a-particles (4.78
MeV/amu) under cooling with circulating ice-water.
Vertical lines indicate relative rate of DNA synthesis

observed at initial 20 min of incubation at 37°C.
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9-4. Induction of Mutations in Bacteriophage ¢X 174

by a-particles and N-ions

F. Yatagai, S. Kitayama, and A. Matsuyama

It has been reported that the inducible post-replication repair (sos repair) of overlapping
daughter strand gaps appears to be necessary for UV-induced mutagenesis to occur in a uvrA
strain of E. coli.!’  The overlapping daughter strand gaps are thought to be refractory to both
excision and recombination repair. In fact, the fraction of mutants measured in a population of
UV-irradiated phage ¢X 174 increased with increasing UV-dose when the mutation frequency was
assayed on host cells which had been irradiated with a small dose of UV, while there was no
increase when unirradiated cells were used for assay.?) On the other hand, y-irradiation of the
amber mutants induced the reverse mutation to wild-type even when unirradiated host cells were
used for assay.?) Higher efficiency was obtained under irradiation in the presence of oxygen than

3 Our interest is to find out the relation between the damages in

under anoxic condition.
single-strand DNA by charged particles and the induction of mutation.

In the present study, am3 mutant of ¢X 174 has been irradiated with a-particles and N-ions in
order to determine the efficiency of reverse mutation to (pseudo) wild-type. The phage samples
which were spread on a thin filter and covered with another filter of the same type, were
irradiated with charged particles. After irradiation the surviving fraction was assayed on E. coli
HF4714, which has an amber suppressor (su*). Wild-type and pseudo wild-type revertants were
assayed on both UV-rradiated and unirradiated E. @CN (su”). Further experimental details will
be given elsewhere.

Figures 1 and 2 show that survival curves of the amber mutant are almost exponential against

fluence for a-particles and N-ions of 4.6 MeV/amu. For both ion beams, the efficiency of
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Fig. 1. Induction of mutation in ¢X 174
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induction to (pseudo) wild-type, which was assayed on both UV-irradiated and unirradiated host
cells, shows the same mode of dose-dependence as that of UV mentioned above (Figs. 1 and 2).
Almost no difference in the efficiency was found between a-particles and N-ions (Figs. 1 and 2):
the efficiency for these charged particles was rather low but of the same order as that of UV - or
v-irradiation obtained in our separate experiments (Table 1). Since DNA strand breakage in X
174 is lethal, this result suggests that irradiation with charged particles induces not only strand
breakage but also many other premutational damages in DNA, comparable with that of UV per
lethal hit.

Table 1. Comparison of efficiencies of mutation induction
caused by different types of radiation.

Type of Radiation Revertants per 10° Survivors*
UV-light 5.6
y-rays 3.9
o-particles 2.5
N-ions 2.5

* Survival of am3 mutant of ¢X 174 was assayed on E. coli C HF 4714 (su+)
for different radiations indicated above. To determine the values of
revertants/10° survivors for 10% survival, the irradiated phages were

infected to uv irradiated E. coli C (su”).

References

1) S. G. Sedgwick: Mutat. Res., 41, 185 (1976).
2) I. F. Bleichrodt and W. S. D. Verheij: Molec. gen. Genet., 135, 19 (1974).
3) I. F. Bleichrodt and W. S. D. Verheij: Int. J. Radiat. Biol., 25, 505 (1974).

129



130

9-5. Inactivation of Ribonuclease A in Aqueous Solution

by Cyclotron Beams

Y. Hattori, F. Yatagai, and A. Matsuyama

In the framework aiming to reveal specific features of the damage on biological substances
caused by heavy-ion radiations, experiments have been started on the inactivation of bovine
pancreatic ribonuclease A (EC 2.7.7.16) by cyclotron beams.

Ribonuclease (RNase) A, of which purified commercial preparation is easily available, has
been used as an object of radiation biochemistry by many investigators. Recently Lynn!
reported that RNase A was protected against y-radiolytic destruction when the enzyme was
associated with deoxyribonucleic acid (DNA) under conditions such that the nucleic acid was not
acting as a scavenger. Using the same model systems the effect of N-ion radiation on RNase A
activity is studied. The present experiment is done, with its attention particularly focused on the
modification of radiosensitivity of RNase by the associated DNA.

Sample solutions to be irradiated were prepared according to Lynn'?: (1) 5 X 10® M aqueous
solution of RNase A (crystalline preparation of Sigma Chemical Co.); (2) 5 X 107°M RNase A
plus salmon sperm DNA (10 ug/ml) - RNase-DNA complex; (3) 5 X 107M RNase A in 0.1 M
NaClO, plus DNA (10 ug/ml) -- dissociated complex. The irradiation of the solutions was done
in Pyrex glass cells with a window of aluminum foil (20 u) under agitation in the presence of
atmospheric oxygen at room temperature. The ion beam was shot into the solution through the
cell window. Energies of N-ions and a-particles entering solutions were 4.5 and 4.6 MeV/amu,
respectively. Irradiated RNase solutions were subjected to the assay of residual .activity according
to the method of Anfinsen et al.?) with modification.

