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PREFACE

This is the sixteenth issue of the RIKEN Accelerator Progress Report and summarizes
research activities and technical developments carried out at the Institute of Physical and Chemical
Research (RIKEN) using accelerators during the period from January to December in 1982.

Nuclear science is one of the principal research activities at RIKEN and about one hundred
scientists from inside as well as outside of the institute take part in the collaborative studies which
cover the research fields of nuclear physics, atomic and solid state physics, nuclear and radiation
chemistry, material engineering and radiation biology. It should also be emphasized that the
accelerators at RIKEN are open for the trials and tests to the application of accelerators to the
industrial uses. In the past one year the cyclotron provided protons, deuterons and alpha particles
for these purposes.

In order to extend the research area in the nuclear science and to develop the research
activities using the accelerators at RIKEN a new separated sector cyclotron with k = 540 is under
construction. We expect we can get the first beam in the middle of 1986.

We would like to acknowledge to Prof. K. Shinohara for his critical reading of the manuscripts
and valuable comments. We also thank to Mrs. H. Masamoto and H. Takada for their editorial

works.

Il Kot

H. Kamitsubo
Editor
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I. INTRODUCTION

H. Kamitsubo

Since the collaborative research works started in 1967 using the 160 cm cyclotron at this
institute, the experimental studies of nuclear and atomic physics, solid state physics, nuclear and
radiation chemistry, material engineering and radiation biology as well as the developments of the
instrumentation have been carried out. The main facilities now devoted for these research works
are the 160 cm cyclotron, the variable-frequency heavy-ion linac (RILAC) and the tandem van de
Graaf accelerator (TANDETRON).

During the past one year the cyclotron was in good condition as before and 3C and '80 ions
were newly added to the ion group which can be provided steadily for the users. The RILAC has
been in steady operation in this period and ions of gaseous elements as well as metalic ones such
as alminum and nickel were used for studies in various research fields. The TANDETRON was also
in steady operation and ions of helium and boron were mainly used for the studies of solid state
physics and chemical analysis.

A majority of research works have been carried out with heavy ions. In the field of nuclear
physics, studies of strongly damped components in heavy ion reactions, spin-polarization of residual
nuclei in heavy-ion collisions and in beam «- and y-ray spectroscopy on actinide nuclei have been
continued. X-rays, Auger electrons and recoil ions were measured in atomic collisions to get the
information on the spectroscopy of highly ionized atoms as well as on the collision mechanism.

Activation analysis of impurity oxygen has been continued to get the calibration curve for
infra-red spectrophotometry of oxygen in semiconductors. Resonance reaction of B + p and
forward-angle Rutherford scattering of argon were applied to measure the hydrogen distribution in
the amorphous silicon and other materials.

Measurements of perturbed angular cerrelation and Mossbauer effect were applied to study the
solid state physics and chemistry. This technique will be developed to the on-beam measurements.
Spectroscopic study on the excitation of noble gas atoms at the primary stage of the collision was
continued. Application of the cyclotron to the industrial and engineering problems has been
developed.

Construction of the separated sector cyclotron is in progress. During the past one year, two
among four sector magnets were finished at the factory and their field distribution were measured.

Design of the remaining parts is now under way.



II. OPERATION OF ACCELERATORS

1. Cyclotron Operation

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

The cyclotron was operated on the 24 h a day basis during the period from Oct. 23, 1981
to Oct. 22, 1982. The total operation time of 4365.3 h is 3 % (266.8 h) longer than that of
the last year. This increase in operation time is due to increased beam time shown in Table 1.

Table 1. Cyclotron operation.

Oscillator Ion-source Beam

Reading of time meter on Oct. 23, 1981 71424 4 75610.8 41327.2
Reading of time meter on Oct. 22, 1982 76325.3 80614.2 45692.5
Difference 4900.9 5003.4 4365.3
Percentage of 365 days 55.9% 57.1% 49 8%
Schedule in this period

Beam time 235 (days)

Overhaul and installation work 58

Periodical inspection and repair 22

Vacation and holidays 50

‘Figure 1 shows the net beam time from the difference of reading of time meter over the past
10 years. The average of the net beam time is about 4400 h, and the net beam time indicates
constant operation of the cyclotron in the last few years. Table 2 shows the beam time allotment
to various activities in this period. The scheduled beam time was decreased by 24 h compared
with that of the last year: requirement for heavy ion beams decreased; its decrease was 359 h.
Table 3 shows the distribution of the scheduled beam time among particles accelerated.
Newly accelerated ions such as 13C* 180°* were accelerated up to 100 MeV and several experiments
were performed. In this period, the beam times for protons and newly accelerated ions were
increased in contrast to the decrease for 2Ne®* and 'N**.
Figure 2 shows the beam time of heavy and light ions over the past 8 years. Request for
heavy ion beam continued to decrease, still the cyclotron was operated to accelerate heavy ions

for more than 72 % of the total scheduled beam time in the past 3 years.



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

Subject Heavy ion Light particles Total
Nuclear reaction 2573 (h) 302 (h) 2875 (h)

Nucl. Phys. { In-beam spectroscopy 449 0 449
RI production 24 80 104
Nuclear chemistry 4 320 324
Fields others | Radiation biology 147 5 152
than Nucl. 1 Radiation chemistry 234 0 234
Phys. ] Solid state physics 190 291 481
Inner atomic shell excitation study 116 48 164
l Study of radiation damage 0 133 133
Outside users ! Nuclear fuel study 0 164 164
1 RI Production 0 90 90
Total 3737 1433 5170

Percent in total 72.3 % 27.7 % 100 %

Maintenance, operation and engineering

Exchange of ion sources 96 (h)
Machine inspection and repair 560
Total 656

Table 3. Distribution of beam time among particles accelerated.

Particle (h) (%) Particle (h) (%)
P 546 10.6 N>* 765 14.8
d 24 0.5 o’ 574 11.1
3Hett 223 4.3 20Neb* 500 9.7
et 592 115 1304+ 592 11.4
Lt 70 1.4 1805+ % 70 1.3
12c4+ 521 10.0
N4+ 693 13.4 Total 5170 100

a) Newly accelerated ions.
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IT-2. Operation Statistics of RILAC

Y. Miyazawa, M. Hemmi, T. Inoue, T. Kambara, T. Kubo, Y. Chiba,
M. Yanokura, E. Ikezawa, T. Tonuma, M. Kase, and Y. Gono

The Riken heavy-ion linear accelerator, RILAC, started to supply beams of heavy ions in
the fall of 1981 for various experiments. Regular allocation of machine time to the proposed
experiments has begun since Feb. 8th, 1982. Initially, the ratio of time used for machine
development and maintenance, experiments, and unscheduled shut-down by machine failure was
roughly 1 : 1 : 0.05. Percentage of beam time for experiments grew rapidly, especially after the
summer overhauling. In October, loss of time by machine failure became negligible when
compared to the time for the experiments and machine development. Though it is still necessary
to develop and improve the high power amplifiers to cover the whole intended frequency range,
the machine is stable enough for over-night operation. Table 1 gives statistics of operation from
February to October in this year. Figure 1 shows the ion species accelerated in this period, and
Fig. 2 shows the area covered in the specification map of energy and frequency. Figures attached

to each line are the ratios of mass to charge of jons.
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1] I
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3

O .
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lon Species

Fig. 1.  Statistics of ions used in the period Feb. 8
- Oct. 23. Figures below abscissa give number of
charge of each ion.



Table 1. Statistics of operation in the period Feb. 8 — Oct. 31, 1982.

Schedule in this period

Beam time 144 days (54%)

Overhaul and improvement work 43 (16%)

Periodical inspection and repair 24 ( 9%)

Vacations and holidays 55 (21%)
Total 266 days
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Heat exchangers of the water cooling system were found not functioning properly in June.
Temperature difference between the primary and the secondary coolant was much larger than
the specified value, suggesting something wrong has occured which hindered heat conduction
through plate separating the two coolant circuits. Also the mesh filter made of stainless steel in
a liquid Freon circuit was discovered broken in small pieces. It was worried that the metalic
fragments might have flown into the cooling channel of the insulating liquid to destroy insulation.
Therefore, the regular summer overhaul interval was extended by a week and cleaning of the
heat exchangers and inspection of the insulating liquid channel were done. A lot of remnant
pieces of the stainless steel filter was recovered from the Freon 123 channel. Black coloured mud
or slime was found sticking thick on the side of plate on which water from the cooling tower
flows. Table 2 shows temperature at the inlet and outlet of the heat exchangers. Note that the
temperature difference between the primary and the secondary channels decreased considerably
after the overhaul. Also the pressure drop in the cooling tower water channel became small.



Table 3 gives the major machine troubles which caused the unscheduled shui-down of the

linac for more than a half day.

Table 2.

Temperature and pressure at the inlets and outlets

of heat exchangers of cooling system.

Channel Part

July 9
Inlet Qutlet  Diff. Inlet

Sept. 9
Outlet  Diff.

o Cooling tower Temp. (°C) 32 33.5 1.5 35 36 1.0
Deionized . 2
water side Pressure (kg/cm?) 3.7 1.5 22 2.6 1.7 0.9
water channel
(Hex-3) Deionized { Temp. (°C) 45 41.5 3.5 40 37 3.0
water side Pressure (kg/cm?) 9.7 9.0 0.7 9.6 9.0 0.6
Cavit Cooling tower { Temp. (°C) 32 335 1.5 35 36 1.0
avl .
Y water side Pressure (kg/cm?) 32 1.5 1.7 26 1.9 0.7
channel
(Hex- 4) o Temp. (°C) 37 36.8 02 362 36 0.2
Cavity side 2
Pressure (kg/cm*) 0.95 0.55 0.4 0.9 0.5 0.4

Table 3. Major troubles in the period Nov. 1, 1981 — Oct. 31, 1982.

Time required

Equipment Trouble )
for repair
Power tube failure due to vacuum degradation 1 day
Destruction of resistor in screen grids
1.5 days
RF power power supply
amplifiers
P Insulation failure of by-pass condenser of
screen grids by water spray from a cooling 1 days
pipe
Leakage of water from a cooling pipe
Cavity & & pip 10 days

in the vacuum chamber




ITI-3. TANDETRON-Operation

H. Sakairi, E. Yagi, T. Kobayashi, and T. Urai

During one year from the November in 1981 the machine was operated for 134 days in total:
88 days for experiments and 46 days for tests.
Subjects of the experimental studies were as follows:
(1) Application of backscattering spectroscopy,
(a) Effects of ion implantation on properties of electrodes,
(b) Improvement of corrosion-resistance of steels by ion implantation,
(¢) Electrical conductivity of an ion implanted diamond,
(d) Laser annealing effects on ion implanted GaP,
(e) Lattice location of Sn atoms implanted into Al crystals,
(2) Application to the fields other than backscattering spectroscopy,
(f) Ion induced X-ray spectroscopy of chemical effects,
(g) PIXE analysis of dried bloods,
(h) Heavy ion radiation damage of metals.
Species of ions which were newly utilized to the experiments this year were boron and carbon.
The condition of operation and resulted beam intensity for them are shown in Table 1.
In the first half of this year troubles occured frequently in the lithium vapour canal; lithium
vapour liquidified to make a membrane at the beam path in the canal. This situation was
improved greatly in the last half of the year.

Table 1. Operating conditions and beam intensity .

Negative ion Terminal Acceleration B.eam
Ton beam intensity voltage energy intensity
(LA) (MV) (MeV) (HA)
B2* 1.0 1.0 2.4 0.34
c* 7 0.7 1.4 0.6

c3* 10 0.7 2.8 09




I[II. RESEARCH ACTIVITIES
1. Nuclear Physics

1. Excitation Functions for '“N-Induced Reactions on ®?Ni

K. Sueki, Y. Hamajima,* M. Takahashi,*
Y. Nagame,** H. Nakahara, and 1. Kohno

NUCLEAR REACTIONS ®Ni(**N.X), B, =40 — 120 MeV, measured cross

sections, excitation functions; calculation statistical models.

The aim of the present work is to measure the excitation functions of evaporation-like
residues in the N + 62Ni reaction and to see if the reaction mechanism leading to those products
can be understood in terms of the ordinary model of compound formation and evaporation.

Self-supporting 92Ni target foils of 1 — 2 mg/cm? (isotopic abundance 98.5%) were prepared
by electrodeposition. They were assembled into a stack together with Al foils (5 — 6 mg/cm?) of
99.997 % purity which served as collectors of recoiling products and beam energy degraders.
Irradiations were performed at the cyclotron with initial beam energies of 95 MeV and 120 MeV
for 1 — 2 h with beam intensities of 100 — 200 nA. The beam energy incident on each
target was estimated from the range-energy table of Northcliffe and Schilling,!) and the energy
range covered was from 40 to 120 MeV. The cross sections were determined by directly
observing the y-rays of the reaction products with a Ge(Li) detector.

The excitation functions obtained in this work are shown in Fig. 1(a), 1(b), and 1(c). The
cross sections of 73Se, TAs, 69Ge, 67As, and %°Ga are corrected for the contributions from the
respective parent nuclides in the f-decay chain, and thus they are the so called independent yields.
The cross sections of the parent nuclides of "YAs and ®Ga were found below 10 mb, which is
the detection limit in this work. Therefore, yields of "9As and %°Ga can approximately be
considered as independent ones. The nuclides, 7™ Br, 7?As, and 8Ga, are shielded nuclides in the
respective f-decay chain and their observed yields are also independent yields.

The excitation functions in the present energy region can be classified into two groups: (1)
MmBr, 13Se, and "2As which exhibit simple peaks revealing that they have simple reaction
channels; and (2) the products with the mass number smaller than 71 which show two peaks,
suggesting that they are produced by various evaporation channels.

The experimental results are compared with predictions of the statistical evaporation model
by using the codes, ALICE ? and GROGI2.> The decay rate of the compound nucleus,
R(E,, J: E, i, s) are given by

RE.J:E. j odE, = S HED S P
¢ - Bpy )y 8)akg h ‘Q(Ec’J) S:A!—Jl'fs\ /:ﬁ‘SI e, (1)

*  Faculty of Science, Tokyo Metropolitan University.

** Present address: Japan Atomic Energy Research Insitute, Tokai.
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Fig. 1.  Excitation functions of evaporation-like residues:
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65Ga. The lines are drawn though experimental points to guide the eye.

where E_ denotes the excitation energy of the compound nucleus, and E, denotes the energy of
the residual nucleus. J, j, and s are the angular momentum of the compound, residue, and the
particle emitted from the compound nucleus, respectively. 2 is the level density, and T , is the
transmission coefficient for the orbital angular momentum £. In the ALICE code it is assumed that
dQUE,Dx(2] + 1)d2(E), and thus, Eqn.(1) can be written as

E) 3
SQUE) r-0

dE
R(E)dE; = Tf (2s + 1) Qe+ DT, . (2)

In the GROGI2 code the calculation is made using Eqn.(1) which rigorously takes into account
the angular momentum conservation. In both of the codes almost identical level densities and
transmission coefficients are employed. The GROGI2 calculation is now still in progress, and
only a part of the results are given here.

In Fig. 2 are shown the excitation functions of experimental and calculated results for 3Se,
2ps, TIAs, and "9As. In the calculation, the critical angular momenta which were estimated from
the empirical data reported for (4N + 58Ni) and (N + 2Ni) reaction systems® with the aid of
the Bass model > were supplied as inputs. The figures show that (1) the predictions by ALICE
are in all cases shifted in energy by about 20 MeV to the lower energy side of the experimental
points, and that (2) the GROGI2 code gives better overall agreements, but for 3Se and "?As the
experimental results are larger than those expected at the high energy region of excitation
functions. These observation indicate that the observed excitation functions can be understood
fairly well by the evaporation model if the effect of the angular momenta of emitted particles
are taken into account rigorously. However, the observed discrepancy for 73Se and "?As may
indicate the possibility of incomplete fusion processes at higher incident energies. This conclusion
is also supported by the results on the differential projected ranges of 3Se observed in the 115
MeV N + 62Ni® which could only be explained on the assumption of higher energy 3H particle
emissions.
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Fig. 2. Comparison between experimental excitation functions (closed
points) and the predictions by the codes ALICE (solid line) and GROGI2
(dot-dashed line): (a) 7*Se, (b) "?As, (c) "'As, and (d) °As.
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[lI-1-2. Strongly Damped Components in the Reactions of

®Ne + ?Mo and **Ne + '""Mo Systems

I. Kohno, Y. Nagame, K. Sueki, M. Takahashi,* and H. Nakahara

-

NUCLEAR REACTIONS 2°Ne + Mo, 2Ne + ®Mo; strongly damped
components, Z(atomic number) distribution, target isotope dependence,
diffusion model, rotating liquid drop model.

The reactions of °Ne + %Mo and 2°Ne + Mo systems were investigated experimentally. The strongly
damped components, especially, symmetric mass fragmentation products were analyzed in terms of the diffusion
model) as well as the rotating liquid drop model? for fission. The systems studied in this work, the conditions for
compound nucleus formation and its decay by fission are summarized in Table 1.

The details of the experimental procedure are similar to those for the reaction of 20Ne + 50Cr reported in
a previous report.4) The experimental results such as grazing angle(egr), reaction cross section (or) and critical
angular momentum (ch) obtained from elastic scattering and evaporation residue cross section data are summarized
in Table 2. The trends of the energy spectra obtained in the 146 MeV Ne + Mo and Ne + ®Mo systems are

similar to those observed in the 146 MeV 2°Ne + %°Cr reaction.?)

Table 1. Summary of the conditions for compound nucleus formation and its decay by fission.

a) b) c)
) Compound  Fissility Eob EiN gcrit ¢Bf=Bn Bf at p’crit
Reaction
nucleus  parameter  (MeV) (MeV) (h) (h) (MeV)
Ne + 72Mo 127Te 0479 146 103.7 61 60 10.9
20Ne + 190Mp 120Te 0.453 146 118.2 64 70 15.3

a) compound nucleus excitation energies.

b) Bass model.?
) fge_p, characterizes the 0 value at which the fission barrier Bf coincides with neutron binding energy.

Table 2. Experimental results obtained from elastic scattering and evaporation residue
cross section data.

Reaction 6 gcrm(deg) (gr(h) o (mb) 0pp(mb) £, () Eq(MeV) V (MeV)
2Ne + 2Mo 37.7+0.5 72+1 1780+ 24 1001 + 50 54+3 120 59.5
0N + 100Mo 364+05 74 +2 1844 +25 1021 +53 56+3 122 58.7

* Department of Chemistry, Tokyo Metropolitan University .



The charge distributions observed in the 146 MeV ®Ne + ®?Mo and ®Ne + '®Mo reactions are shown in
Fig. 1. The cross sections of particle emission decrease towards larger Z value from the projectile Z = 10 and
have minimum values at the Z value of 16. Above the Z value of 16 broad peakings at around Z = 26,
corresponding to a half value of compound systems are seen. Furthermore, the yields above Z = 15 were found

10T T T T T E
- 0 *'Ne+ Mo ), =263 R
° ZUNQ'F]“UMO {}m,:25_3° :
8
102 4 =
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Fig. 1. Experimental charge (Z) distributions obtained
from the reactions 146 MeV 2Ne + Mo and ZNe + 19Mo.
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Fig. 2. Charge distributions calculated by the diffusion
model. The solid line shows the distribution of 2Ne + 92Mo
and the dashed for the 2Ne + 1Mo,

13



14

to be about two times larger for the *Ne + Mo system than for the Ne + 1®Mo system, while the difference
was not observed in the products lighter than Z = 13,

If it is assumed that the transfer of charge Z or mass A conforms to the diffusion phenomena, the charge
distribution is calculated by the same method as in the previous report.s) Figure 2 shows the calculated charge
distributions for Ne + Mo and *Ne + 1®Mo systems. In this figure the cross sections below Z = 15 which
are decreasing towards larger Z agree with the experimental results, while the broad peakings above Z = 16 are not
found and also the isotopic dependence of the cross sections above Z = 15 is not found.

In order to explain the cross sections above Z = 16 the statistical analysis of the fission cross section 0 fiss
was carried out by the computer code OVERLAID ALICE.® The comparison of calculated fission cross
sections with the experimental cross sections of symmetrically split products obtained by summing up the cross
sections above Z = 16 is shown in Table 3. The ratio of the calculated cross section for 2°Ne + Mo to that for
®Ne + Mo is nearly equal to the ratio of experimental results.

From the above experimental results and analysis of these results, it is suggested that, in the strongly damped
components of the reactions 146 MeV %Ne + Mo and Ne + ®Mo, the particles with the Z value below 15 are
emitted by the deep-inelastic collision, while the particles with the Z value above 16 are mainly fission products
of the compound nuclei.

Table 3. A comparison of calculated fission cross sections with the ones
extracted from the experimental charge distributions.

Reaction 0 g (€%p) (mb) 0 s (cal) (mb)
20Ne + 2Mo 22+5 17.3
20Ne + 100Mo 12+4 7.66
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I1-1-3. High-lying Proton Strengths Observed

in ('2C, ''B) Reactions*

M. Ishihara, E. Takada,** T. Murakami,***
E. Ungricht,*** Y., —W. Lui,*** R. Tribble ***
Y. Toba,*** and Y. Mihara***

NUCLEAR REACTION (**C, ''B) and (*2C, ''C) on
148m etc. E = 180 MeV; population of single-particle

states.

In this work, we have investigated heavy-ion one-nucleon transfer reactions, (*2C, 'B) and
(12C, 11C) on various heavy target nuclei. The primary aim of the investigation is to test the
capability of those reactions in populating high-lying single-particle states relevant to the major
shell 1 krw above the Fermi level. Such possibility for the stripping reactions may be inferred in
view of the situations for one-nucleon pickup reactions, which have been known? to be useful in
locating single-particle hole strengths for deeply bound states as well as state close to the Fermi
level. We have used the heavy-ion projectile 12C, anticipating that the selectivity due to matching
conditions of the heavy-ion reactions may help to obtain simplified energy spectra in favour of
high-spin-state population. Indeed we have found the reactions to be quite useful in exciting
high-lying single-particle states.

The experiment was performed using 180 MeV '2C ions from Texas A & M AVF Cyclotron.
A variety of target nuclei, such as 20Zr, 118Sn, 144,148, 154Sm, 208pyy were bombarded. Energy
spectra and angular distributions were observed by detecting and identifying ejectiles with sets of
Si-detector telescopes.

A typical result is illustrated in Fig. 1, where the !B energy spectrum at 17° for the
144sm(12C, 1IB) reaction is shown. Besides the low-lying peaks (denoted by 2dsp and lhyyp ),
two strong broad peaks are seen at higher excitation energies as indicated by “‘a” (at ~ 6.0 MeV)
and “b” (at ~ 7.5 MeV). These peaks are well distinguished from the underlying continuum
(dashed line), which is typical of quasi-elastic reactions with Gaussian-like shape peaked at energy
corresponding to the incident beam velocity. The !B spectra for other targets showed similar
structures at high energies, though they are less distinguished than those for 144Sm target. The
spectra for the (12C, !1C) reactions also showed selectively populated peaks. However the
excitation energies for those states are relatively low as compared to the cases of (12C, !1B)
reactions, probably reflecting the difference in matching conditions associated with the Coulomb
energy difference between incident and outgoing channels.

This work is made under the auspice of the US-Japan research collaboration program funded by Science and Technology
Agency of Japan.

*x Department of Physics, Osaka University .

**#*  Texas A & M University, Cyclotron Institute,
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Channe! indicates the shape of continuum background.

On the basis of excitation energies, the broad peaks in Fig. 1 are supposed to be associated
with excited states in the next upper major shell. Inspection of matching conditions may then
suggest that two highest-spin states, li13/2+ and 1h9/2— , are plausible candidates for those peaks.
Quite recently, study of one-proton transfer on the same target in (d,t) and (°*He, d) reactions has
been reported.z) The spectra observed in those reactions are very similar to those for the
(12C, 11B) reaction. Analysis of the («, t) angular distributions indicated that the peaks “a” and
“b’ are, respectively, ascribed to £ = 5 and 6 transitions.

In earlier experiments with heavy ions, such high-lying single-particle strengths have never
been identified. In some cases, the failure may be attributed to use of ions with insufficient
energies: Indeed the comparison of the data for %9Zr(12C, 1!B) reactions at 180 MeV (present
study) and at 98 MeV (Ref. 3) shows that population of high-energy high-spin states are more
enhanced for the higher-energy bombardment. There have also been studies® using high-energy
heavy ions. However use of inappropriate projectiles seems to have hampered to obtain clean
spectra. For instance, N ejectile from (120, SN) can be strongly excited particularly at 6.4 MeV
1p3/2 hole state, yielding kinematically broadened structure which disturbs the energy spectrum in
the high-energy region of interest. For the case of (12C, 1B), such ejectile excitation was found to
occur only weakly as represented by the peak lavelled with “c”.

The present study has revealed that heavy-ion reactions can be useful for the study of
single-particle strengths ranging to high energy regions. Augular distributions observed, however,
show very similar bell-shaped patterns for different peaks, demonstrating little capability of
heavy-ion reactions in distinguishing transferred ¢ values. This deficiency of heavy-ion reactions
as compared to light-ion reactions may possibly be compensated by the advantages such as follows:
(1) Population of observed high-lying states relative to that of low-lying states appears to be
stronger in the heavy-ion reactions thanin the light-ion reactions. (2) It is probable that strong
j dependence® of population arising from matching conditions may be exploited in heavy-ion
reactions to easily distinguish between j > and j < states. Such aspects are presently under
systematical investigation using different heavy-ion projectiles with varied energies and also

comparing with data from («, t) reactions.
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[lI-1-4. Polarization Measurement for Continuous Protons Emitted

in the (@ p) and ('*N, p) Reactions

T. Nomura, S. Kohmoto, K. Sueki, T. Kubo,
H. Kudo, and H. Utsunomiya

NUCLEAR REACTIONS 2A1(*N, p), Co(}*N, p), E = 95 MeV, ¥ Ta(q, p),
E = 40 MeV; measured spin polarization of protons (6 = 45°, 120°).

Double scattering method.

—

Spin polarization of protons having continuous energy distributions emitted in the (1*N, p)
and («, p) reactions have been measured by the double scattering method using a new polarimeter
with large efficiency. The present polarimeter uses a carbon plate of about 34 mg/cm? in
thickness as an analyzer (the second target), and is very similar to that used for the previous
measurement in the Nb(1*N | p) reaction at 95 MeV except for the following points:

(1) An average second scattering angle is chosen to be 50°.

(2) Large (200 mm?) counter telescopes consisting of Si AE (50 um) — E (2 mm) detectors
are used to measure protons scattered by the analyzer. Rectangular slits of 8 mm in width and
13 mm in height are inserted in front of these asymmetry counters. This makes it possible to
use large solid angles without decreasing analyzing powers very much.

(3) A 100 um Si detector is used as an AE, counter. A rectangular slit of 3 mm in width
and 8 mm in height is placed 12 mm before the analyzer.