Experimental results obtained so far are as follows: (a) RNase A, when associated with DNA,
was not protected against the inactivation by N-ions, but showed higher sensitivity than without
DNA; (b) the enzyme activity was protected when DNA and NaClO, were added in the solution.
These relationships are shown in Fig. 1.3 Thus the effect of DNA added to RNase solution in

100

tivity (%)

Fig. 1.  Inactivation of RNase A in aqueous solution

Residual ac

by N-ion irradiation at room temperature under the
presence of air.

05X 10°M RNase A;® 5 X 10°M RNase A + DNA
(10pg/ml); A5 X 107®*M RNase in 0.1M NaClO, + DNA
o (10ug/ml). Energy of N-ions entering solution was
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Dose (Mrad) 45 MeV/amu.
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case of N-ion irradiation was found to be different from that in y-irradiation.””  Data on the
effect of w-particles are not yet sufficiently accumulated. Further experiments are in progress.
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9-6. The Effects of High LET Radiations on Mammalian Cells

S. Sawada, M. Sasaki, S. Okada, F. Yatagai,
I. Kaneko, and A. Matsuyama

For clinical radiation therapy, fundamental studies on cellular level are requested to get
information on the radiobiological effects of ionizing radiations to be used. The advantages of
high LET radiations, such as a-particles and heavy ions, over x-rays and y-rays because of their
high RBE values in inducing cell death are well known.

Studies with cultured Cheniese humster cell V-79 were carried out last year to solve the
technical problems which do not arise in x- or y-ray experiments. The following programs are
now in progress on the basis of the last year’s results.

(1) Molecular autoradiography of high LET radiation-induced doble-strand cuts of DNA and
their rejoining in mouse leukemic L5178 cells.

DNA was labeled by incubating the exponentially-growing cells for 60 minutes with 3 H-
thymine. The labeled cells suspended in a cold medium were placed on a Sartorius membrane
filter and most of the medium was thus removed. Immediately before irradiation, the cells on
the filter were covered with a polycarbonate filter to exclude the effects of secondary electrons
which emerged into the air layer above the cells. The cells were irradiated at room temperature
with a-particles and N-ions accelerated in the cyclotron (4.6 MeV/amu at sample).

Immediately after irradiation, the polycarbonate filter was removed and the Sartorius filter
with cells was placed in a stainless steel holder. The holder was capped and the cells were then
removed by flushing through the filter from a syringe attached to the cap. Nearly 50% of the
cells on each filter were thus collected.

To examine the rejoining of broken DNA strands, cells, together with the Sartorius filter,
were placed in a plastic culter dish and incubated'in a CO,-incubator at 37°C. At various times
of post-irradiation incubation, the cells were removed from the filter by the method described
above.

For DNA fiber autoradiography, an aliquot of cell suspension, containing approximately
3000 cells, was placed on a glass slide, which was coated with a mixture of gelatin and chromium
sulfate, and mixed with sodium laulyl sulfate. The slides were left at room temperature to lyse
the cells. The lysate was then spread over the surface of the slide. The slides were dipped into
Sakura NR-M2 liquid emulsion. After drying, the slides were kept in a light-proof box with silica
gel and allowed to expose at 4°C for at least 5 months in the dark-room (The slides are still
allowed to expose at the present time).

(2) Production of chromosome aberrations by a-rays in human lymphocytes.

Peripheral blood lymphocytes obtained from normal person were layered between
polycarbonate films and exposed to o-rays (4.6 MeV/aum)acceralated in the cyclotron. The
irradiated cells were collected and incubated with the phytohemagglutinin-containing medium for
50 h so that chromosomes were analysed in the first post-irradiation mitosis. The o-irradiation
efficiently produced chromosome aberrations such as dicentrics, rings, and acentric fragments.
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Although the experiments are now at the preliminary stage, the «-rays are about 1.6 and 4.8 times
more efficient in producing dicentrics and rings than 2 MeV and 14 MeV fast neutrons, respectively.
Detailed analysis regarding the distribution of dose in lymphocyte nuclei and dose-yield kinetics of
chromosome aberrations are now in progress.

(3) Setting up of the equipments and appratuses for preservation of cultured mammalian
cells.