The solid angle of the carbon analyzer looking at the beam spot is 17.3 msr, while both the
asymmetry counters have solid angles of 170 msr. These values are about three times as large as
those of the old polarimeter.!

The spin polarization was measured at 45° with respect to the beam direction by bombarding
2TA1 and 5%Co targets with 95 MeV N beam as well as by irradiating a 18Ty target with 40 MeV
alpha beam. The measurement was also made at 120° in the case of the 59Co(1N, p) reaction.

A preliminary analysis of the data has yielded the following features:

(1) The polarization is close to zero in the case of the 2?A1(!*N, p) reaction at 45°.

(2) In the *°Co(MN, p) and '8'Ta(«, p) reactions at 45°, the polarization is positive for high
energy protons (Ep > 12 MeV), but is smaller than the values obtained in the BNb(N, p) reaction
at 40° described previously.!

(3) The polarization is likely to be negative in the case of the 9Co(N, p) reaction at 120°.

A more detailed analysis is now in progress.

Reference
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HI-1-5, Angular-Momentum Transfer and Alignment Following
Preequilibrium «-Particle Emission in

0O- and ?**Ne-Induced Reactions

T. Nomura, H. Utsunomiya, S. Kohmoto, and M. Sasagase*

NUCLEAR REACTIONS *Bi(*0, af), E = 120 MeV, 2®Bi(**Ne , of),

E = 146 MeV; measured angular correlations; deduced I and P, .

The average magnitude and alignment of angular momenta transferred to fusion-like products
resulting from preequilibrium c-particle emission have been determined by a-f angular correlation
measurements in the reactions of 2Bi('0, af) and 20Bi(**Ne, af), in which the residual nuclei
following the «-particle emission partly decay via fission.

A selfsupporting 2%®Bi target of 0.8 mg/cm? thickness was bombarded with 120 MeV 160- and
146 MeV 2%Ne-ions from the cyclotron. Alpha particles were detected with Si AE(50 um)— E(2 mm)
counter telescopes, while fission fragments were measured in a 30 um Si detector. The experimental
arrangement for the present measurement was the same as described in our previous work.D

Figure 1 shows the measured in-plane and out-of-plane angular correlations, in which the
a-particles were detected at 20° and 50° with respect to the beam direction. The analysis of the
experimental data has been made in the same way as described in Ref. 1. The K-distribution of
a fissile nucleus is assumed to be gaussian, in which the width parameter ko has been estimated
from the temperature and the moment of inertia at the saddle point following the procedure given
in Ref. 2. Then, the angular correlations depend on the average magnitude 1 of angular momenta
of a fissile nucleus and their alignment along the normal (z-axis) to the reaction plane. We fitted
the data by assuming one-dimensional dealignment of the spin vector I, which is expressed by
either (A) or (B) given below:

(A) T is composed of random coupling of a component I, completely alined along the z-axis

and a component I, uniformly distributed in a plane perpendicular to the recoil direction

(x-axis) of the fissile nucleus, i.e., [ = I1 + [2; adjustable parameters in the fit were taken to

be the magnitude of I and L,

(B) The polar angle § of I is distributed by exp(762/2{3(2)), where the magnitude of I and B,

were taken as the fitting parameters.

The results are given in Table 1, where the average entrance angular momentum ¢, for preequilibrium
a-particle emission calculated from 0, = AI/(A — 4) (A is the mass number of projectile) and the
critical angular momentum £ for complete fusion estimated from a model of Wilczynski® are

also given for comparison. It is clear that £, is considerably smaller than £ in both reactions.

Note that the value of I presently deduced generally gives the upper limit of angular momenta
transferred to a residual nucleus produced via a-particle emission, because higher spin states of

the residual nucleus decay by fission more preferentially.!

* Hitachi Computer Engineering.
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The experimental o-f angular correlations taken in the reactions of

209Bi(160, af) at 120 MeV and 2%Bi(*Ne, af) at 146 MeV, where « particles

were detected at 20° and 50° with respect to the beam direction. The polar
angle 0 is taken from the normal to the reaction plane defined by the

direction of the measured « particles and the beam, while the azimuthal

angle ¢ is taken from the recoil direction of the fissile nucleus. The solid
curves show the best fits by method A.
Table 1.  Results of the analysis.
Beam Vo Method | I, g P, e, £
A 30+ 4 26 - 0.46 40+ 5
20° { 53
o B 35:5 - 53 039 47+7
0]
] A 282 17 - 074  37%3
50° { 53
B 32+4 - 31° 0.66 43 +5
A 40 + 4 38 — 0.31 505
20° { 60
[ B 44 + 4 - 72° 028  55+5
20Ne
| (A 36£2 25 _ 063 45+3
50° 1 60
B 41 + 4 — 39° 0.55 515
All angular momenta are given in unit of fi and Pzz =3 < If >/<I12 > - 0.5.

2



21

The analysis based on two-dimensional dealignment of I (non-zero x-component of I) made
in the same way as in Ref. 1 has resulted in an increase of I only by 1—2 h and does not affect
the above conclusion (£; < € ) seriously. The present result therefore indicates that the
preequilibrium a-particle emission in the present reactions mainly originates from impact parameters
ensuring enough overlap of projectile and target nuclei. This supports an interpretation that the
a-particles of interest are emitted as the precompound decay during the fusion process.
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*

Ir-1-6.

Light-Particle Emission in

’Li-

H. Utsunomiya, S.

Induced Reactions

Kubono,* M. Tanaka,*

M. Sugitani,* K. Morita,* T. Nomura, and Y. Hamajima**

NUCLEAR REACTION Tb("Li, xy), 2*Th("Li, xf), E = 77 MeV,
X = p, d, t, a; measured o(E, 0), angular correlations; deduced spin

alignment, transferred angular momenta.

The light-particle emission has been studied in coincidence with y-rays or fission fragments resulting from
fusionlike residual nuclei following "Li-induced reactions on '°Tb and *Th in order to deduce the magnitude and

alignment of the transferred angular momenta in the relevant emission.
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Fig. 1. Some energy spectra of protons, deuterons,
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The experiment was performed with 77 MeV 7Li ions from an INS cyclotron. A self-supporting "°Tb target
of 3.2 mg/cm? thickness and a 2*’Th target of about 0.5 mg/cm? thickness electrodeposited onto an Al backing
was used. Some energy spectra for p, d, t, and « measured in singles in the *Tb + 7Li reaction are shown in
Fig. 1. At very forward angles the spectra exhibit a bump at around an energy corresponding to the beam
velocity, suggesting the breakup mechanism as a dominant origin of the light-particle emission. This feature is
very clear for the case of tritons and a-particles, while it is less visible for protons and deuterons, presumably due
to the cluster structure of "Li. The a-particle spectra were also taken in coincidence with y-rays from the
9Tb("Li, axn)*®** Dy reactions. The spectra obtained after the summation over those from all axn channels are
similar to singles spectra, although the bump around the beam velocity are less pronounced, suggesting that the
breakup-fusion process takes place to a considerable extent.

Figure 2 shows out-of-plane angular distributions of y-rays characteristic of various axn channels, which were
measured in coincidence with a-particles at 30°. The same measurement was also made at Vo = 60°. They were
fitted by assuming that the population parameter of each initial state is given by

w(m) o« exp{ ~ (J-m)¥20? } (1)
where J is a spin of the initial state which emits y-rays of interest and m is its component along the normal to the
reaction plane. The result is given in Table 1.

In-plane and out-of-plane angular distributions of fission fragments measured in coincidence with light
particles emitted at 20° in the 2*’Th + "Li reaction are shown in Fig. 3. They were analyzed in the same way as
described in a preceeding paper.) The result is given in Table 2. The following points should be noted:

(1)  The alignment (Py)of the transferred angular momenta (J) for the case of a-particle emission is close
to that obtained from the analysis of the y-ray angular distributions (see Table 1), except for the a5n channel,
where the a-particle energy is very low and thus the evaporation process must be dominant.

(2)  The sum of J for triton and a-particle emission is almost equal to the grazing angular momentum in
the Z?Th + 7Li reaction at the present energy. Note that this sum corresponds to the entrance angular momentum
if tritons and a-particles originate from 7Li breakup and one of them can be considered as a spectator while the
other is captured by a target nucleus.

The second feature is in sharp contrast with conclusions of Refs. 1, 2, where the average entrance
angular momentum for preequilibrium a-particle emission in ““N-, '0-, and 2*Ne-induced reactions is considerably
smaller than critical angular momentum for complete fusion at each reaction, which is of course even smaller than
the grazing angular momentum. It is also interesting to note that the value of P, for triton and a-particle emission
in the "Li-induced reaction is much larger than that obtained in Refs. 1, 2 at the same emission angle.

The above facts can therefore be considered as characteristic features of the breakup-fusion process.

Table 1. The best fit parameters in the analysis of the y-ray angular distributions.
P,,is calculated from P,, = { 3<m?>—J(J + 1) b 3.

Emission Reaction Transition

J P
angle of « channel J=>7J of Lz
o2n 6" > 4 0.23 +0.02 0.62 +0.04
20° a3n 17*2 - 132 0.23 £0.01 0.60 +0.02
adn 4" > 2f 0.26 £ 0.01 0.61 +£0.02
a5n 212 - 172 0.37 +0.04 0.33+0.05
I adn 4t - 2t 0.29 +0.02 0.56 +0.04
60° asn 172 - 13%2 0.50 + 0.06 0.24 + 0.05
‘ abn 47 > 2% 0.71 £0.22 0.15+0.10
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Table 2. The best fit parameters obtained for the reaction ***Th(’Li, xf) (x = p, d, t, &) at 77 MeV.
All symbols refer to Ref. 1. The angular momenta are given in unit of fiand f, in degrees.

Emitted

particles Method J 3, Bo P,,
0.02
A 32+ — +
7 31 0.30 001
P
B 368 — 69 0.39 £ <0.01
A 27%6 26 — 0.31 i<0'01
0.06
d
B 29+7 - 71 0.38 £ 0.01
0.10
+
A 21%5 17 0'51i0.16
t
. 0.03
B 216 - 41 0.56 + 0.09
0.16
+ — +
A 20+ 4 14 0.63_0'14
* 0
0.03
2+ +
B 22+4 35 0.63 0.08
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[II-1-7. Momentum Transfer Light-Particle Emission Following

210 MeV '“N-Bombardment on **?Th

T. Nomura, T. Fukuda,* H. Ogata,** 1. Miura,**
K. Katori,* T. Shimoda, and S. Shimoura***

NUCLEAR REACTION 2Th(¥N, xf), x=p,d,t,0, E=210 MeV; measured

0,(6,E), x-f-f angular correlations; deduced momentum transfer.

The laboratory angle (64) between two fission fragments in a binary fission depends on the
magnitude and the direction of linear momentum carried by a fissioning nucleus in the laboratory

system. The distribution of 6 in a nuclear reaction using a target nucleus with large fissionability
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therefore determines the distribution of momentum transferred from the projectile to the target.
In this work we have measured the 0 distribution in coincidence with light particles emitted in
the 232Th + N reaction to deduce possible missing momentum carried by unobserved particles.

A 22Th target was bombarded with 210 MeV N ions from a cyclotron at RCNP (Research
Center for Nuclear Study, Osaka University). Fission fragments were measured with two position
sensitive detectors placed near 90° and 270° with respect to the beam direction, while light
particles (p, d, t, and o) were measured at the emission angles (BX) of 10°, 20°, 33°, 44°, and 55°
with counter telescopes consisting of Si and Ge detectors. The 0 distribution in this set-up is
sensitive to the momentum component (&p) of the fissioning nucleus along the beam direction.
Figure 1 shows energy spectra of « particles observed at § = 33° as examples; the three spectra
shown correspond to those yielding low (Ap < 0.25p ), middle (0.25p . <4p < 0.5p a) @nd
high momentum transfer (Ap > 0.5p_ ), where p _is a value of &p corresponding to the full
momentum transfer obtained under the assumption that even the observed particle carries no
momentum.

The preliminary analysis has yielded the following features for the ratio of &p,, /Apmax, where
Ap,, is the average value of 2p, and 4p  is the maximum magnitude of available momentum
transfer, i.e., a value of 4p when no missing momentum exists. Note that the momentum of the
observed light particle is taken into account to estimate P o> SO that &p is different from
Proax

(1)  The ratio of &p,, /Apmax is nearly independent of kinetic energy (E ) of observed light
particles over the wide range of E . The energy averaged values of this ratio at 6 = 20° are
around 0.75 for proton, 0.68 for deuteron, 0.65 for triton and 0.55 for « particle.

(2) The above ratio is smallest at 0X = 10°, and increases monotonically with increasing O,

A detailed analysis of the data is now in progress.
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lII-1-8. Spin Polarization of Residual Nucleus

in Heavy lon Reaction

K. Ieki, M. Ishihara, T. Inamura, S.Kohmoto,
H. Utsunomiya, K. Sueki, and H. Kudo

NUCLEAR REACTION S*Tb(N, ay), E = 115 MeV, Tb("Li, ory)
E = 49 MeV; measured +y-ray circular polarization; deduced spin

polarization.

In the study of heavy-ion reaction mechanism, it is important to have information on the
angular momentum transfer to the residual nucleus and its spin orientation. Gamma rays emitted
from such an oriented nucleus are circularly polarized. The measurement of y-ray circular
polarization will, therefore, provide a useful probe into the reaction mechanism. This method
was first used for some few nucleon transfer reactions by Trautmann et al.) We applied this
method for fast light particle emission phenomena in 'Li-induced and “N-induced reactions.

A 3.4 mg/cm? thick °Tb foil was bombarded with a 115 MeV “N beam and with a 49
MeV "Li beam from the cyclotron. Alpha particles were measured with counter telescopes
consisting of 50 um —1500 um Si detectors. Measurements were performed at four angles (20°,
30°, 40°, 50°) for 9Tb + N and at 40° for 9Tb + "Li with respect to the beam axis. At
forward angles an aluminum absorber of 140 um thickness was used to avoid intense elastic
particles. Gamma-ray circular polarization was measured with two forward-scattering type
Compton polarimeters? placed perpendicularly to the reaction plane. A pair of telescopes and
a pair of polarimeters were set symmetrically to the beam axis so that geometrical asymmetry can
be cancelled out using four coincidence pairs.?) The magnetization direction of the polarimeter

s -
|
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o5k | —02< Fig. 1.  (a) The energy spectrum and (b)
1ok the y-ray circular polarization for the
I39Tb("Li, ) reaction. Emitted o particle
—~15r
1 08  were measured at 40° to the beam.
9 10 20 30 0 zo 'Y Shaded area indicates & component from

M (Mev) target contamination.
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was changed for each run to cancel out the spurious asymmetry which originated from an unequal

treatment of four coincidence pairs in electronic circuit. The spin polarization was deduced from
the y-ray circular polarization by assuming three statistical dipole +y transitions and a stretched

E2 v cascade. The sign of the spin polarization was defined by referring to the scattering normal
k, X kg

In Fig. 1, we show the results for the 139Th(7Li, &) reaction. The energy spectrum (a) is well
characterized by a Gaussian distribution of a-particle velocity centered at the beam velocity. The
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sign of the spin polarization (b) is negative for the beam velocity region and becomes positive
at higher energy region. The negative value of the polarization means that « particles are emitted
in the positive deflection angle. This can be interpreted as the result of a simple transfer reaction.

The positive polarization at the higher energy region is explained as a recoil effect in the
massive transfer process. When energetic o particles are emitted, the residual nucleus receives the
tangential momentum whose direction is opposite to that of the emitted particle. The tendency
of the measured polarization is well explained by taking into account the internal motion of
triton and « and the tangential velocity of the momentum at the nuclear surface.

In Fig. 2, we show the results for a particles from the ?Tb + 1N reaction. At the detection
angle of 40° the spin polarization is very similar to that of the "°Tb + "Li reaction. But the
same explanation of energy dependence of spin polarization as was made in the Li case is not
applicable to this case. Since the transferred mass is larger, the needed internal energy becomes
larger, and the sign change must occur at 98 MeV of « particle energy. In the case of N induced
reaction, contributions from other reaction mechanisms must be considered. The sequential decay
of emitted ®Be is known to contribute to the a-emission channel considerably®: the proportion
of « particle cross section due to the sequential decay of 8Be is less than 30 % at Ea < 40 MeV,
and becomes larger at higher energy. The recoil-effect calculation of (N, 8Be) shows that the
spin polarization changes its sign at Eg, = 80 MeV, i.e. E, = 40 MeV for the 8Be sequential
decay process. The spin polarization is negative for two processes for Eoz < 40 MeV. At about
Eq
positive component becomes predominant. Thus the observed spin polarization can be understood

= 40 MeV, two processes cancel out to result in zero polarization. At higher energy, the

by considering "B and °Li massive transfer processes.

At 19%~ = 50° (Fig. 2 (d)), the competition with the evaporation from the compound
nucleus occurs, reducing the spin polarization at lower energy region. At more forward angles (Fig.
2 (a),(b)), the spin polarization also has smaller values for smaller « particle energy. This fact
may be explained by the hot-spot picture as was proposed in the case of the proton polarization,>
which shows positive polarization.

It may be possible to apply the hot spot picture to the positive polarization at the high
energy region. But it is difficult to explain the observed spin polarization and «-energy spectra

simultaneously in terms of the hot-spot only.
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[I-1-9. Vector Analyzing Power Measurements for (d, p) and (p, d)

Reactions on Sn Isotopes and Deuteron D-state Effects

T. Kubo, H. Ohnuma,* T. Kishimoto,*
M. Sugitani, ** and T. Suehiro***

NUCLEAR REACTIONS ''Sn(d, p) Eq = 55.4 MeV, "®n(p, d)
E, = 60.8 MeV; vector-polarized beams, measured do/d2(0), Ay (0),
DWBA analysis, deuteron D-state, enriched targets.

We have measured vector analyzing powers(Ay ) and differential cross sections (do/dS2) for nésn(d, p)!Y%Sn

reaction at E4 = 55.4 MeV and '%Sn(p, d)''"Sn reaction at E, = 60.8 MeV, using vector-polarized deuteron and
porton beams. It was expected to observe deuteron D-state effects on the vector analyzing powers in direct (d, p)
and (p, d) reactions at relatively high incident energies.

The polarized beams were provided by an atomic-beam-type polarized ion source and accelerated by the AVF
cyclotron at RCNP (Research Center for Nuclear Physics, Osaka University). The beam polarization was
periodically reversed during data taking runs to reduce systematic errors, and was monitored by using a carbon
polarimeter placed before targets. The absolute value of the polarization was about 44 % for deuterons and 82 %
for protons. The targets used were self-supporting foils of enriched isotopes. Scattered particles were analyzed
by spectrograph RAIDEN and detected in a proportional counter system. Figure 1 shows examples of proton
spectrum from the (d, p) reaction and of deuteron spectrum from the (p, d) reaction. The overall energy resolution
was about 55 keV full width at half maximum. Experimental analyses were carried out for final states in 175n
that were strongly excited and well resolved as seen in the spectra. The experimental results for the 1/2" ground
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state(SSlp), 3/2%state at 0.159 MeV(2d3p), 11/2 -state at 0.317 MeV(lh“p), 7/2%-state at 0.712 MeV(lgWQ
and 5/2%-state at 1.179 MeV(2d5p are shown in Figs. 2 and 3 together with those of calculations.

Exact-finite-range DWBA calculations were carried out by using the code DWUCKS in which the deuteron
D-state effects could be included. Distorting potential parameters used in the calculations are given in Table 1.
The proton parameters are those taken from reference 1 that reproduce the cross sections of elastic scattering of
61.4 MeV proton on 'Sn. The deuteron parameters are of so-called adiabatic potential with which contributions
from deuteron break-up channel to (d, p) and (p, d) reactions can be approximately involved. Following the
formula of Harvey & Johnson,? we constructed the adiabatic potential from the neutron and proton potentials of
Becchetti & Greenlees.” Non-locality corrections for these distorting potentials were included in local energy
approximation. The Reid soft core potential® was used for the n—p interaction(V,_p) to describe the transfer
of neutron as well as to generate the deuteron internal wave functions. The form factor of the transfered neutron
was made with usual sepraration energy method. The results of the calculations with and without the D-state
effects are shown in Fig. 2 for the cross sections and in Fig. 3 for the analyzing powers. The cross sections
calculated were normalized to those measured at forward angles.

The cross sections are, on the whole, well reproduced by the calculation except for the 2dsp-state in the
(d, p) reaction and the lhn/z' and lg,,states in the (p, d) reaction which are somewhat poorly reproduced at
backward angles. On the other hand, the analyzing powers are very poorly reproduced except for 1, =0
transitions to the 3s, -state(ground state). The reproduction of the 1, = O transitions is fair to examine the
D-state effects, although it is a little poor at forward angles where calculated curves are slightly shifted in the
forward direction in comparison to the experimental data.

The calculations of the cross sections are found not much affected by the inclusion of the deuteron D-state
effects. The D-state effects only slightly increase the intensity around minima. However, large D-state effects
can be seen in the results of the analyzing powers in comparison with those of the cross sections. The reproduction
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Table 1. Distorting potential parameters.

Vo To 49 W Wp I aj Vso Iso dsc e

Deuteron  95.18 1.17 0.75 8.94 9.80 129  0.60 620 1.01 0.75 1.25

Proton 4193 1.179 0.687 3.80 S.10 124 0808 6.11 1.057 0.80 1.25
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of the 1, = 0 transitions is found much improved around positive peaks for the (d, p) ractions and around
negative peaks for the (p, d) reaction with the inclusion of the D-state effects. It may not be adequate to examine
the D-state effects on the analyzing powers of the other transitions, since they are very poorly reproduced and
the D-state effects do not necessarily improve their reproduction. However, if we see only the results of the
calculations, we can see the large D-state effects. The calculations on the 2d3/2-, lh“ﬂ-, and 2d5/2-states in the
(d, p) reaction and the 1hy, -state in the (p, d) reaction are much affected.

For comparison, we tried DWBA calculation using a deuteron distorting potential that reproduces the elastic
scattering. This calculation gave very poor results for the cross sections as well as the analyzing powers.

We failed to reproduce consistently the experimental data by the calculations including the deuteron D-state
effects. However, the large D-state effects were observed for the analyzing powers. Especially, the fit of the
1, = O transitions were much improved. More detailed analyses are in progress.
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[[[-1-10. Excitation Modes of the 7-band in **Mg through

the **Mg(p. p’) Reaction

M. Sugitar:,* T. Hasegawa,* S. Kubono,* Y. Ishizaki,*
K. Iwatani,** and T. Fujisawa

NUCLEAR REACTIONS, *Mg(p, p') E = 29.3 and
40.3 MeV; measured cross section and analyzing power.

Coupled channel analyses with the symmetric rotator model gave a great success in the study of inelastic
excitation of ground rotational bands (GRB) of deformed nuclei. On the other hand, excitation modes of side
bands had been scarcely investigated. In recent years, the y-band of **Mg, the band head of which is the 2;’ state
at 4.24 MeV, was investigated by proton inelastic scattering at various energies."? As a result, excitation modes
of the GRB could be explained by ordinary coupled channel analyses (CC) using the symmetric rotator model.
However, the cross sections of the members of the y-band could not be reproduced by the CC calculations using
the asymmetric rotator model, mainly the Davydov-Filipov model® (D -F model). In this reaction, it is expected
that polarization phenomena reflect delicate shades of the nuclear structure and the reaction mechanisms. We
measured analyzing powers and cross sections of the 2*Mg(p, p") reaction and performed the second-order distorted
wave Born approximation (DWBA) analyses with the shell model description, which improves the defects of the
D-F model.

The experiment was performed with 29.3 and 40.3 MeV polarized proton beams obtained from the SF
cyclotron with a polarized ion source® made by the RIKEN staff at INS, University of Tokyo. A self-supporting
enriched (> 98 %) metalic **Mg target was used. The thickness of the target was 0.34 mg/cm? and contamination
of oxygen was less than 2 % in weight. The beam intensity on the target was about 30 nA and the polarization
was about 50 %. A polarimeter, installed just in front of the scattering chamber for the quadrupole-dipole-dipole
(QDD) magnetic spectrograph, monitored protons scattered elastically by a '2C target using surface-barrier silicon
detectors 2 mm in thickness and aluminum absorbers 2 mm and 5 mm in thickness for the 29.3 and 40.3 MeV
experiment, respectively. The sign of polarization was changed at a beam amount of every 0.6 4 Coulomb.

The absolute value of polarization was determined from the data of the double-scattering measurements,>>® and
its error was less than 10 %. Difference of the polarization between an up-spin beam and a down-spin one was
less than 3 % throughout the experiment. Particles scattered by the 2*Mg target were momentum analyzed by
the QDD magnetic spectrograph and detected with a drift-type position-sensitive single wire proportional counter
(80-111),” placed on the focal plane of the spectrograph. The effective range of the detection of the counter is
80 cm long. Particle identification was made with two signals: energy losses from a 2E counter located behind
the position-sensitive wires in the 80 -III counter and energy signals from a plastic scintillator 10 mm thick and
100 cm long installed just behind the 80 -III counter. The energy resolution was about 70 keV mainly due to a
spread of the beam energy and the beam profile on the target. The experimental results of the vy-band are shown
in Figs. 1 and 2 with the analyzing power data of EE =20.3 MeV.® The error of the absolute cross section is
about 20 %.

The cross section data show normal behaviors for all the levels of the v-band in the sense of kinematical
understanding, and the analyzing power data of the 2;' and 4; states are also normal, where the bottom and top
peaks are getting smaller as the incident beam energy becomes higher. However, the energy correlation among
20.3, 29.3, and 40.3 MeV can be hardly found in the analyzing powers of the 3: state. This characteristic is not

* Institute for Nuclear Study, University of Tokyo.
** Department of Engineering, Hiroshima University.
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of the differential cross sections of the the analyzing powers of the y-band
v-band in the Mg (p, p’) reaction at at the energies of 20.3%, 29 3, and
the incident proton energies of 29.3 40.3 MeV. The curves are the same
and 40.3 MeV. The curves show the as those of Fig. 1 for analyzing powers.

results of the second-order DWBA
calculation including the (p-p”-p’)
prosesses via the 27 and 2] states and

the (p-d-p’) processes.

found in the cross section data.

In the analyses, the two-step processes as (p-p-p”) and (p-d-p’), are also calculated for the 2;, 3:, and 4;
states besides the direct one-step processes. Intermediate states, we choose for two-step processes, are the 2T and
2% states of 2*Mg for the (p-p”-p’) process and the 3/2% (ground state) and 5/2+(EX = 0.47 MeV) states of Mg for
the (p-d-p’) process, because effects of other states are quite small. The results of the calculation are shown in
Figs. | and 2. The cross section of the 34[ state is roughly reproduced by this calculation. The difference of
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analyzing powers of the 3*1' state between the data of Eg = 29.3 and 40.3 MeV could be explained by energy
dependence of the analyzing powers of the (p-d-p’) processes. Although the failure of the CC calculation was
attributed to the defects of the D-F model, the shell model description leads to proper cross sections. It is
indicated that excitation of the 3‘; state would occur through ordinary couplings, because the coupling strengths
between the 31“ state and the two 2" states are quite large. The cross section of the 4; state was underestimated
by a factor of about S in the forward angles, even when the second order DWBA was included. The direct
excitation from the ground state might be most components of this transition due to a hexadecapole deformation
of #*Mg,? although the shell model calculation provides small values for the E4 transitions.” The remaining
problem concerns this point and the inelastic excitation mechanisms of 2*Mg would be brought up to light by
further discussions on the data of the analyzing powers.

References

1) J. Eenma, R. K. Cole, C. N. Waddell, H. S. Sandhu, and R. R. Ditman: Nucl. Phys., A218, 125 (1974);
I. Lovas, M. Rogge, U. Schwinn, P. Turek, D. Ingham, and C. Mayer-Boerick: ibid., A286, 12 (1977);
R. M. Lombard, J. L. Escudie, and M. Soyeur: Phys. Rev. C, 18, 42 (1978); R. de Leo, G. d’Erasmo,
E. M. Fiore, A. Pantaleo, M. Pignanelli, and H. V. Geramb: ibid., 20, 13 (1979).
2) R.de Leo, G. d’Erasmo, A. Pantaleo, M. N. Harakeh, S. Micheletti, and M. Pignanelli: Phys. Rev. C, 23,
1355 (1981).
3) A.S. Davydov and G. F. Filipov: Nucl. Phys., 8, 237 (1958).
4)  T. Fujisawa, S. Motonaga, N. Ueda, S. Yamada, and T. Hasegawa: AIP Conf. Proc. No. 69, p. 906 (1980).
5) R. M. Graig, J. C. Dore, G. W. Greenlees, J. Love, and D. L. Watson: Nucl. Phys., 83, 493 (1966); ibid.,
79, 177 (1966).
6) L. N. Blumberg, E. E. Gross, A. van der Woude, A. Zucher, and R. H. Bassel: Phys. Rev., 147, 812 (1966).
7) M. H. Tanaka, S. Kubono, S. Kato: Nucl. Instr. Meth., 195, 509 (1982).
8)  A. S. Blair, G. Glashausser, R. de Swiniarski, J. Goudergues, R. M. Lombard, B. Mayer, J. Thirion, and
P. Vaganov: Phys. Rev. C, 1, 444 (1970).
9)  B. A. Brown, W. Chung, and B. H. Wildenthal: ibid., 21, 2600 (1980).




38

II-1-11. Multiple Coulomb Excitation of '¢’Er

T. Inamura, A. Hashizume,
M. Ohshima,* E. Minehara,* and M. Ishii*

NUCLEAR REACTIONS 7Ey (3C1 (1, ), E = 160 MeV; measured
Ey’ 17((9), YY coin., YYDCO, lifetimes; deduced levels, J, m, v branching,
§(E2/M1), B(M1), B(E2).

It is well known that high—j orbits such as i13/2 cause strong perturbation to the rotational bands of
deformed odd-mass nuclei. However, interweaving of rotational and intrinsic motion is still to be studied
quantitatively by measuring not only level energies but also transition moments of the band members. Recently,
Hamamoto has made a cranking model calculation and demonstrated that even if the rotational frequency is
relatively small, the perturbation effect of rotation on M1 and E2 transitions becomes quite large in the case of
the odd-mass nuclei with the il3ﬂ’neutron orbit.)) Tt is of value to examine whether such a rotational
perturbation is really appreciable.

We carried out multiple Coulomb-excitation experiment on '’Er whose ground-state rotational band is built
on the il3ﬂ-neutr0n orbit, i.e., 7/2[633]. A self-supporting metallic target of *7Er (91.5 % enriched and about
80 mg/cm? thick) was bombarded with a 160 MeV 35C] beam from the 20 — UR tandem accelerator at Japan
Atomic Energy Research Institute. We measured angular distributions of deexcitation vy rays, vy — -y coincidences,
v — 7 directional correlations (DCO), and lifetimes of excited states in '®’Er. The lifetimes were determined
from Doppler broadened <y-ray lineshapes. The technique was the same as described in Ref. 2.

The ground-state rotational band of '®’Er has been established up to the member with spin 25/2. Higher
spin states, 19/2% at 772.75 + 0.03 keV, 21/2% at 954.95 + 0.05 keV, 23/2% at 11953 + 0.1 keV, and 25/2"
at 1394 + 1 keV, were newly identified. In Table 1 are summarized the observed properties of v transitions in
the ground-state rotational band.

As is shown in Fig. 1, the reduced transition probabilities of crossover E2 transitions B(E2; [ = 1-2)
have turned out to be very close to the rigid rotor predictions (Q0 = 7.5 e b was used, which was estimated
from the B (E2; 7/2 — 11/2) value adopted in Nuclear Data Sheets.? It is, however, interesting to note that
there seems to exist such a selection rule that B (E2) values between excited states labelled by the signature )

r =+ i are reduced slightly as compared with those between neighbouring excited states with the signature
r=—1iie BE2;(I,r=+1)~> {12, r=+i) <B(E2;(I,r= ~i) > (1 — 2, r = —1i)). This appears to coincide
with the prediction made by Hamamoto."

In Fig. 2 the reduced Ml-transition probabilities of stopover transitions B (M1;1— 1-1) are plotted as a
function of initial spins I and compared to the rigid rotor predictions (g, — g, = — 0.57 was used, which is given
in Ref. 5). Experimental B (M1) values are considerably smaller than the rigid rotor predictions, and they show
that when the initial state has the signature r = + i, the M1-transition strength is reduced as compared with that
of neighbouring excited states with the signature r = — i, i.e. B(M1L; (I, r = + i) = (I-1, r= — 1)) <B(MI;

(I,r =— 1)~ (I-1,r =+ 1i)). This signature dependence of MI-transition probability is also theoretically pointed
out as the perturbation effect of rotation by Hamamoto. "

It is of particular interest to study whether the observed transition probabilities are reproduced consistently
in a framework that accounts for the attenuation of the Coriolis interaction which is introduced in making

Coriolis band-mixing calculations to fit level energies.®)

* Japan Atomic I'nergy Rescarch Institute at Tokai.
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Table 1. Summary of 7 transitions in the 7/2¥ [633] ground-state rotational band of 67y, Mixing ratios
8(E2/M1) are the weighted averages of the values deduced from A, and A, and DCO ratios. Numbers
in parentheses indicate the uncertainties in the least significant figure.

Initial spin ~ Lifetime Transition? Relative intensity Ang. distr. coefficients Mixing ratio
Jm (ps) Key) L, I A, A, §(E2/M1)
9/2* 119 (9)? 79.33 (1) 563 (56) 3840 (380) - — —

11/2* 59 (6)® 98.62 (1) 305(31) 1240(120) —0.038(12) 0.031(54) —0.45(11)
117.98 (1) 100 (5) 138 (7) 0.0176 (39) — 0.001 (6)

13/2* 42 (8) 116.99 (1) 88 (9) 250 (25) —0.195(22) 0.002 (30) —0.23(11)
215.63 (1) 76 (4) 90 (5) 0.0776 (38) 0.012 (6)

15/2* 32(4) 139.50 (1) 37 (4) 78 (8) —0.245(13)  0.028 (18) —0.25(6)
256.47 (1) 60 (3) 66 (3) 0.110 (4) 0.015 (5)

17/2* 16 (2) 152.93 (1) 13 (1) 24 (2) —0.303(9) —0.039(12) —0.31(8)
292.42 (1) 36 (18) 38 (2) 0.144(4) —0.017(5)

19/2* 10 (2) 185.3(2) 2.9 (5) 4.3(7) - - —0.35(15)
338.24 (1) 17 (1) 18(2) 0.139(4) —0.013(5)

21/2* 5() 182.3(2) 1.3Q2) 2.003) — - —0.15 (45)
367.62 (4) 5.7 (6) 5.9 (6) 0.121 (15) —0.010(20)

23/2* 3.5() 241.4 (5) 0.56 (6) 0.69 (7) — — —0.20(10)
4215 (1) 2.3(3) 24 (3) 0.298 (37) —0.009 (45)

25/2% - 439 (1) - - - -

a) Transitions whose mixing ratios are given in the last column are stopover (M1 + E2) transitions;

otherwise they are crossover E2 transitions.
b) Cited from Nuclear Data Sheets.?
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[I-1-12. Excited States in'”’Yb and '*®Yb

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

NUCLEAR REACTION %§m('%0, xny), E = 80 — 120 MeV;
Y2NA(*Ne, xny), E = 125 MeV, measured E. 1(0), yy-coin.
151158y} deduced levels. Enriched targets Ge(Li) detectors.

158yb has 88 neutrons and is expected to have a level structure of nuclei in

transitional region, making a contrast to the structure of 1°0Yb which is well deformed. Using

147Sm (160, 5n) an
observing de-excit
the characteristic

d 142Nd(20Ne, 4n) reactions, we have previously excited *Yb nucleus, and by
ing y-rays, revealed the existence of the excited states up to (16+). In view of
features of energy levels of transitional nuclei, it is also important to study the

side band structures. We have continued to analyze y-y coincidence data and obtained 384, 453,
499, 531, and 592 keV y-rays which were assigned to the side band transitions. When the
coincident gate was opened by 782 keV y-ray, the coincidences of above mentioned y-rays except

that of 592 keV were observed. These results were interpreted tentatively as due to the
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transitions of 592, 453, and 782 keV between the states shown in Fig. 1. The experimental
results of coincidences between vy-rays in the ground state band were also taken into accounts.
Other levels in the side band are those based on the 2641 MeV level.

The energies of the levels in the ground state band up to 10" state of 158y} were interpreted
by IBM(Interacting Boson Model) employing 3 neutron pairs and 6 proton pairs. The main parts
of wave function are composed of up to 6 d-bosons for 107 states.

Excited states in 37Yb have been investigated for the first time by measuring excitation
functions, n-y coincidences, v~y concidences and angular distributions.? We continued to
analyze the experimental results and found that 674 keV E2 vy-ray is also a member of yrast band
transitions as shown in Fig. 1(b).

The level structures of nuclei of N = 87 isotones in this region have been studied up to
Z = 68. The level energy systematics between f7/2 and 113/2 states® are shown in Fig. 2. As shown
in the figure, energies of 13/2" states relative to those of 7/27 states decrease as Z numbers
increase. It is expected that the 7/2” and 13/2" states lie very close in energy at Z = 70. For
this reason the yrast band observed is supposed to be that built on 13/2" state. However, it is
not clear if the 13/2% level is the ground state. To investigate this situation an experiment to

observe conversion electrons from short lifetime states is in progress.
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[I1-1-13. Analysis of Gamma-Ray Multiplicity Distributions for the

"Th ("N, axn) Reaction at 115 MeV*

T. Inamura

NUCLEAR REACTIONS "°Tb(*N, axn)'® Xyp,
E = 115 MeV; massive transfer; y-ray average

multiplicity, variance, skewness.

Massive transfer is a type of heavy-ion reactions in which a massive fragment of the projectile
is transferred to the target nucleus and energetic fragments such as protons or « particles are
emitted in the forward direction.! Since the reaction is considered to occur for a narrow range
of entrance-channel angular momenta (£ window), it is interesting to study how the associated
v-ray multiplicity distribution reflects the existence of such an € window: the ~-ray multiplicity
distribution is affected by the way of populating the entry states, i.e. the excited states prior to
v decay.

Table 1 summarizes the results of analyses of y-ray multiplicity distributions for the
159Tb(l4N, axn)®9=*Yb reaction at 115 MeV. (Alpha particles of energies larger than 22 MeV
in the laboratory system were recorded at 12.3° to the beam.) The «5n channel, which was the
most intensive in those reactions, is one of typical examples of massive transfer.)) What are
characteristic of this channel are as follows: (1) The average y-ray multiplicity <M > is
independent of yrast spin values; (2) The sign of skewness s, is likely to be positive.

The second feature supports the conclusion of a statistical calculation made for this reaction
by assuming a spin localization in the entry state population.? This calculation predicts the first
feature as well. This feature has also been observed in other reactions that are probably considered
as massive transfer.?

As is seen from Table 1, these features are also remarkable in the cases of a3n and a4dn
channels, while the a6n channel is different. In the a6n channel <M > increases with spin
values, and the sign of skewness is likely to be negative. These properties are characteristic of
complete fusion reactions.?> %

It is interesting to note that even in the aSn channel <M > increases with spin values | when
it is measured by gating at low-energy « particles (see Fig. 1). For « particles of energies larger
than 30 MeV, < M > becomes independent of 1 as is seen in integrating over E, above 22 MeV.
Therefore, it may be said that the fast component of « particles which dominates the a5Sn channel
originates from massive transfer, and the slow component is associated with complete fusion.

The most probable a-particle energy for the aSn channel in the present case is about 28 MeV.

As for the width (variance) Oy it is hard at present to extract something characteristic of

massive transfer, compared with complete fusion.

* Experiment was carricd out in collaboration with A.C. Kahler, D.R. Zolnowski, U. Garg, and T.T. Sugihara at the Cyclotron
Institute, Texas A & M University.
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Table 1. ~-ray multiplicity distribution parameters for yrast transitions observed in the

159Tb(14N, axn) 109-XYD reaction at 115 MeV. Numbers in parentheses

indicate the statistical uncertainties in the least significant figure.

nfcilr:lills Transition <M> Oy Su
166y 4t —2* 10.2 (6) 5.0(8) —
6+ — 4% 11.0 (5) 6.1 (10) +1.0 (11)
gt — 6" 10.8 (5) 6.8 (9) +2.0 (18)
10" —g* - —
12+ — 10" 10.8 (9) 5.1 (14) —
14* —12* 10.0 (20) - —
165y 17/2% —13/2* 11.5 (6) 5.6 (10) +1.8 (11)
2172 —17/2% 10.8 (6) 4.4 (14) +2.0 (27)
25/2% —21/2* 10.7 (5) 4.7(11) +2.8 (24)
29/2% —25/2¢ 11.9 (9) 5.1(16) +0.9 (27)
164yb 4+ 2t 13.9 (3) 6.2 (5) +1.9 (7)
6" — 4+ 13.9 (3) 6.8 (6) +0.6 (5)
gt — 6" 13.9 (2) 5.1 (6) +0.1 (12)
10" — 8* 14.5 (3) 4.5 (7) +0.4 (15)
12+ — 107 14.3 (4) 5.1(9) +0.5 (17)
14* — 12¢ 13.6 (6) 4.2 (16) +1.8 (39)
16* — 14* 13.5 (6) 4.6 (14)
163yh 17/2% —13/2* 11.4 (9) 8.0 (12)
212 —17/2¢ 11.8 (6) 7.0 (13) —0.3(11)
25/2% —21/2° 12.3(3) 5.3(9) —0.4(11)
29/2% —25/2% 10.8 (16) 3.9 (28) —
33/2% —29/2* 13.6 (20) 4.3 (27) —
37/2% —33/2* 14.7 (42) - _
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[I-1-14. Level Scheme of ?'""Ra

M. Sugawara, Y. Gono, Y. Itoh,
T. Kubo, and T. Nomura

NUCLEAR REACTION 2Pb(13C, 4n), E = 80 MeV;
measured Ey, Ly, yy-coin, ay-coin; 27Ra deduced
levels, J, m, Tlfl‘

Level scheme of ?!"Ra was studied by in-beam spectroscopic techniques. In this nucleus only
two excited states are known from the a-decay study of 22'Th(Ref. 1). The a-decay of the ground
state in 2!"Ra is also known. The energy of the a-decay is 8.990 MeV and the half-life is 1.6 us
(Ref. 1).

Measurements of a—y coincidence, y—y coincidence, y-ray angular distribution and ~y-ray
timing with respect to the beam bursts were performed using the 208Pb(13C, 4n)?'"Ra reaction at
E = 80 MeV. The y-rays which belong to the *'’Ra nucleus were identified in the coincidence 7y-ray
spectrum gated on the 8.990 MeV «-line which is shown in Fig. 1. The y—y coincidence spectra
obtained by gating on 540 and 330 keV v-rays which appear strongly in the above mentioned
a—vy coincidence spectrum is shown in Fig. 2. Figure 3 shows a tentative level scheme of 27Ra
which was constructed using the y—y coincidence and +-ray angular distribution data. Two
parallel bands were observed. One band consists of the dipole cascade transitions with the
quadrupole cross-over transitions between the 540 and 1455 keV levels. This band structure is
somewhat similar to that in the 2!8Ra nucleus.? An isomeric state with a half-life of 6.5 ns was
found at the excitation energy of 2301 keV. The 330 and 737 keV levels seem to correspond to
the previous' known 331 and 756 keV levels.! Further analysis is in progress.

Delayed Alpha
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Fig. 1. Gamma-ray spectrum obtained by gating on 8.990 MeV
a-line of the ground state decay in %!7Ra.
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[I-1-15. Level Schemes of ?'®2'8Rq

Y. Itoh, Y. Gono, M. Sasagase,* T. Kubo,
M. Sugawara, S. Hayashibe, T. Kono,** and T. Nomura

NUCLEAR REACTIONS 2%Pb(!2C, 4n), E = 80 MeV, 2%Pb(*3C, 3n),
(13C, Sn), E = 65 — 95 MeV; measured E.. 1(0), 1(1), L (), ICC,
v-y coin., a-y coin., 2*¢:2®®Ra deduced levels. Ge(Li) and LEPS

detectors, enriched target.

We have studied excited states in 216-218Ra by means of in-beam «- and <y-ray spectroscopic
techniques using >13C beams provided by the cyclotron. The levels in 2l6Ra are extended to
higher spin states than those in the previous report.!

(1) 216Ra

Levels in 216Ra were constructed up to the 117 state by Nomura et al.D at first and extended
recently up to the 14" level by Chevallier et al.?

Adding to our previous work on 216Ra, we carried out an internal conversion electron and
extended Y-y coincidence measurements. The internal conversion electrons were measured with
the 208Pb(12C, 4n) reaction by using a mini-orange electron spectrometer with a cooled Si(Li)
detector. The analysis of the conversion electron data confirmed that 399 keV and 557 keV
transitions are both M1 + E2 type ones. In this analysis we used as calibration the internal
conversion coefficients?) of the 344 keV, 476 keV, and 688 keV transitions which are of E2
character.)) The v~y coincidence measurement with two Ge(Li) detectors located at 6 = +90Q°
was performed using the 208ph(13C, 5n)2l6Ra reaction at E = 95 MeV. This reaction was expected
to populate higher spin states in 2/6Ra than the reactions used in our previous work.) The
delayed coincidence spectra among y-rays in 216Ra suggested that at least two isomers exist.

Because of the existence of two isomers, the delayed y-ray coincidence spectrum can be
effectively used to construct the high spin states in 2!Ra. The level scheme obtained is shown
in Fig. 1. The level energies of two isomers were identified to be 3.76 MeV and 5.17 MeV, for
which the half-lives were deduced to be 6.0 + 0.4 ns and 6.7 + 0.6 ns, respectively, from the
vy-ray time spectra. Parallel cascade transitions of 199 keV — 221 keV and 290 keV — 130 keV
were found as transitions below the first isomer. As previously reported,” we also found a
51 keV transition of El character. On the basis of the y-rays’ time spectra of this transition, we
put the 51 keV transition below the first isomer. These results confirmed the level scheme of
216Ra under the 197 state as shown in Fig. 1. We observed 110 keV and 120 keV y-rays
presumably between the 14" state and the 197 isomer. But we could not make them participate
in the level scheme. Between the first and second isomers, four y-rays were found to be in

cascade. Their ordering was determined according to their transition intensities. Since the

*  Hitachi Computer Engineering.
** [aculty of Science, Tokyo Institute of Technology.
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multipolarity of 194 keV transition could not be determined, the spin-parity assignments of the
5.17 MeV state and states above it remain ambiguous.

The energy compression near the 197 isomer and the isomerism of the 19™ and 257 states can
be understood® in terms of the couplings of two valence neutrons to the excited states in 214Ra
(Ref. 4).

(2) 28Ra

The level scheme of 2!8Ra was reported by two groups.” In those reports the negative parity
band as well as the ground state band were presented, and Ferndndez-Niello et al.> concluded that
the negative parity band is probably an octupole vibrational band.

In addition to the standard in-beam +y-ray spectroscopy, «-y coincidence measurements on
218Ra were carried out using the 28Pb(13C, 3n)2!8Ra reaction at E = 70 MeV. The y-rays which
belong to 218Ra were identified by the a-y coincidence measurement setting a gate on the a-line
of the ground state decay of ?!®Ra (E, = 8.39 MeV, T, = 14 ps(Ref. 6)). Time spectra of
y-rays with respect to RF signals of the cyclotron which were taken by a 70 cm?® Ge(Li) detector
had no delayed component longer than T1/2 = 2 ns. This limit of T1/2 is given by referring to the
slope of the prompt spectrum which was obtained by irradiating 12C beam on an Al foil with
the same set-up.

Figure 2 shows the level scheme of 218Ra. This level scheme is essentially the same as those

(29 30 6267
4343
(27,28) 5833
360.5
(26, 27) - 5472
(24, 25) fg;g 5171 ~—isomer
237 258.0 4977
21~ 4719
398.6
20~ 4 321
19~ e ;3764 - isomer
18+ v it /3713
16+—" 220.5—3-130.0— 3583
16+ 1991 | 290.1 -3492
144/ 3293
613.3
137 2679
3442
11~ 2 335
309.2
10+ 2026
8* S0 1711
6 203.5 1508
3435
a+ 1164
475.9 L, =8 39MeV
2+ 638 Ty, 1dus
688.2
0+ 0 Fig. 2. A level scheme of 2'8Ra. Transition-
and level-energies are in keV unit. The numbers
216 in parentheses are relative transition intensities
us R8128

after corrections of the internal conversion
Fig. 1. A level scheme of 2'®Ra. Transition- coefficients! The arrow starting at the ground
and level-energies are in keV unit. state indicates the ground state a-decay®
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reported by other groups.” Ratios of the reduced transition probability, B(E1)/B(E2), are of the
order of 10 fm™ for both transitions depopulating the ground state band and the negative parity
band. It seems to be not probable that the negative parity band in 2'®Ra would be an octupole
vibrational band as proposed by Fernidndez-Niello et al.”) since the model coupling an octupole
vibration to a quadrupole core” prohibits the E1 transitions from the ground state band to the
negative parity band.
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IlI-1-16. In-Beam &- and -Ray Study on 2'"Fr and ?"Ac

Y. Gono, Y. [toh, M. Sasagase,* M. Sugawara, T. Kubo
T. Nomura, S. Hayashibe, and K. Hiruta

3

NUCLEAR REACTION 2®Bi('2C, 4n), E = 80 MeV; 2°°T('3C, 3n), E = 65 MeV; measured

E7, I,y, ¥(8), yy-coin, B L, ay-coin. 27 A¢, 25Fr deduced levels, I, @, T

12 Yo )

The a-decays from the excited states in the N = 128 isotones were studied using in-beam
spectroscopic techniques. The nuclei 215Fr and 27Ac were produced by the 203TI(}3C,3n)25Fr
(at E = 65 MeV) and 29Bi(12C, 4n)2Y7Ac (at E = 80 MeV) reactions, respectively. The a-particle
spectra were taken by a 500 um Si detector using a catcher-foil of 30 um carbon so that the
energy resolution did not depend on the target thickness. The ~+rays were measured by standard
in-beam spectroscopic techniques as well as a-y coincidences.

(1) 2ac

This nucleus was studied previously by the in-beam a- and y-ray spectroscopy.-? The
a-decays of 9.65, 10.54, and 11.13 MeV were identified as decays from the 217Ac nucleus.?

A level scheme of this nucleus was studied by Maier et al.? However, the excitation energy of
the state which deexcites by the 10.54 MeV a-decay was quite ambiguous.

We have performed an a~y coincidence as well as an extensive y-y coincidence measurement
on 2Y7Ac. Several new a-lines such as 9.74, 10.86, 11.03, 11.28, 11.40, 11.54, 12.15, and 12.33
MeV lines were observed. This resulted from the improvement of the energy resolution of the
a-spectrum. Relatively strong peaks at 10.590 and 9.650 MeV were used as gates in the a-y
coincidence measurement. The «y-rays of 327.6, 351.5, and 381.8 keV were observed in the y-ray
spectrum which was obtained by setting gate on the 10.590 MeV «-line. The level scheme
obtained is shown in Fig. 1. Qa—values of the other two a-decays of 11.28 and 12.33 MeV fit to
the energies of the deexcitations of the 1682 and 2762 keV states to the ground state in 2!3Fr,
respectively, within the experimental accuracy. The proposed spins and parities are deduced from
the y-ray angular distribution measurements.

(2) USpr

This nucleus has been identified through the ground state a-decay of 9.365 MeV (Ref.3).
Nothing has been known on the excited states in this nucleus. A delayed a-particle spectrum
was taken after the 29T1(13C, 3n)2Y5Fr reaction. Two new a-lines were observed at 10.760 and
10.909 MeV which decay with a half-life of 9.8 £ 1.4 ns. The y-ray spectrum was taken in
coincidence with the 9.365 MeV a-decay of the ground state in 2'Fr.  Strong y-rays of 650,
450, 290, and 201 keV were assigned to the main cascade in this nucleus using the level
systematics for the N = 128 isotones. Qa:values of the two new «-lines fit to the decay energies
from the 1411 and 1613 keV levels in 25Fr to the ground state in 2''At. A level scheme

* Hitachi Computer Engineering.
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Fig. 2. Level scheme of 215Fr.

obtained is shown in Fig. 2.

We have so far studied a-decays from the excited states in the N = 128 isotones 2PFr, 217Ac,
2I6Ra(Ref. 4) and 2"*Rn(Ref. 5). Systematics of these a-decays and the low-lying excited states is
shown in Fig. 3 including nuclei 212Po(Ref. 6) and 213At(Ref. 7). The largest yield of the a-decay
from the excited states in each of 212Po, 24Rn, 23Fr, and 2!%Ra is observed as deexcitation of
about 1.5 MeV level which corresponds to the excitation energies of the 8" states in the
even-even nuclei in these isotones. About the same yield of the a-decay as those mentioned above
which is about 2.5 % of the intensity of the ground state a-decay was obtained as deexcitation of
the 957 keV state in 2!7Ac. This state is populated through the 17/2" state at 1147 keV promptly.
The y-ray which deexcites this state was not observed.