As a constant supply system of cells for the further investigation to confirm the preliminary
results obtained last year on the dose effectiveness curves of Chinese humster cell V-79 for the
studies on recovery from the cell damages caused by high LET radiations, and for comparative
studies on strand breakage of DNA in the mammalian cells due to heavy ions as well as other
types of radiations, a sterilizing room, a CO,-incubator, and a liquid nitrogen vessel were set up
and the preservation of the cultured mammalian cells was started.
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10. PREPARATION OF RADIOISOTOPES AND LABELED COMPOUNDS

10-1. Production of Radicisotopes and Preparation of Labelled

Compounds for Medical and Agricultural Use

T. Nozaki, Y. Itoh, M. Iwamoto, T. Karasawa,
K. Fukushi, T. Irie, and T. Hara*

Studies have been continued on the production of 77 Br and 73 Se and the preparation of
radiohalogen derivatives of cholesterol and phenylalanine. The excitation curves for the formation
of 77 Br or 73Se by the following reactions have been measured up to proton energy of about 50
MeV and 3He and a-particle energy of about 40 MeV, together with those for simultaneous
formation of 76Br or 72Se: (1) Se + p > 7""Br, (2) Br + p > 7’Kr = 77Br, (3) 75As («, 2n) 77Br,
4) 75As (p, 3n)738Se, (5) Ge + *He — 73Se, and (6) Ge + « = 73Se. The targets used for the
measurement were BaSeO,, NaBr, Mg, As, O, and metallic germanium in the form of plate made
by pressing or of film made by sedimentation or evaporation onto aluminum foil. They were
stacked and bombarded. The cyclotron was used for all the reactions. In the proton reactions,
the FM cyclotron of the Institute for Nuclear Study, University of Tokyo, was also used for the
extension of the measurement energy range from 16 MeV up to 52 MeV.

The excitation curves are shown in Figs. 1 to 5 for the targets of natural isotopic composition.
Since the proton energy of this cyclotron was always 52 MeV, notable spreading of proton energy
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Fig. 1.  Excitation curves for the Fig. 2. Excitation curves for the reactions of
reactions of Se + p > 77Br, 7¢Br, 82Br, 75 As(a, 2n)77Br and 75As(«, 3n)7¢Br.

and Br + p > 77Kr = 77 Br.

*  National Nakano Chest Hospital.
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took place inevitably when it degraded down to 30 MeV or less in the stack. Hence, the
excitation curves for Reactions 1 and 4 involve some uncertainty in the energy region between 16
MeV and about 30 MeV. We intend to examine the curves in this energy region by the use of
another machine.

Target substances of arsenic and selenium convenient for isotopic production were looked
for, together with methods of chemical separation of the product nuclides. As the arsenic target,
AlAs and fused cake of NaAsO, - Na, B,O, have been found useful in addition to As,O5;. For

selenium, fused cakes of SeO, - NaOH and SeO, - NaOH - Na, B, O, have been regarded as
convenient.
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Procedures have been set up for the chemical separation of 77Br and 73Se from AlAs target.
Chemical purity of carrier-free 77Br distilled from a sulphuric acid solution of arsenic targets
was examined by neutron activation analysis. Successive treatment of the distillate with iron
powder and BaCO; has proved to be effective for the removal of trace arsenic. The product
77Br in carrier-free and salt-free state is utilized for the tracer study of bromine in rain water as
well as for organic labelling.

Solvent extraction of red selenium has been found suitable for the separation of 7*Se, when
the addition of a small amount (e.g., 60 ug) of carrier is permissible. The product ®Se has been
used for the biosynthesis of selenomethionine-73Se. Carrier-free separation of 73Se from arsenic
targets is now under study. Coprecipitation of 73Se with elementary tellurium will offer a good
procedure. the 73Se and tellurium being separated by ion exchange.

Chemical behaviour of carbon-halogen bonds of radio-halogen derivatives of cholesterol and
phenylalanine in animal body has been studied in collaboration with the National Institute of
Radiological Sciences. Doubly labelled compounds have profitably been made use of. Although
interesting phenomena have been observed, some further time will be needed before we can present

our results with confidence.
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10-2. Biosynthesis of Selenomethionine-""Se

K. Ogawa* K. Taki, T. Nozaki, and M. Okano

Selenomethionine- > Se is widely used in nuclear medicine for diagnostic visualization of
pancreas by scintigraphy,U though the biological half-life of 7°Se is so long as to give noticeable
internal radiation exposure to the patient. The replacement of selenomethionine-’>Se by
selenomethionine-’>Se is thus desired, ’>Se being a positron emitter of 7.1 h half-life. This
nuclide will become more useful with progressive development of the positron emitter localization
technique. Hence, a convenient method should be sought for rapid synthesis of selenomethionine-
73Se in a state suitable for intravenous injection. We reported previously the preparation of
this compound starting from the 3He bombardment of germanium.?)

We have continued the study of the biosynthesis of selenomethionine-73Se using the proton
bombardment of arsenic. The yield of ">Se for the 7°As (p, 3n)”3Se reaction is described
separately in the present volume of this report.