On the otherhand the half-life of the a-decay from this state to the ground state in 213Fy
whose spin and parity are 9/2" is shorter than 4 ns. The reduced a-decay width, 7&, for this
a-decay is deduced to be less than 10 keV. This indicates that the angular momentum difference
from 9/2 may not be larger than 4h. Hence the probable spin parity assignment to this states is
17/2°. The 7& value of 10 keV is about the same as those of ground state a-decays in the N = 128
isotones. However, the reduced a-decay width of 10 keV is very large for the excited state of
N = 128 isotone. It may be worthwhile to point out that the a-decay from the 957 keV state in
217Ac¢ does not follow the systematic trend in N = 128 isotones.
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208

I[-1-17. Numerical Analysis of 1280 MeV

94 1 148
on Zr, '"°Pd, Sm, and '"°Er Based

Pb Reactions
on the Linear Response Theory

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

NUCLEAR REACTIONS Analysis for 2%Pb-induced reactions on **Zr, 1%d, 485m,

and '"Er, E = 1280 MeV, linear response theory, two-center shell model.

We have solved the equations of motion for 1280 MeV 208pp + (947r, 110pq, 148gm 170Ey)
reactions? in the framework of the linear response theory,? taking the distance R between two
colliding nuclei and deformation § of each nucleus as collective variables. The method is almost
the same as in Ref, 3 except for the following four points taken into account.

(1)  The statistical fluctuations? are included.

(2) The time-dependent potential®

V(1) = VO (1 — &(1) + VW (1) (1)

is used instead of the adiabatic potential V) in Ref. 3. The order parameter £(t) in this
expression is assumed to be

60 = exp | —{J1_ 1+ exp(Rat) — Ry + Ry)a)} feg |, )

where R, and R2 are radii of two nuclei. The parameter a is taken to be 0.9 fm and the relaxation
time T is taken to be 25 X 10723 sec. The potential obtained by folding the Yukawa-plus-
exponential interaction by the density® is used as the adiabatic potential V@™ and the proximity
potential® is used as the sudden potential V®). In Fig. 1, these potential V® and V® for the
spherical shape are shown as a function of the distance R by the dashed and solid lines,
respectively. The deformation effect is neglected in the calculation of V),

(3) For the friction tensors, the following expression is assumed,

Y (ED) =S (1~ &1) +7 B e for (uy = R, §). (3)
A microscopic calculation of friction tensors 'yLAV) has been performed using the two-center shell
model on the basis of the linear response theory.” For 'yLSV), the following form is assumed,
¥$) =0.0025 (0VO/OR), A8 =48 =0.0.

(4) The tangential and rolling frictional forces F and F, written in the forms of F =
—(R/(R+ R) 2y o (R, — 6+ Ry(6, — 0)) and F = —1.2(R/R+ R,)ypp (6, — 6,), respectively,
are included in the equations of motion, where 60 is the polar coordinate between the centers of two
nuclei and 6, and 0, are the angles specifying the orientation of two nuclei. In the present
calculation with this strong rolling frictional force, it is verified that the sticking condition has
been achieved when the deforming motion starts. This satisfies the condition imposed on the

present calculation that the system has to posses the symmetric axix throughout the collision.

* Japan Atomic Energy Research Institute.
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The experimental results? in Fig. 2 are compared with the calculated results in Fig. 3.
Concerning the angular distributions do/df, the relative peak positions for four reactions are well
reproduced by the calculation, although the yields in the forward angles cannot be reproduced.
The small pockets in the sudden potential for the reactions 2%8Pb+7*Zr and 298Pb+!19Pd keep the
orbits which reach within the nuclear surface staying for a long time in the interaction region.
These orbits contribute much to the cross sections near the peak position. For the reactions
208pp+1485m and 298Pb+170Er, there are no pockets in the sudden potentials, which explains the
broader peaks at backward angles.

Concerning the total kinetic energy loss spectra do/dE, the maximum at the energy loss of
120 MeV in the experiment for the reaction 28Pb+7*Zr is well reproduced by the calculation,
including a degree of freedom of deformation. In Fig. 4, the adiabatic potential VA for the
reactions 2%Pb+%*Zr and 2%Pb+170Er are shown as a function of the deformation for several
values of the distance R. The potentials for both cases have a minimum at & ~ 0.4 in the surface
region. This minimum disappears outside the nuclear surface. For the case of the reaction
208pp4947r, it is found that the deformation increases rapidly and reaches 0.4 during the collision
for most partial waves contributing to the cross sections. In this case, the deforming motion is
faster than the radial motion due to the attractive pocket of the sudden potential and also due
to the gentle slope in the radial direction of the adiabatic potential. As the target nucleus becomes
heavier, the attractive pocket in the sudden potential becomes shallower or even disappears and
also the slope in the radial direction of the adiabatic potential becomes steeper, as can be seen
in Fig. 1. Therefore, the maximum deformation obtained becomes smaller and the effect of
deformation degree of freedom on the cross section becomes weaker.

As the conclusion, it can be said that the analysis based on the linear response theory for
the Pb-induced reactions on **Zr, 11%Pd, 8Sm, and 7°Er can explain the systematic feature of the
angular distribution and kinetic energy loss spectra.
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Fig. 2. Experimental results. The
upper figure shows angular distributions
for deep inelastic collision(DIC) events
with energy losses exceeding 20 MeV.
The lower figure shows total kinetic
energy loss spectra. The arrows indicate
the position of the Coulomb barrier

calculated by assuming two spherical
nuclei.

Fig. 3.  Calculated results. The upper
figure shows angular distributions for
DIC events with energy losses exceeding
20 MeV. The lower figure shows total
kinetic energy loss spectra.
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[[I-1-18. Effects of the Mass Fragmentation Potential on

the Mass Diffusion Phenomena

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

NUCLEAR REACTIONS Analysis for 28Pb + #Zr reaction,

E = 1280 MeV, linear response theory, two-center shell model.

We report on the analysis of the relaxation phenomena in the mass exchange for the reaction
1280 MeV 208ph + 947D based on the linear response theory.? The relaxation phenomena in the
mass exchange have been shown to be well reproduced by the theoretical values of mass diffusion
coefficients D, for various reactions.?*¥ However, the value of DA obtained by the same analysis
as in Ref. 4 for the above mentioned reaction is 0.25 T/1072 sec and about ten times larger than
that of Ref. 1, where T is the temperature of the intrinsic state in units of MeV.

We extend the study® by solving coupled equations of motion with statistical fluctuations in
the same way as in Ref. 5. The new point is that the projectile-like mass number A, is taken into

account as a collective variable in addition to the relative distance R and deformation 5.
2
e
corresponding to the experimental data are well reproduced both by the solid line obtained by the

Figure 1 shows the total kinetic energy loss (TKEL) versus variance o4. The solid circles

present calculation and the dashed line obtained by Rehm’s analysis.

[t is worth mentioning the reason why both calculations have succeeded to reproduce the
data in spite of using different values of D,. For that purpose, the kinetic energy loss E* and
the variance o% as a function of collision time t are shown both for the present and Rehm’s
analyses in Fig. 2. We define the collision time t during which the mass exchange occurs by the
time during which two colliding nuclei are staying within the distance C,; + C2, where C;

(i = | or 2) is the half-density radius calculated by Ci= a, — 1.0/ai using semi-major axis a, of
each deformed nucleus. One can obtain the results of Fig. 1 from those of Fig. 2 by removing
the collision time. Rehm et al.) obtained 0.03/10"%sec, (0.15/10 sec)? and 76 X 10™*sec for
the values of the mass diffusion coefficient D,, ensemble average of square of inertia mass

transfer A% and relaxation time r by the least square fitting of the expression

T T T T | T T T T | T T T T | T
= B Fig. 1. TKEL versus 02 for the
150} y T . A
. . — ey reaction 1280 MeV 28pb + *Zr.
> / — o =00 i S
= 0ok S 7 A3 | The solid circles correspond to the
- [,;// | experimental data. The solid and
x
= 5ple 1280 MeV*** Po+% Zr 4 dashed lines show the present and
- 1 Rehm’s results, respectively. The
| | I . .
0 — 5 20 ' | 360 dot-dashed line is calculated by
o} setting 82V#)/aA2 = 0.0.

* Japan Atomic Energy Research Institute, Tokai, Ibaragi, Japan.
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the collision time for the reaction for the system of the total mass number
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momenta £ .
oh(t) = Ale2(1 — exp(—t/7))? + 2D, t
~ D, (1 — exp(—t/r)) X (3 — exp(—t/7)) (1)

to the experimental values. The small value of D, that is, 0.03/10 *sec can be obtained from
the slope of the dashed line of o} expressed by oA(t) ~ Aé t+D,(2t — 37) for t > 7. It can
be verified that the contribution from (Aor)2 term to of\ at t = 500 X 103 sec is 120 and that
from D,(2t — 37) is 20. Therefore, since the contribution of (AO 7)? is rather large even at
t> 7, oi(t) cannot be equal to 2D, t corresponding to the usual expression without the effect

of the potential.
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On the other hand, in the present case, the linear response theory? gives the following

expression to the variance ozA(t):
0(t) =2D,/C X (1 —e™“) ~ 2D, t (1 — Ct/2 +-+) 2)

under the assumption of the over-damped motion of mass exchange and of the constant values

of DA and C, where D, and C are expressed in terms of the friction Yan corresponding to mass
exchange, adiabatic potential V®) and nuclear temperature T in the forms of D, = T/yAA and

C= T/yAA-Bz\/(A)/ BA%. From the present numerical calculation, v, , is found to be (4~5)MeV-
10723sec in the region of 0.0 =8 < 0.4 and 12fm < R < 17fm, where mass exchange occurs. The
potential curves VA obtained by folding the Yukawa-plus-exponential interaction by the density®
which is also used in the coupled equations of motion are shown in Fig. 3. They can be
approximated very well by the parabolic curves. The value of 82V A? is found to be

(2~3) X 10™MeV. The centrifugal potential is found to increase the above value by at most 10
percents for ¢= 130h. The temperature T can be estimated by the relation T = 3.46+/E*/A,

in terms of TKEL E* T ranges from 1.5 MeV to 2.5 MeV in the present case. Then taking
Yap~45 MeV 10 %3sec, 82V(A)/8A% ~ 2.5X10™2MeV and T~2 MeV, we obtain DA~0.5/10'23sec
and C~0.01/10"3sec. This approximate estimation by substituting these values into Eqn. (2)
roughly reproduces solid line for oi which is obtained by solving three dimensional coupled
equations of motion. If the effect of the fragmentation potential is neglected, that is, C = 0.0
MeV, the dot-dashed line for a% is roughly reproduced.

In conclusion, the reason why Rehm et al. got the small value of D, is that the large
contribution of (Aor)2 to oi reduces DA even at t > t. The large value of DA obtained by the
relation D, = T/yAA in the present calculation can also reproduce the experimental oi for the
reaction 1280 MeV 2%8Pb +%4Zr as well as for other various reactions,® if the effect of the

fragmentation potential is included.
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[II-1-19. Exact Finite-range Coupled-channel Born Approximation

Calculations with Spin-orbit Interactions

T. Takemasa

188n(p, t)"16Sn reaction, 0" ground state, 2* excited state, E_ = 52 MeV.

NUCLEAR REACTION Exact finite-range, zero-range, spin-orbit, CCBA, J
P

The experimental data on (f;, t) reactions are now accumulating.) Since there .is evidence
that multistep processes play an important role on (p, t) reactions, and the assumption of a
zero-range (ZR) interaction responsible for the (p, t) transfer process has not received any physical
justification, it is important to carry out exact finite-range (EFR) coupled-channel Born
approximation (CCBA) calculations with spin-orbit coupling.

We have developed the EFR spin-orbit CCBA code SOCCBA by modifying the CCBA
program without spin-orbit coupling which was used in Ref. 2. This code performs EFR-CCBA
calculations with spin-orbit coupling very efficiently and quickly, because we have used an
interpolation technique® to construct finite-range form factors. SOCCBA can couple up to five
states in both the entrance and the exit channel with a maximum of 200 partial waves. Twenty
simultaneous transfer can be handled. Preliminary calculations are carried out for the 118Sn(f)’, t)-
116 g reaction at E, = 52 MeV leading to the 0* ground state (g.s.) and the 27 excited state,
and are compared with the ZR-CCBA calculations, which are calculated by the computer program
MARS.Y

The results for the differential cross sections and for the analyzing powers are shown in

1O+1 N T T T T T T T
'8 Sn(p, t)!° Sn
Ep="52MeV
10°F — EFR—CCBA n
i ---- ZR—CCBA
S 10°
)
=
3
Lo- Fig. 1. Comparison of angular
distributions calculated by ZR-CCBA
(dashed-curve) and EFR-CCBA (full
curve). The ZR-CCBA curves are
1072 normalized to the EFR-CCBA

90
Bem. (deg) curves.
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Fig. 2. Comparison of analyzing
powers calculated by ZR-CCBA
(dashed-curve) and EFR-CCBA
Oe.m.  (deg.) (full curve).

Figs. 1 and 2, respectively. The nuclear model and parameters used are the same as those of

Ref. 2. The ZR-CCBA calculations are carried out by using the same parameters used in the
EFR-CCBA calculations. As is seen in the figures, there are rather large differences between the
EFR and ZR calculations in both the angular distributions and the analyzing powers. It should be
noted that the calculations are very sensitive to the radius parameter of the bound states and the
choice of the optical parameters. This calculation, therefore, was only included to show the finite
range effects. A comprehensive analysis of this reaction is currently underway.
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[[[-1-20. Effects of Two Particle-Two Hole Excitations

on the Mass Distributions in lon-lon Collisions
M. Tohyama and S. Yamaji

NUCLEAR REACTION DIC one-dimensional calculation of mass
distributions, time-dependent coupled-cluster approximation.

The time-dependent Hartree-Fock (TDHF) theory has been extensively used to describe the deep inelastic
heavy- ion collisions. Although the TDHF calculation gives mean values of the mass distributions and total
kinetic energy loss etc, it can not reproduce the widths of these observables.? Here our concern is related to the
widths of the mass distributions. In a microscopic theory, the number operator which counts probability in the
right half plane is

I:IR=E<oz|B>R ‘a;aB, (1)

where < «l 8 g Is the right-hand overlap integral of the single-particle wave functions. The mean number NR
of particles and the standard deviation o of the mass distribution in the right fragment are expressed as

- A

Ng = <Np> 2)
and

02 =< N2> — (<N >)?, )

where < I:IR > and < I:Ii > denote the expectation values of IQIR and ﬁf{, respectively:

. <wIN v > . <vINiv>
<N, >= R and <NZ>= —— % . )
R <¥lw> R < WIv>
If | ¥ > is a single Slater determinant, the standard deviation becomes
2 - S <l S < lw /|
0% TD”F_u§1<V V>R71)§,‘V‘<V p> e <vlv>p (%)

The widths of the mass distributions calculated with this formula are always an order of magnitude smaller than
observed values.? This comes from the fact that the TDHF theory does not give mean values of two-body
operators correctly. To treat the widths of the mass distributions, we have to take into account higher
configurations. It is an interesting problem to study how much the widths of the mass distributions are increased
by improving the wave function.

We study the effect of two particle-two hole excitations on the widths of the mass distributions. We use
the time-dependent coupled-cluster approximation (TDCCA). In this theory the wave function is written in the
exp(S) form:?

lw>=¢eS &>, (6)

where
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S (7)

1

,S\:

M

and §n is represented by n particle-n hole operator referring to a Slater determinat | & > |

~ 1
= ) + -
S, = D2 2<pp,p IS v, v Sl oayeaa @)

The indices Vj(,uj) and pj(oj) denote normally occupied states and normally unoccupied states, respectively. The
suffix A means antisymmetrization of the labels v ... . Aset of coupled nonlinear equations for the amplitude
<p,p, 1S, | v ... >is obtained by projecting the Schrédinger equation as follows:

<<b|a:1-~- a:napn--- aple_g(i%—ﬁ) eSld>=0. 9)
We take units such that h = 1. Hoodbhoy and Nege1e3) have derived a couple of equations by truncating Eqn.
(9) at the n = 2 level. The first equation determines the time evolution of the single-particle basis, which
involves the effects of two-body collisions on the single-particle potential via < PP, | S2\ Vv, >. The second
equation specifies the time evolution of <p p, i S, | v,v, >. Itisa very hard numerical task to solve
self-consistently these time-dependent coupled equations. We assume as a first step that the amplitude
< p1p2| S, | v,v, > is small and take the lowest-order terms in the coupled equations. As discussed later, this
assumption is justified if incident energies are small. The equation for the single-particle basis then becomes the
TDHF equation

0
== 0,0 = h(g,(0) (10)

where h(t) is the Hartree-Fock (HF) Hamiltonian. The equation for < PP, | S, I v,v, > becomes
4 _
a <p.p, |Szlvlu2>A—<p1p2lV|V1V2>A, 11

where V is the two-body residual interaction. This equation can easily be integrated. The two-body density
matrix is related to < p1p2| S2| Vv, >4 Using the two-body density matrix, we obtain the expression for the
standard deviation o, of the mass distribution in the right-hand fragment.

We have performed calculations for one-dimensional collisions of two fragments A =4and A,=8. In
Fig. 1(a) we show the results of o for various bombarding energies. The results of the TDHF calculation are
also shown. The standard deviation 0g are enhanced about three times as compared to the TDHF results. In
Fig. 1(b) the mean numbers of particles on the right-hand side are compared with the TDHF results. As for the
mean number of particles, the TDCCA calculation gives almost the same results as the TDHF calculation. We
remark that two particle-two hole excitations affects much the observables related to the two-body operators.
The decrease in o at 2 MeV/A is due to a little change in the reaction mechanism. As seen from Fig. 1(b), at
lower energies the light fragment gains mass. The situation is inverse at higher energies.

In Fig. 2 we show the density distributions in the initial and final states. The effect of two-body collisions
is remarkable in the final stage of the collision as seen in one-dimensional calculations with a phenomenological
collision term by Grangé et al.®) However, at these bombarding energies the difference between the TDCCA
density and the TDHF one is rather small. We consider therefore that the assumption that the TDHF equation
describes the time evolution of the single-particle states is valid.

In summary we have found that two-body collisions have a large effect on the widths of the mass
distributions. It is an interesting problem to extend the present calculation to realistic three-dimensional collisions.
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[lI-2.  Atomic and Solid-State Physics

1. Target Gas Pressure Dependence of REC X-Rays

from Ne-lon Bombardment

T. Kambara, Y. Awaya, A. Hitachi*, M. Kase,
I. Kohno, and T. Tonuma

We have measured energy spectra of X-rays from radiative electron capture (REC) process
by 5.5 MeV/amu Ne-ion bombardment on gaseous targets. In the process, an electron in a target
atom is captured into a K-shell vacancy of an incident Ne-ion with emission of a photon.l)’z)

We reported on the analysis of the shape of the REC X-ray spectra as a function of the target
atomic number.?

In the present work, the REC X-ray spectra for H2 gas target are analysed as a function of
the target gas pressure which is proportional to the target thickness. The measurement system
with a Si(Li) detector was described in the previous report.? The pressure of the H2 gas target
contained in a gas cell was between 9 and 120 Torr and the distance between the entrance
window (7 um thick Al foil) of the gas cell and the area viewed by the detector was about 70 mm.

The peak energy of the REC X-ray is shown in Fig. 1(a) and the REC X-ray yield divided by
the gas pressure, referred to as relative yield hereafter, is shown in Fig. 1(b) as a function of the
gas pressure. The REC peak shifts to higher energy and the X-ray relative yield increase when
the gas pressure increases.

These effects are explained by the fact that the charge state distribution of the projectile

402+ (b) E
2401 1.2 ¢
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X
S 400F 2
5" 21 ¢
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399 F 2
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& 398 = s
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Fig. 1.  Dependence of REC peak energy (a) and REC relative yield (b) on the
gas pressure for H, gas target. The full curves show the calculation results based
on the charge equilibration process of the ions in the gas. The calculated result

of REC peak energy is lowered by 250 eV to fit the experimental data.

* Radiation Laboratory, University of Notre Dame.
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Ne-ions depends on the gas target thickness. The REC process to the K-shell of the incident ion
in gas is possible for Ne’*- and Nel0*.jons, which have one and two K-shell vacancies respectively.
The capture cross section and the emitted X-ray energy for the capture by a Ne?*-ion are

lower than those by a Nel*-ion, because a Ne®*-ion has one electron in the K-shell. Therefore

10*_jon increases.

the X-ray energy and the relative yield increase when the fraction of the Ne
The dependence of the charge state distribution on the target thickness is due to electron
transfer processes between the ions and the gas atoms, which is described by rate equations.”
In the present experimental condition, most of the ions are at the charge states higher than 7+
after the ions pass through the entrance Al window. Then the charge state distribution of the

ions at gas target thickness x (atoms/cm?) is as follows:
fy =fg exp(—ofx)

fy =t8exp(foi x)
8
+fg —Oiglj—oi{exp(oi X)gexp(goi x)}

I —fy, — fg

f10

where fq is the fraction of ion with charge q, fg is that after the passage of the entrance window

of the gas cell and a‘ﬁ is the electron loss cross section of ion with charge q. The electron capture
cross section is much smaller than o‘ﬁ according to calculations based on OBK model® and is
neglected in these formula. The values of o’i is taken from the calculation based on BEA model
which gives about 2.6 X 1020 ¢m? for the cross section of the process Ne?* + H = Nel0* + H + e.9
The cross section oi is estimated by the same formula for the process F8* +H—> F°* + H + e and
the result is multiplied by two, the number of electrons in the incident ion.

The values of fg are taken from experimental data of charge state distribution of heavy ions
in Al presented by Northcliffe,® which gives 62 % for 9 and 35 % for f.

The charge state fractions (fq) at the area viewed by the detector, at 70 mm of flight path
from the entrance window, are calculated for various gas pressures up to 120 Torr, which
corresponds to 5.6 X 101° atoms/cm?2. The calculation predicts that the fraction of Ne!®* jons
increases from 62 % to 91 % when the ion beam passes through the gas at 120 Torr from the
entrance window to the area viewed by the detector.

The X-ray peak energy is calculated by assuming that the REC spectrum consists of two
Gaussian peaks separated by 170 eV corresponding to transitions to Ned* and Nell* respectively.
The REC relative yield is assumed to be proportional to 2f10 + o<f9 where « is the ratio of the
REC cross section for a Ne?* to that for a Ne!0*. It is estimated as the ratio of free electron
capture cross section by a point charge with Z = 9 to that with Z = 10, resulting in o = 0.7.

The results are shown in Figs. 1(a) and 1(b) by full curves. The calculated peak energy in
Fig. 1(a) must be lowered by about 250 eV to fit the experimental data. The agreement between
the calculated results and the experimental data is good for the X-ray relative yield. The shift of
the peak energy in its relative value is also well reproduced by the calculation.

A more detailed report will be given elsewhere.”
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Ill-2-2. Target Gas Pressure Dependence of K-X Rays

from 110 MeV Ne lons

T. Kambara, Y. Awaya, M. Kase, H. Kumagai, I. Kohno,
A. Hitachi, and T. Tonuma

The K-X rays from 110 MeV Ne®* ions (hydrogen-like) in gaseous targets with atomic number Z <10
have been studied at various gas pressures up to 300 Torr. Last year we reported on measurements using a Si(Li)
detector with a resolution of 250 eV(FWHM).? In the measurements, two peaks appeared in the energy spectrum
of K-X rays: One from the transitions np — 1s with n > 2 (1.21 — 1.36 keV) which were not resolved and the
other due to the 2p -- 1s transition (1.0 keV).

For the targets with Z; > 2, the former peak was found to shift to lower energy when the gas pressure
increased. In order to find out the reason for the energy shift, we made measurements of the energy spectrum
of the former peak to resolve it into peaks arising from np — 1s transitions of various values of n. The targets
were N, and Ne gases, each of which was contained in a gas cell with pressure between 20 and 300 Torr. We
used a broad range crystal spectrometer with a plane crystal and a position sensitive proportional counter. The
details of the spectrometer were reported elsewhere.?) We used an RAP crystal (2d = 26.12 A) for the analyser
and a 4 um thick Mylar foil for the window of the position sensitive proportional counter. The foil was
supported by an 80 um thick stainless steel mesh from the outside to hold the gas in the counter whose pressure
was about 3.2 atm. The electronic circuit system to analyze the signals from the counter was modified a little
to distinguish the low level signals due to K-X rays from backlash pulses of higher level noise signals. The
range of the energy of X-rays observed by the spectrometer was between 1.1 and 1.44 keV where the np — 1Is
transitions with n greater than 2 could be observed. The resolution was about 10 eV (FWHM).

Examples of the observed spectra are shown in Fig. 1: Figure 1(a) is for N, gas target at 300 Torr and
Fig. 1(b) at 21 Torr. Peaks from the transitions np — Is (n = 3, 4, and 5) are well resolved. As seen in the

3p—1s (1209 keV)

(a)

4p-1s (1.275 keV)

i
5p—1s (1.306 keV)
whwmmwﬂrj by

(b)

Fig. 1. X-ray energy spectra of K-X rays
M W from Ne?" ions in N, gas at (a) 300 Torr and
| : ‘ (b) 21 Torr.
!
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spectra, the relative intensity between the transitions depends on the gas pressure. For example, the intensity
of the 4p — 1s transition is about 0.5 times as large as that of 3p — Is at 21 Torr and the ratio decreases to 0.3
at 300 Torr. In Fig. 2, the intensities of the 4p — 1s and 5p — 1s transitions relative to the 3p — Is transition
are plotted against the gas pressure, where the dependence of the absorption of the X-ray photons on the

target gas pressure is corrected. The result shows that the occurrence of the radiative transition from a higher
level decreases faster than that from a lower level when the gas pressure increases. It is the reason for the shift
of the peak energy observed in the low resolution measurements.

This effect is explained as a result of collisional quenching in which a Ne®" ion in an excited state transfers
to another state by a collision with a target atom before it decays with a radiative emission.?) The probability of

the collisional quenching depends on the lifetime of the excited state 7, the velocity of the ion v, the density of
the target atoms N and the cross section of the quenching 0. According to Matthews, the intensity of the
radiation from the decay of the excited state is proportional to Nv/(1 + Nvzo). Thus the relative intensity of the
radiation from decay of a state i to that of a state j is proportional to (1 + erjoj)/(l + Nvz,0;) which causes the
target gas pressure dependence of the relative intensities.

The experimental data are fitted by the least square calculation using the expression described above. For
each value of the quenching cross section of the 3p state 03, the most probable values of the cross sections of
the 4p and Sp states, o4 and 05, are derived. The values of the lifetime for the states are obtained by multiplying
the lifetime of the corresponding states of a hydrogen atom by 10~%. The values of 04p and o5, are plotted
against the values of 03, in Fig. 3. The result is that the values of the quenching cross section for the 4p ana 5p
states are almost the same and larger than 1 X 10~ 7cm?. This is consistent with that obtained by Matthews for

the quenching cross section of 2%P, metastable state of 30 MeV F7* ions.¥
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Fig. 2. Target gas pressure dependence of the ratio of intensities of 5p — I's transition (Y) and

4p — 1s transition (Y,) to that of 3p — Is transition (Y ) for (a) N, target and (b) Ne target.
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[l[-2-3. High Resolution Measurements of K X-Rays

from Argon lons Impinging on Foils

Y. Awaya, T. Kambara, M. Kase, H. Kumagai,
J. Takahashi, J. Urakawa, T. Matsuo, and M. Namiki

The K X-ray spectra have been studied for Ar ions passing through various target foils in
order to investigate the dependence of multiple inner-shell ionization of projectiles on the atomic
number of target atom.