Aluminium arsenide (AlAs) and arsenous oxide (As, O3) were used as the target (1.4 g/cm?
thickness). They were bombarded by protons from the synchro-cyclotron of the Institute for
Nuclear Study, University of Tokyo, through aluminium plates for the degradation of the proton
energy from its initial value of 52 MeV to 43 MeV.

The bombarded AlAs target (about 4 g) was transferred into a 500 ml flask containing
H,SeO; (0.1 mg) as carrier and water (10 ml). The flask was equipped with a reflux condenser
and warmed. Then HCI-HNOj; (1:3, 10 ml) was added in small portions to the flask, and the
warming continued until the beginning of NO, evolution. After the solution was left to cool,
insoluble particles suspending in it was removed by centrifugation and millipore filtration. As
for the As, O; target, it was simply dissolved in dil. HCl. Selenium-73 in the solution was then
precipitated as red selenium by reduction with H, NNH, -HCI (20% solution, 3 ml) under heating
for 5 to 10 min. After cooling to room temperature, the selenium was extracted into CS, and
the extract washed with water. By evaporation of the solvent, the 73Se was obtained as red
selenium in satisfying radiochemical purity. The separation time was about 2.5 h, and the yield
about 70%.

The red selenium was dissolved in HNO;, and the excess acid removed by evaporation under
reduced pressure. The residue was dissolved in water, and the pH of the resultant solution
adjusted to 7 with NaOH. This solution, as described in our previous report,?) was added to the
fermented liquor on which TO-1 strain had been grown for 10 h, and the strain further cultivated
for 6 h. The strain was then harvested by centrifugation, and its protein fraction hydrolyzed
by being kept with 6 N HCI in a seald tube at 120°C for 5 h. About 80% of the 73Se was found
in the hydrolysate.

Radio-selenium compounds in the hydrolysate was then separated by starch column
chromatography with the solvent of 1:2:1 mixture of n-butanol, n-propanol and 0.1 N HCl. The
effluent was collected (0.1 ml/min elution rate) in 0.5 ml portions by an automatic fraction
collector. The selenomethionine fraction was identified by activity measurement and by paper

* Depertment of Hygene, Kitazato University.
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chromatography on Toyo Filter Paper No. 51 with the solvent of 3:1:1 mixture of n-butanol,
acetic acid and water. Authentic selenomethionine prepared by chemical synthesis )
for the paper-chromatographical identification of the selenomethionine-73 Se (Rg = 0.55).

The time required for the preparation was about 20 h after the end of the bombardment, and
32.3 uCi of selenomethionine-"> Se was obtained from 2.3 mCi of 73Se separated from the arsenic

was used

target.

References

1) M. Brau: Biochem. Biophys. Acta, 49, 389 (1961).

2) T. Nozaki, S. Ambe, Y. Itoh, M. Iwamoto, T. Karasawa, M. Okano, K. Fukushi, T. Irie,
T. Hara, and K. Taki: IPCR Cyclotron Progr. Rep., 10, 120 (1976).

3) D. L. Klayman and T. S. Griffin: J. Amer. Chem. Soc., 95, 197 (1973); G. Z. Dansky: Arkiv
Kemi, 9, 550 (1962).



139

10-3. Separation of Carrier-free Radioactive Krypton

M. Aratani and T. Nozaki

We have undertaken some experiments to find out a simple and efficient way of separating
carrier-free radioactive krypton in a form convenient for practical use and fundamental study. For
trapping the krypton with this intention, glass beads were thought to be preferable to any other
strong adsorbents. The radionuclides, 77Kr* and 7?Kr, were produced by the reactions, 7?Br
(p, 3n)77Kr and 79Br (p, n) 79Kr, respectively, the target being NaBr powder and pellet.

Separation system 1:

A cylindrical brass vessel with S0 um stainless steel foil window in the central part was made
and used in all the following steps: i) charged particle bombardment of the powder target under
water cooling of the vessel bottom; ii) dissolution of the bombarded powder by the addition of
water; iii) removal of the radioactive krypton from the solution by helium bubbling. The
radioactive krypton was carried by the helium, passed through NaOH-Na, SO; to be made free
from radiobromines, byproducts of the reactions, and then trapped on glass beads at lig. N,
temperature.

Separation system 2:

The same vessel was also used for the pellet target. The bombarded pellet was put in the
vessel, and treated similarly as above.

Separation system 3:

A box-type vessel with demountable stainless steel windows on both sides was made for the
bombardment to optimal amount of target material. Radioactive krypton evolving from the
target in the course of bombardment was transferred from the vessel with a helium gas stream
and was trapped on the glass beads at lig. N, temperature. After the bombardment a small
amount of water was introduced into the vessel. The resultant solution was then transferred into
a gas-washing vessel with a sintered glass inlet, by being pushed with helium gas. The krypton
in the solution was expelled with helium bubbles of small diameters formed at the sintered glass,
and was trapped similarly.

The three systems above were of open types. Though they had the advantage of simplicity,
some of disadvantages were observed. For example, the radioactivity of the trapped krypton
gradually decreased after its maximum, indicating inherent difficulty in getting krypton
quantitatively. A separation system of closed type was also developed.

Separation system 4:

The separation system of closed type is illustrated in Fig. 1. The following three parts were
connected with stopcocks, abbreviated as SC, (1, 2, 3 and 4 in Fig. 1) between them: (A) an
empty gas-washing vessel with sintered glass inlet at room temperature, (B) an evacuated NaOH-
Na, SO; trap kept at dry ice temperature, and (C) an evacuated glass-beads trap kept at lig. N,
temperature. A bombarded pellet was put in (A), which was evacuated by an aspirator pump

*  This was produced by using F. M. Cyclotron of Institute for Nuclear Study, The University of Tokyo.
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Lig. Nz tero. Fig. 1.  The closed type system for

separation of carrier-free radioactive

krypton.

through SC 1. Then, it was shut off. Thus, the entire system was made closed. With an
injector, a minimal amount of water was introduced up to the level slightly higher than the
sintered glass inlet of (A). After the pellet was dissolved, SC 2 was opened. Due to the
differences of pressure and temperature between the vessel and the trap, the radioactive krypton
in the solution was carried away with small bubbles formed automatically at the sintered glass,
and was trapped on the NaOH-Na, SO; cooled to the dry ice temperature. After SC 2 was shut
off, SC 3 was opened. Thus, the radioactive krypton was moved to and trapped on the glass
beads.

Distribution of the radioactive krypton in three vessels after the separation is shown in Table
1. Collection efficiency in case of the closed system is seen to amount to nearly 100%. In the
practical separation, care should be taken to maintain the contents of the traps at the desired
temperatures, especially in the closed system. It is concluded that simple and efficient separation
of radioactive krypton can be carried out by a glass-beads trap at liq. N, temperature in open or

closed type.

Table 1. The distribution of the radioactive krypton
after separation.

He bubble Type NaBr NaOH- Glass
diameter soln. Na, SO, beads
(%) (%) (%)

4 mm O* 42.6 — 57 4%%*

8 mm (0] 64.3 7.9 27.8
30-20 um O 59 104 >83.7
30-20 um (@) 15.0 14.7 70.3

— CH* 1.5 2.1 96 4% ***

* open, **  closed

k% ok 77Kr wAkKk TOK ¢
>



11. RADIATION MONITORING
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11-1. Routine Monitoring

K. Igarashi, 1. Sakamoto, and I. Usuba

Results of routine radiation monitoring carried out on the cyclotron from April 1976 to
March 1977 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 107¢ uCi/cm? on the floor of cyclotron
room and the underground passage, and below 1077 uCi/cm? 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 1077 uCi/cm?.

When the accelerating chamber was opened, slight contamination of the air in the cyclotron
room was observed. The value of radioactivity concentration (8-+) was 10713 uCi/cm?.

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 still of the order of
107~1075 uCi/fem3.!)  As the air in the chamber is purged completely before overhauling, air
contamination was not found in the cyclotron room.

Table 1. Annual exposure dose received by the cyclotron

workers from April 1976 to March 1977.

Number of persons Collective dose

Workers Dose undetectable 10-100 >100" (man-mrem)
(mrem) (mrem)

Operators 3 4 1030
Nuclear physicists 15 7 1 380
Accelerator physicists ) 5 140
Physicists in other fields 6 4 130
Nuclear chemists ) 2 500
Radiation chemists 3
Biological chemists 4
Health physicist 1

Total 2180

Average annual dose per person: 36.9 mrem.

Maximum individual annual dose: 270 mrem.
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(2) Drainage

The radioactive concentration of the drain water from the cyclotron building was found to
be of the order of 1077 uCi/em?®. The total quantity of activities in the aqueous release in this
period was about 3 uCi, which decreased by about one-eighteenth compared with that of the last
year.

(3) Personnel monitoring

The external exposure dose received during the present period, by all cyclotron workers to
whom the y-ray and, to some of them also, the neutron film badge are provided, is shown
in Table 1. The collective y-ray dose to all workers was 2180 man-mrem, while those due
to thermal and fast neutron exposures were too small to be detected.

The dose to the cyclotron workers increased by about 7% compared with that of the last

year. In this period the dose to the cyclotron operators was 1030 man-mrem, which was 47.2%
of the dose of cyclotron workers.

Reference

1) S. Fujita and I. Sakamoto: IPCR Cyclotron Progr. Rep., 9, 108 (1975).
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11-2. Leakage Radiation Measurement at the Underground Passage

I. Sakamoto

Leakage radiation during operation of the cyclotron at the underground passage of the
cyclotron building was measured. Leakage dose received during the present period by the
v-neutron film badges which are left at the underground passage, is shown in Table. 1. The ratio of
v dose to thermal neutron dose was 3.0.