The Ar*" ions were accelerated by the linear accelerator and momentum analysed by a
magnet. The incident energy of Ar ions was 33.6 MeV and target elements were C, Mg,

Al, Ca, Ti, V, Cr, Fe, Co, Ni, Zn, Y, Mo, Sn, Ta, and Au. Targets were self-supporting foils but
for Ca which was evaporated onto a 10 ug/cm? carbon foil. The thickness of the target was in
the range of 0.5 mg/cm? to 1 mg/cm? except for C, V, Zn, Ta, and Au. The thickness of C foil
was 80 ug/cm? and those of V, Zn, Ta, and Au foils were between 2 mg/cm? and 2.6 mg/cm?.
The angle between direction of the beam and the target was 60°. The Ar K X-rays emitted from
the beam-incident side of the target foil at right angle to the beam direction were measured by a
broad range X-ray crystal spectrometer!) with a position sensitive proportional counter(PSPC) and
a crystal of Ge(111).

Examples of K X-ray spectra from Ar ions are shown in Fig. 1. The target elements are Al,
Ti, Fe, and Ta. KL"n = 0,1...) denotes single K-shell and n L-shell vacancy configuration in the
initial state. Relative intensities of KL" lines vary according to the atomic number of target
element, Z,. The group of peaks at higher energies are Ko hypersatellites and K@ satellites. These
assignments are made by referring to the previous work on Ar K X-rays excited by N ions done
by Tonuma et al.? and by comparing the spectra obtained with and without a Rh-absorber,
whose Lm-absorption edge is 3.004 keV, in front of the PSPC in the present work.

Assuming that the cross section of simultaneous single K-shell and n L-shell ionization,

Oy ,1» is expressed by a binomial distribution? as

8
O = B PO oy M

we obtained the value of P, for each target element. Here, P, is the ionization probability of an
L-shell electron at the impact parameter of zero and ¢ is the K-shell ionization cross section.
In the analysis, the intensity of each KL" line is obtained by the least square fitting of multiple
Gaussian curves, and a constant value of the fluorescence yield is assumed for KL" lines. The
obtained P, values are shown as a function of Z, in Fig. 2.

When we discuss the P, values, some considerations are required on the thickness of the
target. It affects the charge state of the projectile, the energy loss of the projectile which

causes the change of ¢ the absorption of projectile X-rays in the target foil and the situation

K,nL?
wheather the projectile emits the X-rays in the foil or in vacuum and so forth.

According to the work by Baron,® the 33.6 MeV Ar ion is considered to be in equilibrium

charge state in C-foil after it passes the thickness of 5 ug/cm? and its value is about 1 1.5 Most
of Ar K-holes produced near the surface of the target foils will, therefore, be filled in the foils
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for the target thicknesses used and the velocity of the projectile, except in the case of the C
target. The thickness of foil, which attenuates Ar K X-rays to a half of its initial intensity, is
about 2 mg/cm? for Ti and 0.3 mg/cm? for Ta.

The effect of target thickness on PL was examined for C, Al, and Ni targets by using two foils
of different thicknesses: 20 and 80 ug/cm? for C, 0.20 and 1 mg/cm? for Al, and 0.45 and 0.89
mg/cm? for Ni. The open circles in Fig. 2 show the P, values for thinner foils. It is found when
the thickness of the target increases, the PL value decreases. Change of PL with the incident energy
was also studied for 80 ug/cm? C, 0.2 mg/cm? Al and 0.9 mg/cm? Ti targets. The P, values for
E = 21.1 MeV are shown by crosses in Fig. 2.

By taking into consideration these facts and also the decrease of Ar K-shell ionization cross
section owing to the energy loss of Ar ions in the target, most of Ar K X-rays detected can be
regarded to be emitted within first 1 mg/cm? of the target and that the behaviour of P, values
vs. Z, shown in Fig. 2 reflects the atomic structure of the target element in collision system.

As is seen in Fig. 2, the P, value displays oscillatory behaviour against Z,. It reaches the
first minimum at around Z, =122 and probably the second one at around Z, =45, where the
L-shell binding energy of highly ionized Ar ions matches the L-shell and M-shell binding energy
of the target atoms, respectively. This may suggest that the electron capture cross section to the



L-shell of the Ar ions from the target atoms varies according to Z2 and becomes large when the
level matching occurs, even though the velocity of Ar ions is comparable to or a little higher than
the velocity of bound electron concerned.

Further analysis is in progress.
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Il1-2-4. Argon L-MM Auger Spectra in Ar™" + Ar Collisions (l)

Identification of Auger Lines

A. Yagishita, T. Kambara, M. Kase, T. Tonuma,
T. Matsuo, J. Urakawa, J. Takahashi,
H. Kumagai, and Y. Awaya

Auger electrons are ejected from atoms or molecules when fast charged particles are incident
on them. Much information on both atomic structures and excitation mechanisms can be obtained
from the electron energy distributions. Consequently, a number of works concerning the ejected
electrons in ion-atom collisions has been reported so far.) But, measurements of the electrons
originating from heavy-ion atom collisions are scarce in the energy range higher than a few MeV.
In order to investigate heavy-ion atom collisions in this energy region, we have constructed a
high-resolution electron spectrometer. Some measurements have been made for the Auger
electrons produced in Ar"* + Ar collisions, using the beams from the heavy-ion linear accelerator.

The electron spectrometer consists of electron optical lenses and a hemispherical electrostatic
energy filter of mean radius of 50 mm. An electron gun is prepared for the alignment and
calibration of the spectrometer. The energy resolution AE/E is about 10~* at the best condition.
The target Ar gas is effused from a multi-channel capillary positioned a few milli-meters below
the collision region. The detail of the apparatus has been described in the previous report.?)

The result of the measurement is shown in Fig. 1. It was obtained with incident energy of
4.3 MeV and at emission angle of 132° with respect to the direction of the ion beam. The range
of measured electron energy is from 80 to 330 eV, scanning with 0.52 eV step interval. The
L-MM Auger peaks from the projectile Ar ions shift to the energy region below 80 eV in this
condition according to the Doppler shift, so that the peaks which appeared are attributed to the

T T T
4.0k Ar“JrAr (43 MeV)
3.0k
= Fig. 1.  An electron spectrum obtained
5 for (4.3 MeV — Ar®* + Ar) system
2 20r compared with that for (1 keV — e + Ar)
system, measured at 132° with respect
to the direction of the incident beam.
1.0 The lines above spectrum indicate the
calculated energies for the corresponding
transitions denoted at the right of them.
0 L The number on each line shows the

L
100 200

Electron energy (eV) number of the 3p-hole in the initial state.
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electrons from the targets. The energy of the electrons was calibrated by the measurement of
Ar L-MM Auger spectrum induced by 1.0 keV electron impact using the electron gun. The
energy values of L-MM peaks were referred to the results by Werme et al.® The present energy
resolution is 0.7 eV FWHM. The uncertainty of the energy determined is estimated to be less
than + 0.2 eV.

The spectrum is characterized by two sharp peaks located at 101 and 112 eV, and by a broad
peak extending through 120 to 200 eV. This structure is quite different from that obtained by
electron impact. For the identification of the Auger peaks, we compared the spectrum with the
theoretical calculation by Larkins, who have shown that the Auger lines shift to the lower energy
as the degree of outer-shell ionization increases. The lines above spectrum in Fig. 1 indicate the
energies calculated with the adiabatic model by Larkins. Two isolated peaks, at 101 and 112 eV,
are considered to be due to the transitions L23-M1M1(N = 6) and L,~-M,M,(N = 5), respectively,
where the number N indicates the degree of the M, -shell ionization in the initial state. Stolterfoht
et al.”) have also found Auger peaks corresponding to the transitions L23-M1M1(N = 4) and
L23—M1M1(N =5). The isolated peak corresponding to the L23-M1M1(N = 6) transition was observed
for the first time in the present measurement. The broad peak may be ascribed to the
superposition of many transitions, such as L23—M1M23(N =5,4,3,2,1,0)and L23-M23M23
(N=4,3,2,1,0).

The present measurement shows that the high-resolution Auger spectroscopy for heavy-ion

atom collisions is a powerful method to determine the energy levels for multiply-ionized atoms.
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I1-2-5. Argon L-MM Auger Spectra in Ar"" + Ar Collisions (ll)

Energy Dependence of the Auger Spectra

T. Matsuo, J. Urakawa, A. Yagishita,
Y. Awaya, T. Kambara, M. Kase,
J. Takahashi, and H. Kumagai

The energy distributions of Ar L-MM Auger electrons produced in Ar3* + Ar collisions have
been measured at collision energies of 5.3, 11.5, and 14.3 MeV. The projectile ions were
accelerated by the RILAC. The measurement was made in the energy range from 80 to 340 eV,
scanning with 0.52 eV step interval. The Auger spectra obtained are shown in Fig. 1, where
the continuous background underlying the Auger spectrum was subtracted. The lines above
spectra indicate the Auger electron energies calculated by Larkins. The identification of the
Auger peaks has been discussed in the preceding report.? We discuss here about the energy
dependence of the distribution of the Auger electron energy. They are characterized by isolated
peaks, located at 101 and 112 eV, and by broadened structure extended through 120 to 250 eV.
It is notable that the intensity of the L23—MIM1 (N = 6) peak becomes weak as the collision energy
is increased, while the broadened structure between 120 and 250 eV is enhanced. Besides, a
remarkable structure can be seen in the energy range from 200 to 250 eV. This structure can not
be identified as due to the L,,-MM transitions, because the multiple-ionization of the M-shell causes
the L,,-MM Auger spectrum shift to the lower energy. They are considered to be due to the Auger
electrons resulting from the L, -shell vacancy. In the Auger electron spectrum by electron impact,
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no significant peak has been observed in the energy range between 220 and 300 eV, corresponding
to the transition energies of the Ar L .-MM Auger electrons, because of the high Coster-Kronig
transition probability for filling of a 2s-vacancy by a 2p electron. Here, it should be noted that
as the degree of ionization (N) in the M-shell increases, the L,-L,,M Coster-Kronig transition
process becomes energetically forbidden. Larkins have also predicted that the Ll—L23M23 Coster-
Kronig process can not occur for N > 3, and the L,-L,,M, process for N > 2. In the figure, the
energies of the L, -MM Auger electrons calculated by LarkinsD are also indicated. The spectrum
between 200 eV and 250 eV is well explained by the Auger process resulting from the Ar L,-shell

vacancy production with simultaneous ionization of the M-shell.
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II-2-6. Argon L-MM Auger Spectra in Ar"" + Ar Collisions (Ill)

Structure of Argon L-MM Auger Spectra in 21 MeV Artt
Impact on Ar

J. Urakawa, T. Matsuo, A. Yagishita, Y. Awaya,
T. Kambara, M. Kase, J. Takahashi, and H. Kumagai

Some studies have been made for the L-Auger electrons in Ar®* + Ar collisions with incident
energies from 800 keV to 14 MeV, using the heavy-ion linear accelerator (RILAC).D-? It has
been shown that many satellite lines resulting from multi-vacancy states appear dominantly. This
indicates that several electrons are ejected from M,,-shell, once L-shell electrons are ionized.
When the outer shell is partly stripped, a large number of different vacancy states are created. But
when the outer shell is more and more stripped, the number of states produced becomes limited.
For example, two isolated peaks corresponding to the transition L,;-M M, (N) were observed
in Ar¥* + Ar collisions with the incident energy of 4.3 MeV (see Fig. 1 in Ref. 1), where N takes
the values of 6 and 5, and indicates the degree of M,,-shell ionization. This result is consistent
with that calculated by Larkins.?

The strong Argon L,,-Auger yield is expected to be induced by the projectile with the same
velocity as the orbital velocity of the L,, bound electrons; corresponding energy for Argon ion is
21 MeV. Furthermore, the strong electron stripping of the outer shell is expected to be produced
by sufficiently heavy projectiles such as Argon ion. Since the target atom is set in motion by
the recoil, Doppler broadening of target Auger line is induced. The Doppler broadening is also
expected to become narrow as collision energy increases, because the recoil velocity of the target

atom is calculated approximately as
= s B 12
v(b) p—— (2mp/Ep) >

where Z (m,) and Zp(mp) are the atomic numbers(mass) of the target and projectile ions,
respectively, b is the impact parameter and Ep is the projectile energy.? Therefore, in order to
obtain the detailed structure of the isolated Auger lines L,,-M.M (N =6, 5), the spectrum in
the 21 MeV Ar*" + Ar collision was measured in the energy range from 90 to 156 eV at 0.13
eV step. The experimental apparatus, procedure and condition have been described previously.
The measured spectrum is shown in Fig. 1. It is clearly seen that the L23—M1M1(N =6,5,4)
peaks are devided either into a few sharp peaks or broad ones (compare Fig. 1 in Ref. 1).

Two sharp peaks of the L,.-M,M,(6) are positioned at 100.3 eV and 102.7 eV, and the
intensity ratio between them is about 2:1. They are considered to correspond to the transitions
toward the final state Ar®(1s?2s?2p®)'S, from the initial vacancy states Ar’*(1s?2s?2p°3s?)-
L3(2P3/2) and L2(2P1/2)’ respectively, because the ratio of the peak intensity is almost the same as
that of the degeneracy(2J + 1) between the initial states, and the energy splitting ot 2.4 eV is
nearly equal to the difference between the L2(2P1/2) and L3(2P3/2) binding energies (2.1 eV for

D,2)
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neutral Ar).

The structure of the L23-M1M1(5) is complicated because of the superposition of many
Auger transition lines stemming from various multiplets of the initial and final states in the
L,,-M M, (5).

The structure of the L23-M1M1(4) is more complicated than that of the L23-M1M1(5).

This complexity is induced by superposition of many Auger transition lines stemming from double
L-shell jonization and various multiplets of the initial and final states for the L23-M 1M1(4)
transition (refer to Ref. 3). In the energy range between 128 and 156 eV, there is a broad
“humps” in addition to the broad Auger peaks. It is tentatively attributed to a superposition of
many weak Auger transition lines stemming from double L-shell ionization in addition to several
Auger transition lines (L23—M1M23(5), L23-M1M23(4), L23—M23M23(4)).

Table 1 shows a partial list of measured line energies of designated Ar L-Auger electrons
observed in the present work. The line energies of L,,-M M, (N = 6, 5) transitions measured by
us are smaller than those calculated by Larkins with the discrepancy of about 3 eV, but the line
energy of L23—M1M1(4) transition agrees well with that calculated by Larkins. Results of
Larkins for the line energies of L23-M23M23(N) transitions agree well with that of L,,-M,,M,,(0)
transition measured in electron impact on Argon for N = 0 and those of L23—M23M23(N)
transitions measured by Stolterfoht et al.) for N = 4, 3, and 2. These Auger electron energies
decrease linearly with an average shift of 11 eV per degree of M -ionization. But the line
energy of L23—M1M1(O) transition is larger than that calculated by Larkins with a discrepancy of
about 10 eV. Using the experimental energy values of L,,-M,M,(0) transition and LM M,

(N = 4, 5, and 6) transitions, the average shift per degree of M, -ionization for L ,-M;M,(N)
transitions is derived to be 13 eV on the assumption that the Auger electron energies of
L23—M1M1(N) transitions decrease linearly with degree of M, -ionization.
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Table 1. A partial list of measured transition energies of designated Ar L-Auger electrons

produced by bombardment of Ar with 21 MeV Ar**. For comparison the transition
energies calculated by Larkins® are also included. The “peak label” refers to Fig. 1.
Values on the left in line energy are weighted averages for peaks of L23M1M1(N)

transitions.
Peak label Line energy(eV) Larkins(eV) Tentative assignment

A, 100.3 A7t (2p°(PP,,)387)

L, M M,(6) 101 104 ~ A" (1)
A, 102.7 Ar™(2p3CP ,)3s?)
B, 110.3 Ar®* (2p°(P, )3573p)

LM, M,(5) l 112 115 = Ar"(3p(*P))
B, 113.2 Ar*(2p° (P, ))3523p)
C, 121.6 (*P,) s)

LM M,(4) [ C, 125 124.2 126 Ar¥(2p® 3s23p?) — Ar%*(3p?('D))
C, 126.3 P, ) (’P)

The uncertainty of the electron energy is estimated to be less than = 0.2 eV.
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[l1-2-7.  Angular Distribution of Sn L X-Rays

J. Takahashi, A. Hitachi,* Y. Awaya, H. Kumagai,
T. Kambara, M. Kase, T. Tonuma, and A. Yagishita

We have studied the multiple ionization of inner shell electrons by measuring emitted X-rays
with high resolution, systematically.? Ionization probabilities P and P,; were derived from these
experiments, and the reduced parameters to fit the universal curve were obtained. In this analysis
it was assumed that satellite X-rays were isotropic because Jamison and Richard? had shown that
the polarization of KL X-rays from Al target bombarded by He or Li ions was smaller when the
incident energy was larger. In order to study this point, we measured the K X-rays from Ti target
excited by 82 MeV N7%(5.9 MeV/amu) with a broad range X-ray crystal spectrometer? and found
that the satellite X-rays were isotropic.” There is no report on L X-rays emitted after the multiple
ionization, therefore, L X-rays of Sn have been measured by the broad range X-ray crystal
spectrometer and a Si(Li) detector. This report gives an analysis of the experimental results.

Target was a self-supporting metallic foil Sn(1 um). It was excited by 82 MeV N7* jon beam
from the cyclotron. Typical spectrum obtained by the Si(Li) detector for Sn L X-rays is shown
in Fig. 1 with x2-fitting by the FACOM M200 computer. The spectrum was divided into 5
peaks assuming a gaussian form. Main components of the peaks are Ly, L, LBl’ L[32+15 , L2’3,
respectively, and peak positions are shifted to higher energy side owing to the multiple ionization
of M shell electron. Weak lines are included in each peak. Arrows indicate energies of the lines
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Fig. 1. (a) Sn L X-ray spectrum obtained by the Si(Li) detector at 25°. Incident
beam was 82 MeV N’*. Cu K and KB peaks may be due to the scattering from

a copper part in the chamber. (b) Solid curves are x2-fitting by the computer.
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without multiple ionization.”*® Figure 2 shows the angular dependence of the total intensity
which is normalized by the measurement of another Si(Li) detector placed at a fixed angle (90°).
It is seen that total intensity is high at 155° and low at 25°. A study on why intensity changes
with the observed angle is in progress. The relative intensities of each peak to the total intensity
are shown in Fig. 3. They do not change with angle within experimental errors.

Typical spectrum of L, X-rays obtained by the broad range X-ray crystal spectrometer is
shown in Fig. 4 with transition energies calculated using the computer program of Herman and
Skillman.” Actually, the multiplet from an initial and final state configuration and presence of
vacancies at N shell may broaden a peak. Since each transition is not resolved and does not
always agree with rather broad peaks obtained experimentally, the spectrum is divided into 6
groups: LM?X, LM!, LM2, LM3, LM*, and LMgQ, as shown by dotted lines. The integrated counts
of each group relative to the total counts of L, X-rays are plotted as a function of emitted photon

angle in Fig. 5. All intensity groups are constant within experimental errors.
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IlI-2-8. Production of Highly Charged lons by Heavy-lon

Bombardment of Rare-Gas Targets

T. Tonuma, M. Kase, T. Matsuo, J. Urakawa, J. Takahashi
H. Kumagai, T. Kambara, I. Kohno
S. Ozkok,* and Suck Hee Be

An experimental apparatus to measure secondary ions produced in collision of heavy ions
with gaseous targets has been reported. The apparatus was newly set up in order to carry out
the experiment using the beam from the heavy-ion linac. The exhausting system and the analyzer
magnet were improved. The apparatus is evacuated by a 5000 €/sec cryo pump and a 220 ¢/sec
turbo molecular pump. The background and operating pressure were 7 X 10”8 Torr and
1.3 X 107® Torr, respectively.

A schematic diagram of the apparatus is shown in Fig. 1. A heavy-ion beam crosses a
gaseous target emerging from a gas jet and ionizes gas atoms. Ionized atoms, namely secondary
ions, are extracted perpendicularly to the beam direction by an electric field applied between the
parallel plate electrodes and are focused on a detector by an Einzel lens and the analyzer magnet.
The secondary ions are detected by a channeltron and the output signals are amplified and
integrated by MCS(multi-channel scalar) through a SCA circuit. The charge states of the ions are
analyzed by scanning the magnetic field.

Figure 2 shows a charge-state spectrum of secondary Ar ions produced by 37 MeV Ar*
ion-bombardment. The size of beam spot was | mm wide and 2 mm high on the target and the
beam current was about 1 nA. The electric potential was kept at 2 kV throughout the
measurement. The channel advances with 15 nC of integrated beam charge on the Faraday cup.
The peaks corresponding to Ar'* and Ar?* have fine structures caused by the beam fluctuation,
which will have to be improved.
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Fig. 1. Schematic diagram of the apparatus.

* Permanent address: University of Istanbul Nuclear Physics Dept., Istanbul, Turkey.
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lI-2-9.  Mechanical Design of Apparatus to

Measure Secondary lons

T. Tonuma, T. Chiba, and A. Yagishita

The apparatus was designed and constructed to have an experimental study of secondary ions
produced by heavy ion bombardment on rare-gas targets. The mechanical layout of the apparatus
is shown in Fig. 1. The apparatus consists mainly of a gas nozzle, parallel plate electrodes, an
Einzel lens, an analyzer magnet and a detector part. The gas nozzle has multi-capillary jet whose
inside diameter is | mm. It can be moved up and down to set the optimum condition. The
parallel plate electrodes are arranged to have a distance of 2 cm between them and one electrode
is provided with a slit 2 mm wide and 6 mm high for the extraction of ions. The gas nozzle is
inserted between the electrodes. The Einzel lens consists of three plates which have slits of
12 mm X 12 mm and is used to focus the secondary ions on a detector. The chamber itself is
made of stainless steel and the electrodes and the lens are made of molybdenum. The
characteristics of the analyzer magnet are as follows: 3 cm of pole gap, 18 cm of effective radius,
60° of deflection angle and 16.1° of entrance and exit angles which focus the ions vertically and
horizontally. Maximum magnetic field is about 6 kG. A quartz support is used to adjust the
position and the size of the beam spot. The chamber is evacuated with 5000 ¢/ sec cryo pump

and a 220 ¢/sec turbo molecular pump.
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Fig. 1. Layout of the apparatus.
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[[1-2-10. Scan Controller for Secondary lon Experiment

M. Kase, H. Kumagai, T. Tonuma, and K. Nishi

A scan control circuit for the secondary ion experiment has been developed. For the
experiment, one has to change accurately the extraction voltage or the magnet current by fine
steps remotely from the measurement room which is at a distance of about 70 m from the
experimental area. In order to minimize the number of signal lines between the two places and
to eliminate the noise disturbance on the signal lines, a pulse-counting method is employed. The
principle is shown in Fig. 1. The scan controller sends a series of pulses (0.6 msec width, 400 Hz)
to the power supply system via a 70 m signal line. The power supply system has a binary counter
and a 16 bit digital-to-analog converter (DAC). The DAC provides the power supply with the
reference dc voltage, V ¢, @ magnitude of which is proportional to the total number of pulses
stored in the counter. The output (a high voltage (up to 5 kV) in the case of the voltage scan
or a constant current to the analysing magnet in the case of the field scan) is obtained according to
Vref' One can set the initial condition, Ni, the final one, Nf, and the step width, ng. The
measurement period, t,, for each step is determined by the integration of the beam current on
a target.

| |
{f— : Counter |
I
‘ |
| | |
! 1
Lo bi :
| DAC |
| |
35 | |
| |
)
| > !
| |
| |
|
Outpu
e [P ‘L,‘ Power ,‘__L____A put
————————————— W= == sunoly =Y
e )
m .
Measurement room - /0 if 1 Experimental area

Fig. 1. A block diagram of the scan controller. n, N;, and N are

presettable and step up signals come from a current integrator.
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IlI-2-11. Analysis of F K -Emission Satellite Spectra from

Fluorine Compounds by the DV-X& Method

K. Fujima, K. Fuwa, and M. Uda

The difference in valence electron nature of various fluorine compounds has been clearly
observed in their F K-« emission satellite spectra. The energies of satellite peaks do not change
with the change in the fluorides and agree well with the atomic values estimated by several
computational methods.D>23) However, their satellite intensities change owing to the difference
in valence structure. This fact can not be interpreted from the atomic nature.

Intending to analyse these features, the DV-X« cluster method has been applied to NiF2,
Cqu, and NaF clusters as the representatives for the fluorides.

The results obtained show that in the molecular orbital scheme, the valence orbitals of the
F atom lower their energies and are localized by the strong attractive Coulomb potential caused
by the K-hole. As a result, the F atom should have an atomic nature in the ionized state, even
if it is buried in a solid. This is also true for the multi-ionized state and leads to the fact that the
satellite peak positions do not change even when there exist the difference in chemical
surroundings of the F atom.

Once this atomic nature is realized, the K-emission intensities, calculated by means of the
dipole approximation, are the same for all the fluorides. This atomic state is thought not to have
a chance of relaxation through radiative nor non-radiative process, which may alter the satellite
intensities.

By the way, KVV-Auger probability has been reported to be sensitive to the valence
relaxation immediately after the K-ionization.® Since Auger process is the competitive process of
K-emission, the intensity of satellite might be influenced through this first excitation process.

Our present calculation has been encouraging because it shows that the charge distribution
soon after the K-ionization decreases the intensity of satellite peaks and enhances that of the
main peak. The figures illustrated below show the charge distribution of NiF, cluster in the
ground state (a), soon (b), and long enough (c) after the K-ionization. The charge distribution

(c) no more radiates the photon of satellite energies but radiates that of the main peak.

)

(a) (h) (e)

Fig. 1. The charge distribution of NiF, cluster in the ground
state (a), soon (b), and long enough (c) after the K-ionization.



90

References

1)
2)
3)
4)

Z. Horak: Proc. Phys. Soc. London Sec., A77, 980 (1961).

E. H. Kennard and E. Ramberg: Phys. Rev., 46, 1040 (1936).

T. Aberg: Phys. Lett., 26A, 515 (1968).

O. Gunnarsson and K. Schouhammer: Phys. Rev. B, 22, 3710 (1980).



91

[lI-2-12. Determination of Electron Contact Densities

for Outermost Electrons in Tin Compounds

H. Muramatsu, T. Miura, H. Nakahara,
M. Fujioka, E. Tanaka,” and A. Hashizume

The experimental evidence of the influence of chemical environment on outer-shell internal conversion in
191 was reported in the previous report.l) In the present report, we describe about electron contact densities
for the outermost electrons in white tin and CaSnO3.