Among the dose at the point No. 1 measured every month, the maximum dose of 1690 mrem
was observed in September, which was 44.6% of the total dose in this period. In this month, the
machine time allotted for deuteron acceleration was 91 h, which was 34.0% of total scheduled beam

time in this period.

Fast neutron dose was measured with another film badge at the point No. 1| in July 1977.
In this case, the values of fast neutron dose, v dose and thermal neutron dose were 20 mrem, 770
mrem and 290 mrem, respectively. It is shown that fast neutron dose was small compared with

v-ray and thermal neutron dose at the underground passage.

Table 1. Leakage radiation dose (in mrem) at the underground
passage from April 1976 to March 1977
~————___ Point of observation* | 5
Radiation “""\—«,\K\\
y-ray (mrem) 2840 180
Thermal neutron (mrem) 950 60
Total (mrem) 3790 240

#*  See the figure shown below.

]
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12. HEAVY ION LINEAR ACCELERATOR PROJECT

12-1. Status of the Constructional Work

M. Odera

Installation of the high voltage ion source terminal and the first resonator was completed in
December 1976. Vacuum pressure of 3 X 1077 Torr was obtained for the resonator in January
1977. The 500 kV unit was tested to its full voltage in March. However, humidity from the
concrete wall of the injector room was still high and the leakage current as high as 300 uA was
observed at times. Electric dehumidifiers were installed and the state is improving.

The first high power amplifier and its power supply were installed in April. Several minor
modifications were found necessary during the low power tests and took a couple of months. A
power feeder to the resonator was fabricated and installed in September.

The contract for construction of cooling system was made. The part for cooling of the ion
source on the high voltage terminal was completed at the end of October and will be used
tentatively for cooling of the first resonator and the radiofrequency amplifier for a year until the
whole system is installed.

Fabrication of the remaining five resonators are progressing in the factory of the contractor.
Acceptance test of No. 2 cavity was also completed at the end of October. All the cavities will
be set in the accelerator vault by the end of March, 1978.
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12-2. The Proto-type Buncher

M. Odera, 1. Takeshita, and F. Yoshida

A single frequency bunching system was investigated and a proto-type resonator was fabricated
and tested. In the variable frequency linac scheme of our machine, the accelerating frequency is
adjusted according to the charge to mass ratio of ions so that the flight length of the ions in one
period of the radiofrequency remains the same regardless of the ions under acceleration. This
makes calculation of the buncher parameters simple by normalizing time in unit of the period of
radiofrequency and length in unit of the length of the drift tube cell of the buncher.

The resonant frequency of the buncher must be adjustable easily for the full range of
frequency required, by a method as simple as possible, otherwise, the buncher system adds
complication to the operation of the accelerator. As such a method we chose that of capacity
tuning. Figure 1 shows cross section of the proto-type cavity. A vacuum variable capacitor
connected to the center electrode of the buncher can adjust frequency in the required wide range.
The method of tuning has been found simple and it permits fine adjustment. The capacitor which
has the maximum capacity of 250 pF and the maximum voltage rating of 30 kV is selected for
the present design.

Position of the buncher is chosen 3m upstream from the first gap of the first accelerating
resonator. Relatively low voltage less than 3 kV is expected to be sufficient for the center
electrode of the buncher in that configuration. Therefore, there is ample margin for the vacuum

capacitor rating. Power consumption was also found small and was less then 200 W at most.

Drift tube center electrode — Vocuum vorioble capocitor
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Fig. 1.  Cross section of the proto-type buncher.
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12-3. A Lay-out Plan of the Beam Diagnostic Elements

M. Odera

Figure 1 shows schematically a lay-out of the beam diagnostic elements. Abbreviations are
explained at the lower part of the figure. Ions extracted from the ion source IS are focused by
an electrostatic lens ESL. A slit SI. 1 selects certain charge states and defines source profile of
the beam. The beam intensity can be measured by a beam stopper BS. 1 which can be plunged
into the beam path by a pneumatic device. After passing through the accelerating column,
direction and centering of the beam with respect to the acceleration axis are adjusted by a pair
of the steering magnets St. 1 and St. 2. The probe container box PC. 1 can house several types of
diagnostic probes according to kind of measurement desired. Then a quadrupole doublet DQ.
focuses beam onto Sl. 2 and the state of dispersion of the beam is investigated by a profile
monitor PM. 1 in front of SI. 3. A mass analysing magnet D. 1 can single-out any isotope if
desired. D. 2 inflects the beam into the buncher. Performance of the buncher can be measured
by plunging into the beam path a bunch pick-up probe in PC. 2 in front of the valve V. 3. Baffles
Baf. 1-4 define the cross section of the beam allowed to enter each cavity. Emittance variation
along the beam line can be checked by inserting emittance probes EM 1~8 into a suitable probe
container among PC. 1~8. Roles of any other diagnostic elements in the Fig. 1 may be
understood in the same way.

= [nflecting magnet
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4 “ } .Na |0> (e H%—C
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‘——-Mass analysing magnet

Vg SQgV’C7Bthe . V9 TQz PCg Bs7
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> 54 Singlel quadrupole magnet |
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t
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Fig. 1. Arrangement of the beam diagnostic and handling elements

along the beam transport line.
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12-4. Orbit Analysis of the Beam after Charge Stripping

M. Odera and F. Yoshida

Though the linac has been designed so as to be able to function without charge stripping it is
interesting to investigate effects of the charge change on the beam dynamics through the linac. If
it is possible to increase charge of the ions by that process without causing much complication to
the operation, it is very desirable in view of saving of power consumption of the linac system.

The radiofrequency power loss is inversely proportional to the square of charge of the ion, when
the energy to be gained is fixed.

The most probable charge states of Xe-8+ and Ne-5+ when stripped between the fourth and
the fifth resonators are 24 and 9 respectively. Figure 1 shows variations of emittance of beam
after passing through the next cavity and acceptance of the later part of the linac according to the
charge states when the parameters of the machine are chosen to give best result for the ions
having the most probable charge states. A large portion of the xenon beam is found to be able to
pass through all the later sections in spite of a large difference existing in charge states. For the

Acceptance : Xe | Acceptance : Ne

Xy

—
=25

-0 29

~x-w- 34 -wew- 5

Fig. 1. (a) and (b): variations of acceptance
of the beam of #5 cavity according to charge
states. Stripping is made at the entrace of the
cavity. Number of charge q is as follows:

Xe: — q =24, +—+q=25 X—Xq = 26,
B—Hq=29, X—Xq = 34;
Ne: — q=9,+—+tq=8,X—Xqgq=7,

B5-39=6, x—xaq=5, #—m q=10
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Emittance : Ne

B

| Emittance : Xe

(x,%7)

Fig. 1.  (¢) and (d): variations of emittance of
the stripped beam after the #5 cavity. Other
parameters are the same with those of (a) and

(b).

neon beams, transmission is somewhat worse. However, substantial portion of particles of various
charge states seems to go through later sections in this case too. So discrimination of the charge
states by difference in emittance and acceptance seems difficult. It will cause some difficulties

in the beam diagnosis.
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12-5. Test Facility for Heavy lon Source

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

The linac is designed to be able to accelerate ions whose mass to charge ratios are between
4 and 24. For the production of these ions we adopted a hot cathode PIG type ion source
similar to the heavy ion source!) of the cyclotron. A test facility was equipped to study the
production of multiply-charged ions of all elements and the formation of ion beam extracted
from the ion source.

Figure 1 shows the experimental arrangement. Ions of different charges were extracted
radially and separated by a magnetic field which at the same time maintains the arc plasma of
the ion source. The selected ions were deflected by about 120 degrees in the field of the source
magnet and they passed through a magnetic shield into an emittance measurement apparatus.

Mognet
po\le piece

Extracting
electrode

Emittance measurement
assembly

_—~Faradoy cup
-

Fig. 1.  Test facility for PIG source.

The radius of beam trajectory in the source magnet was decided to be 13 c¢cm to extract all
ions with mass to charge ratios between 4 and 24.  Therefore, the required maximum field
strength of the source magnet was 7 kG and the electric voltage of up to 35 kV was needed for
ion extraction. As the hot cathode PIG ion source, which was already described,?) was 14 cm
high, the gap width of the magnet was decided to be 15 c¢cm and the beam extraction system is
supplied with a negative high potential.
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Furthermore, the magnetic shield was installed to reduce the magnetic fringing field resulting
from the rather large gap width of the magnet. Figure 2 shows the magnetic field distribution
with and without the magnetic shield. It is found that the magnetic fringing field is reduced by
the use of the magnetic shield.

At present we are studying the characteristics of the PIG type ion source with this test

facility.
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IWAMOTO Masako AR F 116

1ZUMO Koichi ok ot — 89,9193

KAGEYAMA Tadashi ¥l ik 2,6

KAMBARA Tadashi P il 96
8,10,13.18
KAMITSUBO Hiromichi b PE 2 i 34,43, 54, 56,
114
KAMMURI Tetsuo pon oK 25
KANEKO Ichiro & F— [ 132
KARASAWA Takashi R # 15, 134

KATOU Takeo o B o 69, 72.74.85.91, 93

KAWAI Mitsuji moE ok 31
KIMURA Kazuie Ak — 9 122
KIRA Akira BRI #” 124

KISHIDA Norio & ® A 4 22,28
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KITAYAMA Shigeru