Internal conversion sources were prepared by implantation of radioactive 1'%Sb (Tlp = 38.0 h) using the
electromagnetic isotope separator at Cyclotron and Radioisotope Center, Tohoku University. Detailed
descriptions on the preparation of two sources were given in the previous report.l)

In order to assign the final chemical state of the conversion sources, the Mossbauer effect in the 23.87 keV
transition of 11%Sn was measured with a CaSnO, absorber. In Fig. 1 there are shown the emission Mossbauer
spectra obtained from the implanted white tin and CaSnO, samples together with the transmission spectra
obtained from the measurements with a transmission geometry using a standard source Ca 119mSn03. In the case
of white tin, the emission spectrum could be clearly fitted with a single line at § = —2.48 mm/s which is in good
agreement with that of the transmission spectrum (Fig. 1 (2)). This means that the implanted 119Gh atom occupies
the normal lattice point of tin in the metal. On the other hand, in the case of CaSnOs, a more complex spectrum
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Fig. 1. Mossbauer spectra obtained from the sources of '?Sb

implanted into white tin and CaSnO, with a CaSnQ, absorber
(emission). For comparison there are shown the ‘transmission’
spectra taken with a standard Ca''*™SnO; source and absorbers
of white tin or CaSnO,.
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was observed as shown in Fig. 1 (b). The emission spectrum of CaSnO,sample could be decomposed to three
absorption peaks. Line A corresponds to the normal substitutional site in CaSnO, because a similar consideration
as in the case of white tin mentioned above can be applied (see the transmission spectrum in Fig. 1 (b)). Line B
may be attributed to the quadrupole doublet of Sn(IT) on the basis of the fact that its isomer shift and quadrupole
splitting are close to those reported by Boyle et al.? for the tetragonal or orthorhombic SnO. The number of
119 b atoms in the site A was estimated from the temperature dependence of Mdssbauer spectrum as 47 %.

The conversion-electron spectra were measured with a 50 cm, double focusing, iron-free f-ray spectrometer
at the IPCR. Detailed procedure for measurement of conversion electrons was described in the previous report.l)
The analyses of the conversion spectra were carried out using the computer code ACSEMP.? The internal
conversions of O shells which correspond to the internal conversions of 5s and 5p electrons, could not be resolved
at all into subshells (O, O,pand Om). However, since the contribution of OH'm conversion to the total
conversion of O shells was estimated to be less than 5 % for the M1 transition, it was neglected in the analysis.

In order to deduce the accurate intensity of the O-lines, the contribution of the K-LM Auger lines of tin which
superimposed on the N--and O-lines in the same momentum region was subtracted as an Auger-background
obtained by an independent measurement using radioactive 1'™Sn.

Results of the analyses for two different sources are listed in Table 1 and the conversion spectra are shown
in Fig. 2. Here, since the Mossbauer spectrum indicated that only 47 % of the '°Sb implanted into the host
material was in the form of CaSnO3 for the source of CaSnO3, the O/Nl intensity ratio was corrected on the
assumption that the conversion intensity of site B was equal to that of white tin from the equality of the isomer

shift. The Ss electron density at the nucleus, that is, the so-called electron contact density can be deduced from
the observed O/NI ratio by using the formula

| ¥55(0) |2 = | ¥4l0) ‘2 theor. (O/NY

where | ¥, (0) | 2theor. is the theoretical 4s electron density of the tin atom. The observed electron-density
difference between white tin and CaSnO, was larger than that observed by Bocquet et al. by a factor of 2.5 in
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Table 1.  Relative intensities of Nl and O lines from the internal conversion of the 23.87 keV M1
transition in '%Sn for two well-defined chemical forms, the forms of white tin and CaSnO

a)
Chemical form O/N; |ll/58(0)|2 (a.u) & (mm/s)
CaSnO3 0.0197 £0.0232 142 £16.7 0
White tin 0.101 £0.10 727%£7.3 248

AU F=585%182au.

a) | ll/4S(O) |2 =719.65 a.u. is assumed.

its magnitude.4) It was found that the 5s electron density at the nucleus is about 80 % smaller in CaSnO, than
in white tin.

For the estimation of the occupation umbers of the electrons in the valence shell or of the electronic
configuration of the valence electrons, it seems to be a simple and useful approach to renormalize the atomic
wave functions within the Wigner-Seitz sphere, as described by Friedman et al.® In this approach one utilizes the
free-atom wave functions, truncates them at the radius r_ of the Wigner-Seitz sphere, and renormalizes them
within this sphere, thereby preserving charge neutrality. This approach makes it possible to take into account the
problem of the charge compression or the size effect of atoms in solids, at least approximately. According to
Friedman et al., the renormalization factor N is represented as

\psolid(r) =N wfree atom(r) < Tws

=0 , I>r

ws *

The renormalized-atom ratio of the contact densities between 4s and 5s electrons for Sn 5s*5p? is

[ | V50 |2 ]| V40 |2] o =0.120.

If this ratio is compared with the observed value of the O/NI ratio for white tin in the present work, 0.101 £ 0.016,
the occupation number of the 5s subshell of white tin is 1.68 + 0.28. In the same fashion, the configuration for
CaSnO, is estimated to be 5503955361 by using a free-atom ratio for Sn in the configuration 5s5p3, 0.047, and

N = Vv 1.06.
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[ll-2-13. Optical Detection of Atomic and Nuclear Spin Polarization

Produced by Beam-Foil Interaction

S. Kohmoto, M. Ishihara, T. Nomura,
Y. Gono, and Y. Itoh

A nuclear-polarized ion beam with a kinetic energy in MeV range was generated by the tilted
foil method!>? and the degree of nuclear polarization was determined.

In Fig. 1, an ion beam passes through a thin carbon foil (foil I) whose normal is tilted
relative to the beam direction (¢ # 0°). The ions are not only excited but also polarized atomically
at the exit of the surface of the foil due to the non-cylindrical symmetry. This polarization is
transferred to the nucleus via the hyperfine interaction during the flight. The detection of light
emitted from the ions after passage through the second thin foil (foil II) placed perpendicularly
to the beam direction (¢ = 0°) is the proof of the transfer of the polarization: atom — nucleus —
atom, because a cylindrical symmetry is kept at the foil II.

t/
AN

o ¢

C( .

/4 Plate '\*L\\»&\Q
Polarizer
Filter PM
Fig. 1. Schematic experimental arrangement. Photons are observed

in a direction perpendicular to the beam aixs and to the normal of
the tilted foil.

%N ion beam of 5 MeV kinetic energy was produced in the Linac Accelerator. The two
carbon foils were of 5 ug/cm? thickness and the tilt angle ¢ of the foil I was 50°. The polarization
of light emitted from the ions downstream from the foil II was determined with a rotating \/4
plate followed by a fixed linear polarizer (« = 0°), an interference filter and a single photon
counting photo-multiplier (PM) with low dark counts. Another PM was set at the other side of
the apparatus for the purpose of normalization. The atomic transition selected by the filter was
1s26f2F — 1527g?G 494 nm. The relative Stokes parameter S/I averaged over the fine components
of the transition which were not resolved in our experiment was obtained measuring the intensity

I'for § =+ 45°, i.e.
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S/l = { I'(+45°) — I'( —45°) }/{ I(+45%) + I'(~459) ).

The result was S_/I = 0.7 %. From this value, we deduced the nuclear polarization P; = 3 %, using
the relation® between S/I and Py. Of course, we have verified that the Stokes parameter S/I simply
changes the sign but not the absolute value when one changes the tilt angle ¢ to —¢. Although

our Pj value should be taken to give only the rough magnitude because, for example, we have chosen
the distance between two foils (1.5 cm) rather arbitrarily, we emphasize that it is the first
observation of P in the MeV energy range.
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[l1-2-14. Effects of Chemical Bond on O Kg Spectra from

Multiply lonized States

M. Uda, K. Maeda, Y. Sasa, A. Koyama,

and S. Nakamura

For a wide range of target atomic numbers, effects of chemical bond on intensity
distributions of X-ray satellites arising from multiply ionized states have extensively been
investigated.l) Their intensity distributions have changed dramatically in X-ray emission related to
transitions between inner shells and valence bands with the difference in the chemical bonds for
most of the chemical compounds.?™ O Ko X-ray spectra are, therefore, also expected to show
similar effects on their intensity distributions.

O K satellite spectra have been observed in a previous paper.6) Their intensity distributions
should differ for different methods of ionization and species of chemical compounds. The former
gives difference in the ionization cross sections for multiply ionized states. The latter gives rise
to difference in the electronic rearrangement in the valence band prior to X-ray emission.

C3* jons were accelerated up to 2.8 MeV by the Tandetron (General lonex Corp.). White
X-rays generated from Rh anode were also used, for the comparison, to emit O Ka X-rays.
Specimens used here were MgO, MgSO,, CuO, and Cu, 0.

O Ka satellite spectra were energetically analyzed with a RAP flat single crystal (010). The
results are shown in Figs. 1-4 KIL™ denotes the emitted X-rays from the initial state with one
and n vacancies in K and L shells, respectively. From the comparison between the spectra induced
by C3* and those by white X-rays, change in the electronic rearrangement might be deduced.

Analytical treatment for this is in progress.
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[-2-15.

Supertransferred Hyperfine Magnetic Field at

"7Sn*t(«"""Sb°*) on Cr,O, Surfaces

T. Okada, S. Ambe, F. Ambe, and H. Sekizawa

In the preceding volume of this report, we presented an emission Mdssbauer study on

carrier-free 119Sb>*

ions adsorbed on a— Fe, O, surfaces.” From the observation of the supertrans-
ferred hyperfine (STHF) interaction between the ordered Fe3* ions of the substrate and '°Sn**

ions arising from 19Sb%* the adsorbed 1?Sb%* jons were found to form Fe3*- 02~ —1195b5* ponds

on the surfaces. In this period, similar measurements were made on Cr,O, substrate.

Cr:,_O3 is an antiferromagnet with the same crystal structure as a- F6203 (corundum-type). Its

low Néel temperature (303 K) made it possible to study the effect of bulk magnetization of

substrate upon the STHF field at '19Sn nuclei arising from 119Gh3* on the surfaces.
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Pentavalent 19Sb (half life: 38.0 h) produced by the Cyclotron® was adsorbed onto Cr,0,
powder at 100°C from a 0.25 mol dm™> LiC1l solution of pH 3.0. The oxide was filtered,
washed with distilled water, and dried at room temperature over P,O,. Emission Mossbauer
spectra of 119gy produced by the EC decay of 119gh5* on surfaces of the oxide specimens were
recorded against a BaSnO, absorber.

Typical emission spectra of the “as adsorbed” Cr,O, - 119G 5+ specimen at different
temperatures are shown in Fig. 1. The spectra consist of an unresolved emission line of 19gn4+,
whose width depends remarkably on the temperature of measurement (Fig. 2). It can be seen
from Fig. 2 that near and above the Néel temperature of bulk Cr203 the emission line has a width
corresponding to ordinary diamagnetic 19gp4+ ions, but it is considerably broadened below that
temperature. Namely, the broadening occurs in parallel with the magnetic ordering of Cr3* jons
of the substrate. This observation is a decisive evidence for our view that the observed broadening
is caused by the STHF interaction of the 11994+ ( « adsorbed 119Sb3*) ions with the magnetically
ordered Cr3* ions of the Cr)0, surfaces. Thus, we can conclude that the adsorbed 119gK5* jons
form Cr3*- 0%~ Sb5* bonds on the surfaces as in the case of a- Fe,0,- 119Sb%".

As shown in Fig. 3, the effect of heat treatments on the Cr,0O,- 119GH5* specimens was
similar to that on a-Fe,O,- 119GH5* reported previously. In the present case of Cr,0,, however,
decrease in hyperfine fields was observed at higher temperatures. This is ascribable to coagulation
of 1198b5* jons with diamagnetic impurities on the surfaces.

Detailed description of the experimental procedures and results as well as discussion based
on a simplified surface model has been published elsewhere.? A similar study on ferrimagnetic

v-Fe 0, is also reported in this volume.¥
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Fig. 3.  Emission Mossbauer
spectra of the 2h heat-treated
Cr)0,- 11995+ specimens

measured at liquid nitrogen
—10 0 10 temperature. The isomer shift

Velocity (mm-s ') is given relative to BaSnO3.
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[I-2-16. Emission Mossbauer Studies of Dilute ''"Sb lons Adsorbed

on Ferrimagnetic Spinel Oxide Surfaces

T. Okada, F. Ambe, S. Ambe,

and H. Sekizawa

Previously, we reported results of emission Mdssbauer measurement of '9Sb arising from
carrier free pentavalent 119gh jons hydrolytically adsorbed on surfaces of antiferromagnetic oxide,
a-FeZO3.1)’2) This work has been extended to a ferrimagnetic oxide with the spinel structure,
v-Fe,O,. The aim of these works is as follows. By observing the broadening and splitting of the
emission spectra which are caused by the supertransferred hyperfine (hereafter abbreviated as
STHF) magnetic fields coming from the ordered magnetic ions of the substrates, microscopic
information on the physical and chemical states of the adsorbed ions is able to be investigated.

A Mbssbauer analysis was made on the 23.8 keV «y-rays emitted by the first excited states of
198n(1198n*, half life: 17.8 ns) arising from 119Sb (half life: 38.0 h) by the EC decay.

1.2} Carrier-free

Experimental procedures have already been reported in previous reports.
119Gh jons were adsorbed on the surfaces of the ferrimagnetic oxide powders of 7—F6203, the
Néel temperature of which was about 590°C. The average particle size of these acicular powders
was about 1 um as determined from electron micrographs. Adsorption of the pentavalent 1191
ions was made hydrolytically at room temperature. Emission Mossbauer spectra of the “as
adsorbed” and the heat-treated specimens were taken at liquid nitrogen temperature against
BaSnO, absorber. The temperatures of heat treatments were 200, 300, 400, 500,and 600°C.

A few examples of the obtained spectra on y-Fe, O, and Cr,0, are given in Fig. 1. The spectrum
of adsorbed ions on Cr, O, above its Néel temperature is also shown as the reference spectrum in
which the STHF magnetic fields are absent. Detailed report on Cr203 has been given
elsewhere.?3

Even in the “as adsorbed” specimen of ¥-Fe,O,, there could be seen a remarkably broadened
emission line. The line transformed into the more broadened magnetic hyperfine patterns with
the elevation of the temperature of isochronal heat treatments. As the cubic y-Fe O, is gradually
converted to the rhombohedral oz—Fe203 on being heated to temperatures above 400°C, the emission
patterns of the heat-treated specimens above 400°C become complex. The distribution of hyperfine
magnetic fields (Hpp obtained by analyzing the spectra by means of the method of Hesse is shown
in Fig. 2. The distribution of the hyperfine magnetic fields for the “as adsorbed” specimen of

7-Fe203 is almost equal to that of a-Fe,O, reported previously.? With the elevation of the
temperature of heat treatment, the high field components grew up rapidly accompanied by a slow
decrease of the low field components. This makes a remarkable contrast to the case of a—Fe203.

The chemical formula of y-Fe,O, is also rewritten as (Fe?h) [Fe3+2/3 0,51 O, where (Fe?h)
denotes the Fe® ions in the tetrahedral A sites and [Fe3+2/3 Dl/3] denotes the Fe® ions and the
cation vacancies in the octahedral B sites of the spinel structure. Some of the 'Sb3* ions adsorbed
on the surface of 'y-FeZO3 are considered to be trapped near to the vacancies because of valence

119 SbS +

compensation. The hyperfine magnetic fields of the ions trapped to the vacancies are
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expected to be very small. The remaining low field components at high temperature are ascribed
to these trapped ions.

The detailed investigation is in progress.

7-Fe,0,
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®
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s ks
- = 300°C
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= 7-Fe, O,
981 (Heat treated |
at 500 C)
5l 500°C
| 1 1 0 | J
- 14 0 +14 0 50 100 150
Velocity  (mm/sec) Hyperfine field  (kOe)
Fig. 1.  Emission Mdssbauer Fig. 2. The distribution of the
spectra of y-Fe,0,and Cr,0, at hyperfine magnetic fields for the
liquid nitrogen temperature. ‘““as adsorbed” and heat-treated
specimen of y-Fe,O,.
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[lI-2-17. Perturbed Angular Correlation of 7-Rays Emitted from

"""Cd(«— '"""In) on @-Fe,0,, Cr,O, ,and a-A1,0,; Surfaces
K. Asai, F. Ambe, S. Ambe, and H. Sekizawa

The present work aims to utilize perturbed angular correlation measurements in studying the
chemical states of dilute metal ions adsorbed onto the surfaces of oxides. In this report, we
present the results obtained on time differential perturbed angular correlation (TDPAC) of y-rays
emitted from !Cd(«< 1n) on corundum-type antiferromagnets oz—Fe203, Cr203 and a diamagnet
a-A1,0;.

Samples were hydrolytically prepared. About 100 mg of o-Fe 0, Cr,0,, or o-Al,O,
powder was added to a dilute HC1 solution (pH 2 ~ 3) of “carrier-free” In. Then, the pH of
the solution was adjusted to 7 — 8 with a dilute NaOH solution, and the suspension was stirred
to let the ''In ions be adsorbed onto the oxide surfaces. The oxide was separated by centrifuga-
tion and washed with distilled water several times to remove C1 ions, and then dried over
P,O; in vacuum at room temperature. A portion of the oxide containing about 60 uCi of iy
was subjected to TDPAC measurement.

The time spectra of 173 — 247 keV y-y cascade emitted from ''!Cd were taken with a
conventional fast-slow coincidence set up with two Nal(T1) detectors at room temperature and
also at 77 K. For a polycrystalline specimen, the TDPAC spectrum is expressed in the form

W@t = 2 A (DP, (cos 0),
k=even

where 6 is the angle between the cascade y-rays, t the interval between them, and Pk the Legendre

polynomials.)) Therefore, the perturbation factor Azz(t) is derived from W(180°, t) and W(90°,t)

in the form

2
—_— [ o o \
A1) = = \W(180 , 1) — W0, t) |

by neglecting the higher terms A, (t) with k = 4.

Figure 1 shows the perturbation factor Azz(t) for a-A1203 at room temperature. As can be
seen, the factor decreases to become almost zero in a comparatively short time (~ 10 ns), then
recovers a little, and thereafter exhibits no visible structure but keeps nonzero value in average.
This apparently non-periodic behavior, which is common to all A22(t) observed in this work,
suggests that intensities of the hyperfine interactions have a wide distribution, and/or that they
are time-dependent. Figure 2 shows the smoothed data of A,,(t) in the vicinity of t = 0. It is
found for all the specimens that A,(t) decreases and recovers in a shorter time at 77 K than at
room temperature. This finding means that the hyperfine interactions at 77 K are stronger in
average, and/or have a longer correlation time than those at room temperature.

It is considered that the dominant hyperfine interactions are associated with the unstable

excited ionic states created by the preceding electron capture decay (!''In — "'Cd). After the
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Auger process following the electron capture, the ion is left in one of the various unstable charge
states, and relaxes to the stable state in a certain time duration.?? On the unstable ions, intensities
of the hyperfine interactions have a wide distribution and also change with time.? The more
rapid attenuation at 77 K means that the electronic relaxation becomes slow at low temperature.
The relaxation process reflects the character of the chemical bonds between the adsorbed
ions and the substrate oxides. Though precise analysis is now in progress, it can be said that

the TDPAC measurement is a useful tool for these studies.
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Dependence of Secondary Electron Emission
Coefficients on Metal Targets under

Bombardment with Bare Projectiles

A. Koyama, T. Shikata,
H. Sakairi, and E. Yagi

There is still a shortage of measurements of the secondary electron emission coefficients vy

under heavy ion bombardment in the high-energy region of several MeV/amu.

According to Oda and Lyman,V the energy dependence of v is different from that of S, the
energy loss per unit path length of projectiles, and the "dependence of y on the projectile atomic
number z, is the same with that of S. On the contrary, according to Clerc et al.,? the energy
dependence of vy agrees with that of S, and the z,-dependence of vy does not. In the previous

paper? we revealed that the energy dependence of vy was different from that of S. This result

agreed with those by Oda and Lyman.

In the present paper we examine the z,-dependence of y. Figure 1 shows both Yoak (the
backward secondary electron emission coefficients) for thick Al and Ag targets and for an Au
foil target, and Y, (the forward secondary electron emission coefficients) for the Au foil target.
Incident ions were He?", C®*, N7*, and O8*, and their energy was 6.2 MeV/amu. The experimental

apparatus and conditions are given in detail elsewhere.”) This figure shows the clear deviation

from proportionality to 212 for v,,4 and zfz for v, , where z¢ is the effective charge number of

1

projectiles. The deviation can be given by

Au foil target

O Ag thick target

0.7
O Al thick target f

Y 1‘orr’/Z *j
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20
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ZI‘

Fig. 1. Dependence of v, , /2,2 on z, for Al and Ag thick

targets, and those of Viack /212 and fyfor/z*fz for an Au foil target.

Incident energy is 6.2 MeV/amu.
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quack/zl2 o | — 0.006212, for all three targets,
’nyI/ZTZ oc | — 0.004212, for the Au foil target. (1)

The decreasing trend with increasing atomic number is consistent with the experimental
results by Clerc et al.,? and is not with those by Oda and Lyman.D
According to the theory by Schou,” y can be written as,

Y=6-S A ()

where ( is the dimensionless factor and -S gives the energy dissipated per unit path length to
electrons in the surface region of a target, and A is the factor which gives the fraction of
secondary electrons (SE’s) that can escape from the surface and is dependent on the surface
barrier height U. Then with respect to the foil target, it can be written that

Toak = Po " So " Moo
(3)

Yor = Ba "Sq e

where subscripts O and d mean the positions of the inlet and outlet surfaces, respectively.
Under the reasonable assumptions that for the film target which is thin enough, the

summation of the energies dissipated to target electrons in the inlet and outlet surface regions
is equal to S, that is, 50 + 6d = 1, and that the factor A is the same both on the inlet and outlet
surfaces, that is, Ay = Ay values of f,, Bd, and Ay (= Ay) can be obtained from experimental
values of vy, , and v, . Figure 2 shows the z,-dependence of B, B, and A, (= A) for the Au
foil target. The factors §, and B4 do not depend on z,, but the factor A does depend on it. It
suggests that the surface barrier height U changes dynamically with S.
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Fig. 2. Dependences of f3, By, and Ay(= Ay) on z,. Both 8,
and 8, are independent of z, within data scattering of £ 5 %,
but Ay(= A,) depends on z, .
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II1-2-19. Lattice Location of Sn Atoms Implanted into Al Crystals

as Investigated by Means of Channeling Method

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

The investigation on the lattice location of implanted impurity atoms provides the
information on the interaction of impurities with defects, both of which are introduced by the
ion implantation. From the point of view of technology, it is also important for the understanding
of th€ mechanism of material modification made by the ion implantation method. It has been
considered that there is a difference in the impurity-defect interaction between oversized
impurities and undersized ones. In the present study, the lattice location of oversized impurity
Sn atoms implanted into Al crystals is investigated by means of channeling method.

The implantation was carried out at room temperature and at 150 kV with the dose of
10" Sn/cm?. The axial channeling effect was investigated with respect to < 100 >, <110 >, and
< 111 > axes by means of backscattering with 1 MeV He* ions. Figure 1 shows the normalized
backscattering yields from Al and Sn atoms as a function of the angle between the incident
beam direction and the concerned crystallographic axis. The backscattering yields from Sn atoms
give a shallower dip than the Al-dip in each of three cases. In the << 111 > angular scan, a very
narrow dip was observed for Sn yields. The location of Sn atoms was determined from the
analysis of the results of angular scan by using the multistring potential. About 35% of Sn
atoms occupy the substitutional lattice sites and 20% occupy the interstitial sites which are
displaced from the lattice points in the << 100 > direction by about 0.72 A. The remaining 45%
of Sn atoms are at random sites.
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Fig. 1. The < 100 >, < 110 >, and < 111 > angular scans
of the backscattering yields of He* ions in Sn-implanted Al
crystals.
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1-2-20. Amorphization of Diamond Surface Layer

by Zn-implantation

S. Sato, M. Iwaki, and H. Sakairi

In our previous report, radiation damage and depth profile of Ar-implanted diamond have
been investigated by means of 1 MeV “He channeling technique with the use of the TANDETRON.!
The results show that the average projected tange and standard deviation of Ar implanted in
diamond are in good agreement with these predicted by the range theory and Ar-implantation
results in producing an amorphous layer with high conductivity. In the present report, a study
has been made of radiation damage and depth profile of Zn-implanted diamond by means of
channeling technique.

Substrates used were natural and colorless diamonds with the surface nearly parallel to the
(111) plane. Ion implantation was performed with the dose of 1 X 1016 Zn/cm? at the energy of
150 keV. The ion beam was sent in a direction deviating by a few degrees from the < 111 >
crystal axis in order to reduce the deep penetration of implanted zinc by channeling.

Channeling measurements (Rutherford backscattering) were done by using 1 MeV 4He* with
the fluence of 5 uC. Backscattered particles at an angle of 150° were detected and analyzed by
a solid state detecter and conventional electronics.

Figures 1 and 2 show the < 111 > aligned and random specta observed for zinc implanted
diamond. The leading edge of the diamond target is at channel number 438 (located at half-
height) and the energy edge of zinc at the diamond surface at channel number 1274. The
energies at channel numbers 438 and 1274 are 0.273 and 0.795 MeV, respectively. The spectra
obtained for backscattered particles from zinc implanted in diamond do not exhibit any difference
between random and channeling spectra as shown in Fig. 1. Moreover, as shown in Fig. 2, the
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b o <111>
200
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Fig. 1. Random (®) and < 111 > aligned (O) spectra of
zinc implanted in diamond.
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of diamond implanted with zinc.

channeling spectrum overlaps with the random spectrum at channel number above 304. These
results display that zinc implantation in diamond produces the amorphous layer near its surface,
where implanted zinc atoms are located at random sites.

The depth profile of implanted zinc and the thickness of the amorphous layer can be
obtained from Figs. 1 and 2 by using a zero-order analysis. The solid line Fig. 1 indicates the
depth distribution predicted by the range theory. The depth corresponding to the peak obtained
from the spectra is about 50.6 nm, which is in good agreement with the predicted range of 50.7
nm. The standard deviation calculated from the FWHM of the spectra is about 22.3 nm, which
is a little larger than the predicted value of 15.4 nm.