Jb W ¥ 126,128

KOBAYASHI Masayoshi /s # # & 99

KOHARA Shigeo /R & X 2.6

2, 39, 40, 82, 87, 96

KOHNO Isao It b)]

114, 149
KOYAMA Akio /1L B4 # 102,104
69, 72, 74, 85
KUMAGAI Hidekazu BB & F M 89,91, 93, 96,
99
LEE S. M. &= MHxE 39
MAEDA Kuniko B B 99
MATSUI Masao  # # [E %X 124

126, 128, 130,

MATSUYAMA Akira # Wl % 5,

MIAKE Yasuo — W FEEP 43
MINAMISONO Tadanori BgE R 43
MIYANO Kazumasa & %F M B 79
MIZOBUCHI Akira # B 43
MORI Akihiko #& HE 20

MORINAGA Haruhiko ZkEE 66

MOTOBAYASHI Tohru & # & i.z ‘g o
MOTONAGA Shoshichi 7 & 8 & oy
NAGAI Ryo X #H om 11l
NAKAHARA Hiromichi % . i#  79.87
NAKAJIMA Hisao i i # 2,6
NAKAJIMA Shunji  * B & = 40
NAKAMURA Masanobu oA EfE 18

10, 13, 22,

NAKANISHI Noriyoshi  # #& #2 &

28

NAKAYAMA Shintaro  #LfE KB 77

NOJIRI Yoichi B R ¥ — 43

NOMURA Toru % # % 58,60, 63,66, 67, 81
NOZAKI Tadashi % & & 15119103 B7
ODERA Masatoshi /v % i # 144,145, 146, 147
OGAWA Koiji O e 137

OGIWARA Kiyoshi 3k & & 24,10
OHNUMA Hajime K #B 28

OHTANI Fumihiko Xx#& X & 22

OKADA Shigefumi A B O\ 3 132

OKADA Takuya M B % t# 106

OKANO Masaharu kg B 5 # 91, 93,137

OO0l Takao K ¥ # HE 40

SAKAGUCHI Harutaka # n # & 22

SAKAI Nobuhiko R 3# & & 106
SAKAIRI Hideo  # A #* # 102, 104
SAKAMOTO Ichiro R A& — b 141,143
SASA Yoshihiko tE « & Z 99
SASAKI Masao e« RIEX 132

SATO Kenichi & # & — 48
SAWADA Shozo IR H M= 132
SEKIZAWA Hisashi B R ™ 106
SHIBATA Tokushi 4% B & 77
SHIKATA Takashi /@ 75 B 5 114
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SHIMAMURA Akira & # £ 149 UDA Masayuki 5 B &2 99

SHIMIZU Jun  # % #& 34 UEDA Nozomi kL m @ g 18

SHIMODA Tadashi F @ & . "% USUBAIsao w2 m 1

SHINNO Hitoshi % & (114 UTSUNOMIYA Hiroaki ~ F#®ELE 39,60, 63

SHIOTANI Nobuhiro B # = 4k 106,109,111 WADA Ryoichi foH B — 34

SHIRAISHI Haruki B A &EHE 14 WADA Takeshi # H M 8,18, 34

SOGA Fuminori 2R XE 18 34 WATANABE Ryoji BT R 114
SUGIMOTO Kenzo # K = 43 YAGI Eiichi JUR % — 102, 104, 106
TAKAHASHI Noriaki s E R 43 YAMADA Satoru 1 H B8
TAKAHASHI Noriyuki B A E 34 YAMAIJI Shuhei W & ¢ 48
TAKAHASHI Tan = s B 89,91,93 YAMAKOSHI Kazuo I fn 87
TAKEBE Hideki BOE OB 2,4 YANAGIMACHI Tomoki  # B By # 82
TAKEMASA Tadashi & B # + 45 YANOKURA Minoru &% 328673 6.
TAKESHITA Isao T Bk 145 YASUE Masaharu "L E B 18,22

TAKI Ko & ¥ 137 YATAGAI Fumio  #wi A3k 126,128,130, 132
TAKIMOTO Kiyohiko B AFE 34 YAZAKI Koichi *x B g— 20,51
TANAKA Koichiro B gt—n 43 YOKOYAMA Ichiro B — B 10

TANIGAWA Shoichiro HIME—BS 109, 111 YOSHIDA Fusako & HBE F 10,13, 145, 147

69,72, 74, 85

TENDOW Yoshihiko K & % & 4 o " YOSHIDA Hiroshi # m 2. 45
TOBA Yoshiyuki 0 % £ 8, 18,22, 28 YOSHIDA Shiro & ®m B g 48
TONUMA Tadao F 18 I # fj,991»93: 9,99 YUKAWA Tetsuyuki & JI| # = 51

UCHIYAMA Sadayuki 7 W 5 %= 89
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