The thickness of the amorphous layer is, if it is assuméd to be the region from channel 286
to 433 as indicated in the figure, about 97.9 nm, which is 1.9 times as large as the average
projected range. The amorphous layer of the diamond surface produced by Zn-implantation
exhibited electrical conductivity, which was measured by means of a four point probe method.
The sheet resistivity of the specimen was about 130 §/cm?. If the conductivity is assumed to be

attributed to amorphous layer, the resistivity is 130 X 97.9 X 109= 1.3 X 133 -cm, which is
one half as large as that of Ar-implanted diamond or the glassy carbon (produced by Tokai

Carbon Company Ltd.). The results show that the conductivity enhancement for zinc
implantation may be due not only to the amorphous phase but also to implanted metallic

elements themselves.
It is concluded that the average predicted range of zinc implanted in diamond is in fairly

good agreement with that predicted by the range theory. By zinc implantation of 1 X 166
ions/cm? at 150 keV, the conductivity induced by zinc implantation is larger than that of the

glassy carbon on the market,
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Il[-2-21. Pulsed Laser Annealing of Cd-implanted GaP

K. Aono, M. Iwaki, and S. Namba

Laser annealing of disordered semiconductors is a relatively new field of semiconductor
physics. The laser beam used for annealing has an energy large enough for rapid recrystallization
in heavily damaged regions near water surface, such as ion-implanted layers which range from
the surface to a few hundred nanometers. In the present work, the effect of laser irradiation on
the profiles of Cd and radiation damage in Cd-implanted GaP was investigated by means of a 4He*
channeling technique.

Substrates used were n-GaP with the surface parallel to the (111) plane. Surfaces of all
wafers were mirror-polished and chemically etched. Cadmium-implantations were carried out at
ion energies of 50, 100, and 150 keV with doses from 1 X 102 to 1 X 10 jons cm™2 at 2 X 1076
Torr. Target temperature during implantation was held at room temperature or at about 350 °C.
The Cd ion beam was sent in a direction deviating by a few degrees from the < 111 > crystal
axis. Annealing was carried out with nanosecond pulsed lasers. The surface was swept by the
laser spot, 100 um in diameter, to heat the implanted area. The samples mounted on a 3 axis
gonjometer in a target chamber, which was kept at a pressure below ~ 5 X 10~® Torr, were
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analyzed with 1.5 MeV “He* beam using the Rutherford backscattering and channeling technique.
Backscattered particles at an angle of 150° were detected and analyzed by a conventional

electronics.

Ga surface

300

10" Cd* cm™?
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Fig. 2.  Random (- - - - - ) and < 111 > aligned (
implanted with Cd.
(a) the as-implanted specimen,

) spectra of GaP

(b) the laser annealed specimen,
(c) the hot implanted specimen,
(d) the un-implanted specimen.

Figures 1 and 2 shows the random and < 111 > aligned spectra observed for Cd-implanted
GaP with 15 ions cm~2 at 150 keV. The Cd depth profiles in the random spectra of
as-implanted, laser annealed and hot implanted specimens have similar distributions which are
gaussian as shown in Fig. 1. No difference is exhibited between the random and the aligned
spectra of the as-implanted specimen and the laser annealed specimens. However, in the scattering
yield from the hot implanted specimen, the aligned spectrum shows a strong reduction. This
result shows that most of Cd atoms occupy substitutional lattice sites in the case of hot
implantation.

Radiation damages in Cd-implanted layers were investigated from the spectra obtained from
Ga in GaP. The result is shown in Fig. 2. Backscattering yields of the aligned spectra decrease
after laser irradiation, and for hot implantation they are almost the same as those of an
un-implanted specimen.

From channeling measurements we can conclude that radiation damage in the hot implanted
specimen was smaller than that of the laser annealed specimen.
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IlI-2-22. Radiation Damages in Amorphous Alloys

Irradiated with C*" and N** lons

S. Nanao,* Y. Watanabe,* K. Oda,* and N. Shiotani

Recent studies suggest that amorphous alloys have large resistance against radiation damages.
This originates mainly in the characteristics of amorphous alloys, that is, random atomic arrange-
ment. At the present stage, however, very few information has been obtained on the structures
and recovery behaviors of the radiation damages produced in amorphous alloys.

The aim of the present study is to investigate the recovery stages of the radiation damages
induced in an amorphous alloy FegoBzo by irradiation with C** and N** ions at low temperatures
using the cyclotron and to identify the defects and/or relaxation of the amorphous structure
relevant to each recovery-stage.

As the first step, we have measured the changes in electrical resistivity due to isochronal
annealing of 30 min. after irradiation with 80 MeV C* ions at 77 K. The irradiation was
performed with mean current of 90 nA in a vacuum. The total dose was about 102! ions/m?2.
The resistivity measurements were done at 77 K.

The results are shown in Fig. 1. Two or three stages are observed in the change of electrical
resistivity as a function of the annealing temperature. Above 0 °C, no appreciable difference in
the electrical resistivity are observed up to 160 °C, which indicates that nearly all the damages
have recovered below 0 °C.

Further measurements and analyses are now in progress.
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Fig. 1. Relative resistivity (p/po) measured
at 77 K as a function of isochronal annealing
temperature in a C** irradiated Feg B,
amorphous alloy.
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[I-2-23. Positron Angular Correlation Measurements on Oxygen

Implanted Molybdenum Containing Voids

M. Hasegawa,* E. Kuramoto,** and N. Shiotani

Recently it has been discovered that positroniums are formed in niobium and vanadium
metals which contain voids and small amount of impurity atoms such as oxygen and carbon
atoms. The positrons are considered to be trapped at the inner surface of the voids. However,
by the presence of the oxygen and carbon atoms the trapping potential for the positrons at the
surface is changed so as to convert the trapped positrons into positroniums which can move
in the voids. In the present study an attempt is made to see the positronium formation in
molybdenum.

The specimen containing almost no oxygen nor carbon impurities was first irradiated by
neutrons in order to produce the voids. At this stage the positronium formation was not detected.
Then the oxygen beam O°* was accelerated to 90 MeV by the cyclotron and implanted into the
specimen up to 6.24 X 1014 0>/cm? at room temperature. According to the calculation by
modified E-DEP-1 code the implanted oxygen distribution should spread from the surface to
about 40 um in depth and has a sharp peak at about 30 um. However, the actual distribution
spreads more due to beam heating and migration of lattice defects produced during implantation.

Positron angular correlation measurements were made on this specimen. The results are shown
in Figs. | and 2. The oxygen implantation made the half width of the angular correlation curve
narrower than that of as-neutron-irradiated one. However, the width is still much broader than
those observed in niobium and vanadium, the half width of which is about 2 mrad. Therefore,
the positronium formation in the voids in molybdenum could not be concluded, but some
tendency for it is thought to be taking place. Probably the amount of oxygen implanted was
not large enough to modify the surface of all the voids in the specimen.
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Fig. 1.  Positron angular correlation Fig. 2.  Positron angular correlation
curve for unirradiated and neutron- curve for neutron-irradiated and oxygen
irradiated molybdenum. implanted molybdenum.

* The Research Institute for Iron, Steel and Other Metals, Tohoku University.
** Research Institute for Applied Mechanics, Kyushu University.
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II-2-24. Effect of an Injected Helium Layer near Surface on the

Tensile Properties of Fe-Ni-Cr Alloys

N. Yamamoto,* H. Shiraishi, H. Yoshida,*
H. Kamitsubo, I. Kohno, and T. Shikata

It is well known that helium generated by (n,) reactions causes a loss of ductility in alloys
used for fast breeder and magnetic fusion reactor structural components, because it accumulates
at grain boundaries where it has a strong positive influence on intergranular fracture. Among the
experimental methods to study this phenomenon, helium injection by using an accelerator is a
convenient way of introducing large amount of helium into the specimen in a short time.
Therefore, we took this method, and have investigated effect of helium on the high temperature
tensile properties of various Fe—Ni—Cr alloys, using sheet specimens into which helium was
uniformly injected all over their thickness by « particle irradiation of the cyclotron.?

On account of experimental restriction, however, the helium concentration in this “uniform
helium injection mode” is low (only up to 10 at.ppm) compared to that produced in fast breeder
or fusion reactor environment. On the other hand, “local helium injection mode” in which helium
is locally injected into a thin layer near the surface of the specimen can form a portion of much
higher helium concentration (up to 100 at.ppm) at the same « particle irradiation dose. And it
seems likely that some indication of premature intergranular fracture of the helium injected layer
during the high temperature tensile test after local helium injection would be observed on the
stress-strain curve and thereby some of the imformation could be obtained on the effect of highly
concentrated helium on the high temperature tensile properties of the alloy. In the present work,
therefore, helium was injected with local helium injection mode, and effect of highly concentrated
helium on the high temperature tensile properties was studied for several Fe-Ni—Cr alloys.

Result of chemical analysis of the alloys used are presented in Table 1. SUS 316 is a typical
fast breeder structural material. Alloys 7817 and 7818 are y~Ni,(Ti, Al) and v"—Ni, Nb precipita-
tion strengthened alloys, respectively. Tensile test specimens were die-stamped out from 0.2 mm
thick sheets. The dimension of gauge section was 10 mm long, 4 mm wide, and 0.2 mm thick.
The specimens were solution treated for 30 min. at certain temperature : 1050 °C for SUS 316,
1000 °C for 7817, and 1100 °C for 7818. This treatment resulted in the mean grain sizes of

Table 1. Chemical composition of the samples. (wt%)

Alloy C Ni Cr Mo Ti Al Nb Si Mn B Fe
SUS 316 0.043 13.9 l6.1 2.50 - — — 044 1.42 0.0006 balance

7817  0.021 402 14.6 3.19 2.01 0.87 - 0.47 0.19 0.0049 balance

7818  0.024 39.2 14.7 3.03 0.31 - 296 048 0.19 0.0048 balance

* National Research Institute of Metals.
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46 pum, 20 um, and 69 um, respectively. Finally, the specimens received various pre-injection
thermomechanical treatments. Helium was injected at constant high temperature (650 °C), by
using the cyclotron. The helium concentration and thickness of the helium injected layer were
about 5 — 100 at. ppm and 10 — 20 um. The tensile tests were carried out at 650 °C or 750 °C
in vacuum below 5 X 1078 Torr. The fracture surface of the specimens was examined by a

scanning electron microscope.

Fig. 1.  Electron fractographs of the fracture surface of tensile tested SUS 316

which contained a helium injected layer (100 at. ppm He, 10 um thick).
Pre-injection treatment: ST (1050 °C, 30 min.), test temperature: 650 °C, strain
rate: 5 X 10~%s~!. Figure (b) is a magnified picture of the rectangular area shown

in figure (a).

gop ‘a 1
60: 7817 alloy )
: il ST+CW(9.8%! i
L ]
; 20 T -650°C
7 O: ] | ' 7 Fig. 2. Stress-strain curves for locally
= N | helium injected 7817 alloy.
| | Test temperature: 650 °C, strain rate:
60 _ 1 5 X 107* s~!. Figure (a) pre-injection
B éﬁ” AEl-l%(YC_ ooy, | treatment: ST (1000 °C, 30 min) + CW
i (9.8 %), helium injected layer: 100 at.ppm
Oj : He, 10 um thick. Figure (b) pre-injection
[0650°C treatment: ST (1000 °C, 30 min) + A
L o (700 °C, 300 h), helium injected layer:

| l 1 1
0 2 4 6 8 10 12 14 16 18
Strain (%) 50 at.ppm He, 20 um thick.
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As shown in Fig. 1, fractographs by SEM revealed that in almost all cases, fracture occurred,
at least partially, in intergranular brittle mode in the helium injected layer and its adjacent
region, while the other portion of the specimen showed a transgranular ductile fashion. This
observation implies that intergranular fracture mentioned above should be caused by injected
helium. On the other hand, as illustrated in Fig. 2, the load drop which should result from
premature fracture of the helium injected layer was observed on some of the high temperature
stress-strain curves of locally helium injected specimens (Fig. 2a), while there were some others on
which any indication of premature fracture was hardly observed (Fig. 2b). Thus, the results of
the tensile tests are still difficult to explain at the present time, and more systematic experiments
changing the helium concentration, thickness of the helium injected layer, the strength of the
alloys, and so on, will be needed to obtain imformation on the effect of highly concentrated

helium on high temperature tensile properties of alloys.
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II[-2-25. Effects of Fast Neutron Irradiation on

Insulating Materials

H. Kamitsubo, I. Kohno, S. Motonaga, M. Yanokura,
T. Shikata, M. Yatsuhashi,* T. Suematsu,* and H. Kobayashi*

Needs for use of plastics and elastmers in areas of high-radiation levels are increasing and
detailed information on radiation-induced effects in polymers is required to determine their
stability in their applications and the service life that can be expected.

The radiation effects in the plastics and elastmers have been investigated mainly by irradiating
with gamma rays from 60Co sources or electron linacs and also slow neutrons from reactors.
However it becomes more important to get the information on the effects of fast neutron
irradiations in these materials, because development of fast breeder reactors and thermonuclear
fusion reactors, which will generate much higher tflux of fast neutrons than the existing reactors,
is hurried on.

We have studied the effects induced by fast neutrons in polymers which are used as insulating
material for electric wires. Change of resistivity, dielectric constant, dielectric loss, tensile
strength and elongation under the influence of its fast neutron irradiation is to be measured for
these materials. Size of the samples was determined to be 5 cm by 5 ¢cm in area and 1 mm in
thickness from the minimum size needed for the measurement of mechanical properties. Taking
into account the results of gamma ray irradiation,? the maximum dose should be as high as

2. Figure 1 shows

5 X 108 rad. and total neutron fluence must be higher than 10'® neutrons/cm
the irradiation system. Fast neutrons were generated by bombarding a thick beryllium target
with 20 MeV deuterons from the cyclotron. Two beryllium plates of 2 mm in thickness were
tightly fixed to a water-cooled flange, which is insulated from the earth and beam current on

the target could be measured by the current integrator.

Neutrons from the thick target have broad energy spectra and their intensity distribution
depends strongly on the emission angles.? Neutron fluence as well as total dose was estimated
using data in Ref. 2 and conversion rate of 1 rad = 2 X 108 neutrons. We tried to determine
the neutron fluence by the activation method as described below. In order to get as high neutron
flux as possible at the samples, the samples were placed very close to the target. As shown in

Fig. 1, a sample holder which can contain three samples at the same time was attached directly

slit water-cooling
Y J— pipe

deuteron beal
[—

[of
Sample &
flux monitor

O Be ‘tdrget S

(o)
Scm insx]ator —1 to current

integrator  Fig. 1. The irradiation system.

* Fujikura Cable Works Ltd.
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to the outer side of the target flange. The distance between the target and the samples was
small so that the neutron fluence was not uniform on the samples. Foils of aluminum, iron and
nickel of the same size as the sample were put together with samples and irradiated at the same
time. After the irradiation, each foil was cut into 25 pieces of 1 cm X 1 cm and the induced
radio-activities were measured for them. Thresholds of neutron activation are different for three
kinds of foils so that we can get the fluence of neutrons whose energy is higher than 2 MeV.

The irradiation was done with the average deuteron current of 10 uA. Five samples of
polyvinylchloride were irradiated for 1, 5, 7, 11, and 12 h, respectively. Figure 2 shows the fluence
distribution at the sample which was irradiated for 12 h. Mechanical and electric measurements

are in progress and the irradiation at higher fluence is scheduled.

/ \/_1 X 10!4
PN o 14

p = 5 10

{ Q\' L—1xaow

\ i

NG ! Fig. 2. Measured total neutron flux

o / distribution at the target position using

L 5¢m ! the activation method.
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[1-3. Radiochemistry and Nuclear Chemistry

1. Radioisotope Production and Labelled

Compound Synthesis

Y. Minai, T. Nozaki, S.Ambe, and M. Iwamoto

In this period, the production of 29A1 and the synthesis of radiobromine-labelled
6-bromopurine and 6-bromo-9-benzylpurine have been studied.

Aluminium is abundant in nature, but its behaviour and role in the biosphere have remained
obscure. This is due to the absence of any radiotracer nuclide as well as of stable tracer nuclide.
We intended to produce Al (6.7 min, =, 1.27 MeV ~y-ray) and to use it as a tracer in life
sciences, in spite of its limited life. The 2Mg(c, p)??Al reaction is regarded as the only useful
reaction for the production of 29A1 in high specific activity. The excitation function and thick
target yield for this reaction were measured together with those for some relevant reactions. The

results for the main reaction are shown in Fig. 1.

3
15 T 5
[
1 =<
§ 42 © Fig. 1.  Excitation function (A) and thick
< 10r /;‘ : target yield (B) for the 2Mg(«, p)2°Al
2 —_— 2 reaction.
9 sl -1 ® Target: Magnesium metal of natural isotopic
O f
S = composition. Star plots: Experimental
§ result of the thick target yield; Full line
Ok 5 39 20° for the thick target yield: Result obtained
Incident energy (MeV) by calculation from the excitation function.

Two methods were examined for the chemical separation of the no-carrier-added A1 from
the magnesium target: (1) adsorption of the 29A1 in a cellulose powder column from its neutral
solution, followed by elution with a dilute acid, and (2) extraction of the 29A1 as acetylacetonate
into benzene from a faintly acid solution, followed by evaporation of the organic solvent and
sublimation of the 2A1l acetylacetonate. In Method 1, the procedure can be completed within 20
min with an 2°A1 yield of about 60 %. The separated 29A1, however, is inevitably contaminated
with a small fraction of by-product radioactivities, such as 2TMg, 18F, and 2%Na, and of target
magnesium. In Method 2, the 29A1 can be separated in excellent radiochemical and chemical.
purity. The separation, however, requires 20 to 30 min with a yield of about 30 %. Method 1
is preferred in the preparation of 29A1 tracer for agricultural study, but Method 2 should be used
when the A1 is injected to animals. About 1 mCi of 2°Al ready for injection is now prepared.
Efforts are being made for the shortening of the separation time and the elevation of the yield in
Method 2.
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A preliminary study of 2 Al uptake by plants has been undertaken. Some plants were found
to take up 2°Al fairly rapidly from an aqueous solution.

In 1975, we prepared 8F-labelled 2- and 6-fluoro-9-benzylpurine and measured their
animal distribution.” The !8F activity injected as 6-fluoro-9-benzylpurine showed a notable
concentration in the brain as well as in the skeleton. Since then physiological behaviour of this
compound has been investigated, and its suitable preparation method was found in the National
Institute of Radiological Sciences.? Now in collaboration with this institute, we intend to prepare
"1Br- and 7SBr-labelled 6-bromo-9-benzylpurine and to study its in vivo behaviour, expecting
some possibility for the radiobromine to show a high brain concentration without any notable
accumulation in the skeleton.

This compound and 6-bromopurine were found to be labelled successfully by isotopic
exchange in dehydrated dimethylformamide at 130 °C. The radiobromine was produced by the
75AS(O(, 2n)""Br or 75As(3He, 3n)75Br reaction in a gallium arsenide target, and was separated by
sublimation under radio-frequency fusion of the target. Several materials were tested as the flux
in the target fusion, and copper grains were found to give the best sublimation efficiency. In
the fusion for a few minutes the radiobromine came out from the melt almost quantitatively,
and, after being carried for a short distance by a slow helium stream, deposited on the inside wall
of the sublimation apparatus with a small amount of metallic arsenic. The radiobromine was then
washed out in dehydrated dimethylformamide. About half of the radiobromine remained on the
wall, though nearly quantitative washing out by water was possible.

The isotopic exchange was effected at 130 °C in 1 m# of the solvent containing the radio-
bromine and a few milligrammes of the substrate compound. The labelled organic compound was
separated from the inorganic bromine by a small silica gel column with the eluent of AcOEt —
EtOH (9 vol : 1 vol). About 80 % of the radiobromine was found to be incorporated into the
bromopurines in 2 h. Their animal distribution will be studied very soon.
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[lI-3-2. Charged Particle Activation Analysis of

Semiconductor Materials

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

Application of charged particle activation analysis to the study of semiconductor materials
has been continued in collaboration with various outside researchers. Main works in this period
are (1) determination of highly reliable calibration curve for the IR spectrophotometry of oxygen
in semiconductor silicon, (2) analysis of nitrogen, oxygen and phosphorus in epitaxial films on
semicoductor silicon wafers, (3) more accurate determination of the solubility and diffusion
coefficient of oxygen in solid silicon at various temperatures, (4) more systematic study on surface
oxygen, and (5) some other studies concerning oxygen profiles and behaviour in silicon of various
histories. Two bombardment devices have been completed: one for successive bombardment of
4 samples in a vacuum, and the other for homogeneous bombardment of a sample along its length.

Oxygen in semiconductor silicon is routinely measured by IR spectrophotometry in
semiconductor factories. Several different calibration curves have been reported for this
spectrophotometry and used.D It has thus been of ultimate importance, especially in commercial
transaction of semiconductor silicon, to establish highly reliable calibration curve for this
measurement together with corresponding practical procedure and to use them commonly all over
the world. It is still better to prepare a sufficient number of silicon wafers of exactly known
oxygen concentrations and distribute a set of the wafers with various oxygen contents to anyone
who want to use it as the standard in this measurement.

In Japan a committee was set up for these purposes. Under its supervision, silicon wafers
with various oxygen contents and thicknesses were carefully prepared at several places and
submitted to the IR spectrophotometry in companies and research institutes. About 70 wafers
in all were measured in about 15 laboratories. After the IR measurement, 22 wafers, all 1 mm
thick, were analyzed by charged particle activation analysis with the °O(C’He, p)!8F reaction in
our institute. Researchers from several companies and a research institute joined with us for
this oxygen analysis.

The wafer was bombarded with 3He particles (18 MeV, about 2 pA) for 20 min behind an
aluminium foil (80 um thick), and then its surface layer (23 + 2 um) was removed by etching
with HF-HNO,. The wafer was placed after 1 h from the end of bombardment, directly on a
Ge(Li) detector and the annihilation radiation was measured. The measurement was repeated
to give the decay curve, which indicated the absence of any other notable positron activity than
18F. As for the activation standard, a quartz plate was used with an aluminium cover of 20 um
thick, in which the incident 3He particle energy was degraded equally as in the silicon surface
layer removed by the etching. Within a period of each cyclotron machine time, usually 8 such
plates were bombarded for the ascertainment of reproducibility. The analysis of each silicon
sample was repeated at least twice. Samples, for which the results of the first two analyses
deviate more than 4 % from each other, were subjected to third analysis. When the three

analyses gave no satisfactory results, fourth analysis was undertaken. Also, one common sample
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was always analyzed in all machine times to indicate good reproducibility of the analysis.

The calibration curve thus obtained is shown in Fig. 1. This agrees well with the curve we
reported previously,?>? and can be believed to be the most reliable of all the curves ever reported
for this purpose. Silicon wafers for use as the standard samples are now under preparation in
some factories.

Absorption coefficient (cm ')
(%)
T
|

0 1 \ | |
0 5 10 15 20 25

Oxygen concentration (107 at/cm?)

Fig. 1.  Calibration curve for IR spectrophotometry
of oxygen in silicon.

By being covered with a suitable epitaxial film, semiconductor silicon is known to be
provided with profitable characteristics in use as high-voltage rectifier. The film is composed of
nitrogen, oxygen, hydrogen, silicon, and sometimes phosphorus. In collaboration with Hitachi
Ltd., nitrogen, oxygen, and phosphorus in the film made under various conditions were analyzed
by charged particle activation with the reactions “N(p, «)''C, 1°O(*He, p)!8F, and 3!p(«, 2n)**™Cl,
respectively. The sample was covered with a thin wafer of semiconductor silicon and bombarded
with the incident particles of such an energy as to be degraded approximately to the energy
corresponding to the maximum of the excitation function for the given reaction at the epitaxial
film. The induced activity was then measured nondestructively by a Ge(Li) detector, and the
decay was followed. Hydrogen was measured by Rutherford forward scattering; details about
this method is shown in a separate report of this volume. Some systematic dependence was
already found between contents of these elements and preparation condition of the film. This
work is still in progress, and more detailed results will be reported in the next volume.

The measurement of oxygen solubility and diffusion coefficient in solid silicon has been
continued. The solubility curve is shown in Fig. 2 after slight modification of the previous
curve.? Both the solubility and diffusion coefficient curves show noticeable tailings in the
logarithm-1/T expression, indicating the existence of some diffusion faster than the usual
diffusion into a perfect crystal. From thermochemical considerations, the faster diffusion can be
assumed to be a rapid penetration of oxygen through a linage fault formed in the heat treatment
of the sample. Efforts are made by various techniques to verify this assumption.

The work of surface oxygen analysis also has been continued.®) More varieties of samples
were analyzed under various atmospheric conditions. Detailed results of this study will be
reported in the next volume.
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III-3-3. Rutherford Forward Scattering Applied to the Study

of Hydrogen in Amorphous Silicon for Solar Cell

H. Nagai, M. Aratani, T. Nozaki, M. Yanokura,
I. Kohno, O. Kuboi, and Y. Yatsurugi

Measurements of hydrogen concentration and depth profile in solids and thin layers are often of vital
importance, especially in the study of amorphous silicon for solar cells. Rutherford forward scattering measure-
ment can be regarded as particularly useful for this purpose. Using this method with accelerated argon ions as
incident particles, we have obtained hopeful results.”»?

Rutherford scattering is nuclear elastic scattering. By the measurement of the intensity and energy-angle
relationship for scattered or recoiled ions, the concentration and depth profile of the element in question can be
known.

Samples were prepared in the Komatsu Electronic Metals Co. by the glow-discharge decomposition of
monosilane. Amorphous silicon films were deposited on substrate silicon wafers. Several pieces of samples
(19 mm X 9 mm) were mounted on an aluminium holder. The arrangement of experimental apparatus is shown
in Fig. 1. The scattered and recoiled ions were measured with a silicon detector behind a slit (3 mm in diameter)
in a scattering chamber (100 c¢m in diameter). Incident angle 6, and detector angle 8, in Fig. 1 can be changed
by remote-controlled movement of the sample holder and the detector, the former being also movable vertically
for the change of the sample. As the incident particle beam, argon ions were accelerated to 43 MeV (at maximum)
by Riken Linear Accelerator. Several tens nA of this beam was focussed (2 mm X 2 mm) and impinged on the
sample. Output pulses of the detector were amplified and assorted by a pulse-height analyzer to give the energy
spectrum of the recoiled hydrogen and silicon ions and the scattered argon ions. Optimum measurement condition
under the given accelerator operation was looked for by the change of 6, and 6,. Similar measurements were
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Fig. 1. Experimental arrangement. Fig. 2. Rutherford forward spectra for hydrogen

depth profiling obtained by 22 MeV argon ions.
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performed for a high-purity silicon crystal as a reference sample without hydrogen, P1Q (polyiminoquinone) films
as a standard sample for hydrogen, and thin films of silicon nitride, silicon oxide and SIPOS (semiinsulating
polycrystalline silicon) on silicon plates.

Some of the spectra are shown in Fig. 2. Clear peaks due to hydrogen are observed. During 70 minutes
irradiation, no notable change was seen in the spectrum. The PIQ film gave somewhat complicated spectrum, and
was not used as a standard for quantitative hydrogen determination up to present. The hydrogen quantity was
calculated from the hydrogen peak area and silicon continuum area in the spectrum in Fig. 2 by the use of the
theoretical recoiling cross sections for hydrogen and silicon ions and their energy losses in the given matrix.?»*
The results are shown in Fig. 3. As is understood from Fig. 2, this method can also be used for hydrogen depth
profiling. Remarkably improved spectrum for hydrogen depth profiling was obtained by the increase of the
incident argon energy. The results are shown in Fig. 4. Amorphous silicon films prepared from deuterated
monosilane was also examined. Depth profile of both H and D can be known simultaneously (Fig. 5).

Studies on the reaction mechanism for the formation of amorphous silicon is now under way by the use
of this technique. Further improvement in the spectrum for depth profiling is expected by the decrease of the
incident angle 6; at a higher argon energy. Rutherford forward scattering method is thus highly effective in the
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Fig. 4. Hydrogen depth profile obtained by 34 MeV argon ions.
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study of amorphous silicon films. Since heavy ions suffer large energy losses, they can be used profitably for
fine depth profiling. The scheduled characteristics of Riken Linear Accelerator is quite suitable for the present
study. Since hydrogen in other matrices can be measured similarly, this method is applicable to the study of
hydrogen uptake and storage by various materials. From some of our results, this method is shown to be
applicable also to the determination and depth profiling of nitrogen and oxygen.
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I1-3-4. Separation of '""Sb(V), '"""Te(IV) and Sn(IV)

by Adsorption on Activated Carbon

S. Ambe

We have been studying separation and purification of cyclotron-produced trace elements by
adsorption on activated carbon. Previously, we reported batch-method purification of carrier-
free 119Sb(V) by adsorption of impurity Sn(IV) on activated carbon.!) This year, purification of
119gh by means of column method was studied, since column method is much more convenient
in routine separation. Adsorption behavior of 1™ Te(IV) and milking of 'Sb(V) from 19MTe(IV)
adsorbed on activated carbon were also studied. !13Sn was used as the tracer for Sn(IV).

Shirasagi and No. 2186 (Merck) were used as activated carbons.

One c¢m? of 0.25 mol dm—3LiC1 solution of pH 6.0 containing 1?Sb(V) was put in a column
filled with 200 mg of activated carbon. On eluting with distilled water about 95 % of 11°Sb(V)
was collected in the first 3 cm3. 113Sn(IV) in 0.25 mol dm—3LiC1 solution of pH 6 — 7 was
passed through a carbon column of the same size and the column was washed with 40 cm3 of
0.25 mol dm 3 LiC1 of pH 6.0. The radioactivities in the eluate were less than 1 %, and most
of it turned out to be 2Sb impurity.

These results indicate that Sn(IV) impurity can be removed by passing the 1198h(V) solution
through a column of activated carbon. In practice, the neutralized 119G (V) solution obtained by
the chemical separation procedure described in the previous report! is passed through a column
of activated carbon to remove impurity Sn(IV). The carrier-free 1196}, solution thus obtained are
now used for various tracer and Mdssbauer studies.?

In the adsorption study of 119mTe(1V) by batch method, 100 mg of activated carbon was
added to 20 ¢cm3 of LiCl solutions containing 119 Te(IV). After the adjustment of pH, the
suspension was shaken for 1 h at room temperature. The carbon was separated by centrifugation.
The radioactivities in the solutions before and after the adsorption were measured with an Nal
scintillation counter. Effect of pH on the adsorption of carrier-free 11°™Te(IV) is shown in Fig. 1.
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Fig. 1.  Effect of pH on the adsorption
of carrier-free ®™Te(IV) by 100 mg of
activated carbon. Adsorption from
20 cm? of 0.25 mol dm3 LiCl solution
by Shirasagi (®), from 0.25 mol dm™3
LiCl solution by No. 2186 (©), and from
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The adsorption of 119mTe(IV) from 0.01 mol dm 3 LiC1 solution was found to be more efficient
in a wider pH range than that from 0.25 mol dm—3LiC1. Figure 2 shows the effect of concentra-
tion of Te(IV) on its adsorption from 0.01 mol dm™ LiC1 solutions of pH 7. In Te(IV)
solutions with concentrations less than 10~® mol dm*3, about 95 % of Te(IV) was adsorbed.
Increase in the concentration of Te(IV) above 107 mol dm~3 resulted in remarkable decrease in
the adsorption of Te(IV). Hence, in adsorption of Te(IV), it is advisable to use a solution
containing small amount of Te(IV) and salts, and sufficient quantity of activated carbon.

The chemical procedure to milk 19Sb from 9™ Te described in the previous report? consists
of several steps and therefore takes much time. Difference in the adsorption characteristics
between 19Sb(V) and 1M Te(IV) suggests a possibility of milking of 119Sb from " Te on
activated carbon. Carrier-free 119mTe(IV) in a neutral solution was adsorbed on the top of a
column filled with 200 mg of activated carbon and then the column was washed with distilled
water. 119Sb(V) was milked by eluting with distilled water every two or three days. The yield of
198b eluted from the 119" Te-column was about 4 % of that of the precipitation method.!

This rather low yield is ascribed to the adsorptions of 1?Sb(III) produced by the EC decay of
U9mTe(IV). It was experimentally acertained that carrier-free 11?Sb(III) is adsorbed by activated
carbon in contrast with 119Sb(V). About 1 % of 119mTe came out in the first milking solution
but the breakthrough decreased with repetition of milking. The breakthrough was reduced to
0.1 % by using columns filled with 400 mg of activated carbon.

The significant point of this method is that 1%Sb(V) is milked from 19mTe(1V)-column by
passing distilled water, to yield 1Sb(V) solutions in a carrier-free and salt-free state.

Further studies are in progress in order to diminish the breakthrough of 119mTe and to raise
the yield of 119Sb.
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[I1-3-5. M0Sssbauver Emission Study of Defect

'""Sn Atoms in Solids

F. Ambe and S. Ambe

Maossbauer emission spectroscopy of 119Sn using cyclotron-produced 119mTe and 19Sb as source
nuclides? ™ has been applied in this period to a variety of systems. Here, a study on defect
1193 atoms in non-magnetic solids is reported. Surface studies on magnetic oxides are described
in separate papers.?> A study on chemical separation of the source nuclides is also reported
elsewhere.®

Previously, we reported a systematics concerning the isomer shifts of defect and normal '°Sn
atoms in binary compounds of antimony and tellurium with elements from indium to iodine.”

It has now been extended to defect 19Sn arising from 11°Sb and 9™ Te in compounds with silver
and cadmium, that is, Ag,Te and CdSb.

Ag2“9mTe and Cd!1%Sb were prepared by fusing a stoichiometric mixture of each metal in
argon. Their Mossbauer emission spectra were measured against a BaSnO, absorber at liquid
nitrogen temperature. Details of the measurement were the same as described in a previous
paper.D Ag2119mTe gave two emission lines with essentially the same intensity, as shown in Fig. 1.
The EC decay of 1°™Te to 119Sb can bring about displacement of the decaying atoms in part.
However, the 11%Sb atoms are considered to be finally stabilized in the site of Te on the basis of
an electronegativity consideration.’ We assign, therefore, the two lines to a quadrupolar doublet
with an isomer shift of 2.27 mms~!. Cd%Sb gave a slightly asymmetric doublet with an isomer
shift of 2.10 mms~!. Combining these results with the data reported previously,” we obtain
Fig. 2 which shows the relation between the isomer shifts of defect and normal 11961 and the

atomic number of their nearest neighbor atoms.

100 osmaPhe it s

Relative intensity

99

T

| | I |

4 0 4 8
Relative velocity {(mms ' vs BaSnQO;)

Fig. 1.  Emission Mossbauer spectrum of Ag2“9m’Te
at liquid nitrogen temperature.
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Starting from the compounds with the most electronegative iodine, the isomer shift is seen
from Fig. 2 to decrease with the decrease in electronegativity of the nearest neighbor atoms
irrespective of the different crystal structures and types of bonding. However, it can be concluded
from the present results on Ag2119mTe and Cd°Sb that the decrease in isomer shift saturates for
nearest neighbor atoms with atomic numbers smaller than that of tin. Namely, 119n atoms with
ligands more electropositive than tin show an isomer shift value around 2.1 mm s 1. The
exceptionally low isomer shift for 11%Sn in the Te site of In2“9”“Te3 can be ascribed to the
structure of the compound with vacancies.

In this way, Mossbauer emission spectroscopy is a useful technique for studying the electronic

state of atoms in unusual chemical environments. Further studies on various other solids, such

as the Sn-S system, are now in progress.

4t 0111
— ol
f - 9 Fig. 2.  Isomer shifts of defect and normal
E ol0 11911 in binary compounds of antimony and
S sk tellurium with elements from silver to iodine.
‘”; o/ Open circles refer to defect 11981 in emission
CLZ) B 5 measurements and close ones to normal °Sn
= ol o ©8 in absorption measurements.
Uk v 1. Ag,9mTe, 2. Ca''%Sb, 3. In!!Sb,
- 4. In,l19mTe,, 5. Snl!19b, 6. Sn!1™Te,
L o 7. SnSb, 8. Sb, 1M Te,, 9. SnTe,
7 A T R R 1 B R R 10. 1198b,Te,, 11. 1¥Sbl,, 12. Snl,,
Atomic number of the nearest neighbor atoms 13. 119mT614.
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II1-3-6. Research Project on Coulomb-Excitation Mossbauer

Spectroscopy Using Heavy lons Accelerated by RILAC

F. Ambe, K. Asai, N. Sakai, and A. Hashizume

We have been studying application of Mossbauer spectroscopy to solid state physics and
chemistry making use of short-lived radio-isotopes produced by the cyclotron.’~3 Now that heavy-
ion beams are available from RILAC, a variety of on-line Mossbauer spectroscopic investigations
utilizing Coulomb excitation are planned in the following fields:

(1) Study of the physical and chemical behavior of energetic atoms in alloys and semi-
conductors;

(2) Study of the structure and electronic state of inorganic, organic and biological
compounds;

(3). Study of magnetic materials.

For the time being, 37Fe, ®INi, and 73Ge are listed as the candidates for Mdssbauer nuclides
to be investigated. Search for a new Mossbauer nuclide will be also made.

Preparatory experiments have been already started. A few examples of Coulomb-excitation
induced y-ray spectra observed with a 37 MeV Ar*" beam are shown in Fig. 1.

A design for a thin-window chamber equipped with a heavy-duty Mossbauer spectrometer is

now being worked out.
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[lI-4. Radiation Chemistry and Radiation Biology

1. Spectroscopic Studies on the Electronic Excited States

Formed at High Density in Heavy-lon Track

K. Kimura, Y. Toda, and M. Imamura

(1) Decay and time resolved spectra of o-excitons in alkali halides

We have previously found that the emission-intensity ratio of o- to m-excitons in C-ion irradiated KBr
single crystal is 5 times larger than that in VUVight or x-irradiation. This enhanced ratio was ascertained not
due to enhanced radiationless relaxation of the m-excitons because of the invariant lifetime of m-excitons with
LET change.l) Therefore, this enhanced ratio may be attributed to an increase in yield of o-excitons or
acceleration of their radiative second-order decay in dense heavy-ion tracks.

To ascertain that, the decay of the o-excitons was measured by a single-ion hitting and single-photon
counting method which has ns time-resolution. The decay rate was found to be of the first order and not
shortened with increasing LET. It was, therefore, concluded that the enhanced emission-intensity ratio by high-
LET irradiation is attributable to the increase in yield of o-excitons.?) This fact suggests that the present LET
effect is interpreted as the effect on the formation processes of o-excitons, i.e., the relaxation process of free
excitons which are shortlived (< 1072 5) precursors of the o-excitons. The free excitons formed at high
density along heavy ion—tracks may produce more g-excitons by interaction than in photo-irradiation where
o—excitons is produced only by spontaneous relaxation of free excitons.

The conclusion mentioned above was further confirmed by measurement with RbBr and KI single crystals.
The decay times of g-excitons, Ty in C-ion and photo-irradiation are listed in Table 1, in which unidentified

longer lifetimes, 7, which were found simultaneously at the same wavelength as did for g-excitons, are also given.

2,
Time-resolved emission spectra have no indication of new band due to 7. Typical emission spectra for RbBr
are shown in Fig. I.

A new detector system with 100—ps resolution will be completed soon and used for more detailed studies

on this problem.

1.0

0.8

0.6

Photons % 10°

0.4

0.2 X Fig. 1. Time-resolved emission spectra for
/+/+/+/X,x/><//. N xx C-ion irradiated RbBr single crystal at 4.5 K.
o gz T e 0(0), 204, 59, 9(00), 13(0), and 17 s
' 3.90 420 after ion-hitting.
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Table 1. Lifetimes of o—excitons.

Ions Samples Temp.(K)  Wavelength 71(ns) T4(ns) Intensity ratio
cé* KBr 4.5 285 3.7 16.9 10.0

H KBr 5 280 33 17.0 10.0

cé* RbBr 4.5 304 2.7 16.9 27.5

H RbBr 5 300 3.0 13.0 4.0

cé* KI 4.5 306 3.1 23.3 13.6

H* KI 5. 300 2.3 - —

Data for H: .M. Blair et al., AERE — R6906.

00 o
(a) o0 (h) ™
<r<|r ©

6613 — 6545

Fig. 2. Temperature dependent emission spectra of helium irradiated by 95 MeV
N-ions. Spectral intensities are normalized to the irradiation dose of 5.9 nC (or
2.7 X 10% ions).

(2) Emission spectra from Helium irradiated with 95MeV N-ions near critical temperature

The emission spectra of He gas irradiated by N-ion near critical temperature were found to show different
features in some respects compared with results reported for microwave-discharged helium at room temperature:?
(i) temperature effect on the spectra, (ii) pressure effect on the emission intensities, and (iii) surface effect.

The emission spectrum obtained by 95MeV N-ion irradiation at 6 K is well resolved as shown in Fig. 2,
although their peaks were not so sharp as atomic spectra. Most of the peaks can be identified with those of
helium excimers. The spectrum shows marked variations with temperature. The peaks in the short wavelength
region at 6.2 K shown in Fig. 2(a) mostly disappear at 22 K, whereas the peaks in the long wavelength region
in Fig. 2(b) change in a drastic and complex manner. The peak at 6376 A strengthens rapidly on going from 6.1
to 7.0 K, but then decreases with wavelength shifts with further increasing temperature accompanying growth of
new peaks.

Marked pressure dependence of the emission intensity was also observed. The peak intensity at 6376 A
becomes 250 times when the volume of He gas increased 16 times in a cryostat, as shown in Fig. 3. This
volume change corresponds to the pressure change from 200 to 3000 Torr at room temperature. Our result is
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Fig. 3. Pressure dependence of emission intensity of

6376- A peak.

far different from Collins and Robertson’s result obtained by microwave discharge at room temperature; they
reported that the maximum intensity is observed at 30 Torr.

The emission was observed to be intensified whenever some surface is present in the beam trajectory area.
These unexpected features of the emission spectra are supposedly related with the phase conditions near critical
temperature and with the exciting source. Further studies are being carried out bearing these points in mind.
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IllI-4-2. Application of Thermoluminescence Dosimeter for

Dose Measurement of High-LET Radiation

F. Yatagai and K. Nakano

Both an accurate dosimetry and a uniform irradiation are required for investigating various
effects of high-LET radiation on biological materials. For the purpose of uniform irradiation,
elastically scattered beam at a certain angle with respect to a beam axis has been used in the
biological-irradiation system of IPCR cyclotron (Fig. 1).

Vacuum Chamber

1 2 P ,,///
Beam AN Vg N—
m— L ’/—Ia—' -

TTI i 9.%} .

Fig. 1.  Scheme of the apparatus for biological irradiation.

(1) Slits, (2) Scattering foil, (3) Solid state detectors,

(4) End of vacuum window, (5) Sample wheel, (6) Faraday cup,
(7) Vacuum window, (8) and (9) Sample holders for low- or
high-dose irradiation, respectively, (10) TLD ribbon (LiF700).

Thermoluminescence dosimeter (TLD, Harshow Model 2000) was employed to examine
whether or not this irradiation system provide a uniform irradiation. A fairly good uniformity
(= 10 %) was obtained in the area of surface of sample holder when TLD ribbons (LiF700),

0.25 mm in thickness, mounted on the holders were rotated during irradiation with N ions (4.7
MeV/amu) (data, not shown). A small fluctuation in TL response was also observed among the
TLD ribbons mounted on different holders, which were located on the circle of scattering angle
6 = 6°00" (Fig. 2). Although the data was not shown, similar fluctuation was observed for the
case of 6 = 2°45" These fluctuations seem to be caused by the small difference between the
beam axis and the center of apparatus.

Determinations of dose-response curves for biological samples are usually carried out by
eliminating such fluctuations with either of the two methods as follows. One of them is to assay
the biological activity for each dose after mixing all the samples irradiated at the four different
windows. The other is to circulate the sample holders from window to window during irradiation
so that total dose for each sample will be given by fractionated irradiation at the four different
windows (Fig. 3).

As can be seen from the dose response curves of TLD ribbons in Fig. 3, TLD is available
to monitor the dose of high LET radiation.
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Fig. 2.  Fluctuations in TL response among the TLD ribbons
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Fig. 3. Dose-response curves of TLD ribbons (LiF700).
TLD ribbons on the sample holders for low- or high-dose
irradiation, corresponding to (8) or (9) in Fig. 1, respectively,
were exposed to N ions (4.7 MeV/amu). Total dose for each
TLD ribbon was given by fractionated irradiation at the four

different windows (see text).
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[I-4-3. Track Structure Theories and Ilnactivation Cross Sections

of Bacterial Spores for Heavy lons

T. Takahashi and F. Yatagai

Precise evaluation of the dose around the path of an ion is prerequisite for a better under-
standing of inactivation of bacterial spores. We have calculated Katz’s close-collision dose, Ahlen’s
distant-collision dose and Chatterjee-Schaefer’s dose in water. We have also examined whether
they are consistent with the stopping power.l) In Fig. 1 are shown Katz’s dose and Ahlen’s dose
and in Fig. 2 are shown Katz’s dose and Chatterjee-Schaefer’s dose for comparison. The energy
dependence of the inactivation cross sections of B. subtilis spores for ions carbon through neon is
only slight and the mean cross sections for C ions (0.6 — 4.1 MeV/amu), O ions (0.8 — 1.1
MeV/amu) and Ne ions (2.2 — 3.7 MeV/amu) were found to be 0.22, 0.23, 0.26, and 0.33 um?,
respectively (Fig. 3).

109
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108 -
10°
_I°
m
.og § ()
?‘3409— H
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5 N
B B |O3_ (2)
108} lo?
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(4)
108 1077 Tond 107 Tond |6‘5 |6‘4
X (cm) X (em)
Fig. 1.  Solid lines are Katz’s Fig. 2. (1) Katz’s dose for
close-collision dose and dotted lines B8 = 0.05; (2) Chatterjee-Schaefer’s
are Ahlen’s distant-collision dose. dose for § = 0.05; (3) Katz’s dose
Z* is the effective charge of for § = 0.15; (4) Chatterjee-

heavy ion. Schaefer’s dose for § = 0.15.
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To interpret these results, analysis was carried out along lines similar to Katz’s target theory
but the parameters were chosen so that they have an experimental basis and are different from
those used by Katz, since Katz’s original parameters could not account for the survival curve of
the spore for gamma-rays.? The area of “sensitive element” ma® in Katz’s target theory was
chosen so that it corresponds to the spore core area (0.22 um?), and we assumed that one target
has one sensitive element in case of the spore, in contrast to Katz’s original paper. Furthermore,
we introduced a new idea to separate out the effect of delta-rays, as will be described below.

If we assume the whole spore core is a target and is a short cylinder of radius a whose axis
is parallel to and at distance r from the path of an ion, the inactivation cross section is expressed

as
a o0
S = f27TrPindr + f 2mrPgdr,
0 a
where
P, = 1 — exp(— D()/E,), r<a
and
Ps= 1 — exp(—ﬁ(r)/E(;). r>a

Here, Pin is the probability that the spore is inactivated when the ion impinges upon and goes
through the spore core. E, corresponds to the dose at which there is an average of one hit per
target when the nucleus of the ion hit the spore core. Pg is the probability of inactivation when
the ion passes by the spore core and the trajectories of its delta-rays come into the spore core
and Eg is the 37 % survival dose for delta-rays. D(r) is the mean absorbed dose by the target
which is given in an analytical form in Ref. 1.

Experimental inactivation cross sections are in fairly good agreement with the theoretical
estimates for N ions, if we assume Chatterjee-Schaefer’s dose and appropriate values are chosen
for E, and Eg. These values are found to be E, = 10 krad and Eg = 40 krad as shown in Fig. 3
and discussions on them are given in Ref. 1. For U ions,? experimental cross sections are larger

12+ c Fig. 3. Experimental and theoretical
- ° - inactivation cross sections for Bacillus
Ei LO} (hu- e Eﬁ ret. 3 subtilis. (1) — (7): Calculated by using
.é osl Cu Chatterjee-Schaefer’s dose. (1) U ion,
ﬁ (S Eg = 40 krad, E;, = 10-40 krad; (2) N
g oel ion, Eg = 40 krad, E, = 10 krad; (3) N
5 i ion, Eg = 40 krad, E, = 15 krad; (4) N
2 04, ion, Eg = E, = 40 krad; (5) U ion,
£ ool e Eg = 63.5 krad, E, = 10— 63.5 krad;

x‘&m) (6) N ion, Eg = E, = 63.5 krad.
o ‘ _ (&N ‘ (Experimental 37 % survival dose for
0 2 4 6 8 10

Energy (MeV/amu) gamma-rays was found to be 63.5 krad.)
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than the theoretical values as seen in Fig. 3. The discrepancy may be ascribed to “long range
effect” as previously pointed out. In the course of analysis, we used the dose of Katz and Ahlen
as well as that of Chatterjee and Schaefer. For U ions, calculations based on Katz’s dose or
combination of Katz and Ahlen’s dose yielded slightly larger inactivation cross sections than those
based on Chatterjee-Schaefer’s dose, but the difference is not so large as to draw different
conclusions.?
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IlI-4-4. Mutagenesis of Chinese Hamster V79 Cells by

Nitrogen lon Beam

I. Kaneko, G. Okada, K. Nakano, and T. Nishimura

Mutagenesis is one of the most important biological effects of the ionizing radiations and is
considered to be the first step for carcinogenesis. Although one of the potential medical
application of heavy ions is its use in cancer therapy through effective killing of cancer cells,
irradiation of normal tissue near the site of cancer might result in new carcinogenesis in later
years after irradiation of the primary cancer. The purpose of the present study is to establish a
method of detection of mutagenesis and to obtain a dose-effect relationship for assessment of
mutagenic potential of heavy ions beams.

Most of previous studies of mutagenesis on mammalian cells have been carried out mostly
with low LET radiations (X and gamma rays) and only a few work has been available with heavy
ion beams. In the present study, a 6-thioguanine resistant marker (considered to be deficiency
in hypxanthine phosphoribosyltransferase), the most frequently used one among several markers,
was used for comparison with the work of others.

Chinese hamster V79 cells in exponentially growing phase were used. The cells attached to
Petri dishes were irradiated with nitrogen ions (65.8 MeV/nucleon, N**, LET., ~ 392 keV/um) at
a dose rate of approximately 1.8 Gy/min or with gamma rays from a Cobalt 60 source at a dose
rate of 1.4 Gy/min both in air. Immediately after irradiations, the cells were trypsinized and
divided into two portions. One was plated for colony formation to estimate its surviving fraction.
The second portion was plated and incubated for five days. Then, they were trypsinized and
plated for mutant colony formation in the 6-thioguanine containing medium. Figure 1 shows
that a dose-effect relationship of mutagenesis for 6-thioguanine resistant marker by nitrogen
beams was of curve-linear type, similar to that of gamma rays. However, induced mutation
frequency per unit dose for nitrogen beam seems to be much higher than that for gamma rays.
When a gamma ray dose of 6.5 Gy to give 10 percent survival is used for a reference point for
RBE estimation, RBE of cell killing for nitrogen beam vs. gamma rays was 1.3, while RBE of
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mutagenesis was 1.9 (Table 1). This indicates that nitrogen beam of 392 keV/um induced
mutation more effectively than cell killing.

Table 1. RBE value for cell killing and mutation induction for nitrogen ions.

RE E

Inactivation Mutation induction

Cell _ s
(10 % survival) (6~7X107)
HF 19 1.7 2.8 C talD (1977)
X et al.
V79 2.5 53 ©
V79 1.3 1.9

Reference

1) R. Cox, J.Thacker, D.T. Goodhead, and R. J. Munson: Nature, 267, 426 (1977).
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Il[-4-5. Recovery from Potentially Lethal Damage of Human

Cultured Cells after Irradiation of Nitrogen lon Beams

I. Kaneko, T. Ohno, K. Eguchi, T. Inada,
G. Okada, and K. Nakano

Irradiation with high-LET charged particles may be an effective therapy for solid malignant
tumors. Many investigations have been done on tumor cell inactivation after irradiation with
high-LET radiation, however, there is no concrete evidence regarding the extent of recovery from
potentially lethal damage (PLD) in human normal and tumor cells after irradiation with high-
LET particles.

Because of discrepancies in the results hitherto obtained regarding the recovery from PLD
in tumor cells after irradiation with neutrons and charged particles, recovery from PLD in normal
human lung fibroblasts and radiation resistant human melanoma cells after irradiation with
nitrogen ions accelerated in the cyclotron and 60Co -rays was examined.

Cultured human normal fibroblast IMR 90 cells and HMV-1 cells from human melanoma
were grown up to their saturation density. The recovery from PLD was observed after the
nitrogen ion irradiation, but the extent was less than that after y-irradiation. Ratios between
Dbs ( the dose required to reduce the number of clonogenic cells to 37 % of their former value)
before and after the 6 h incubation at the saturation density of IMR 90 cells were 1.1 and 1.8
for nitrogen ion beams and «y-rays, respectively. The half maximum time in IMR 90 cells was
3.1 h after nitrogen ion irradiation while it was 1.3 h after y-irrandiation (Fig. 1). The half
maximum recovery time in HMV-1 cells was 7 h and S h for nitrogen ion beams and ~-rays,
respectively. For nitrogen ion beams, dose dependency of the recovery from PLD was not observed
although it was observed for y-rays. These results suggest that the recovery from PLD in human
normal and tumor cells may be virtually identical between low- and high-LET irradiation but
practically appear with a large difference in the mean recovery time and the recovery ratio of

initial damage after irradiation.

Fig. 1.  Time course of recovery from
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with nitrogen ion beams and ®%Co y-rays
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[II-5. Miscellaneous

1. Quantitative Trace Analysis by

Particle Induced X-Ray Emission

K. Maeda, Y. Sasa, S. Nakamura, and M. Uda

In order to establish a rapid and reliable method for quantitative trace analysis by particle
induced X-ray emission (PIXE), preliminary experiments were performed and computer programs
to analyze the PIXE spectra were made.

Samples supported by thin Mylar films were irradiated with 3 or 5 MeV/amu H* and N4*
ions accelerated by the cyclotron. X-ray signals detected by a Si(Li) detector were processed by
a multichannel analyzer and recorded on a paper tape or a floppy disk. The acquired PIXE
spectra were treated off-line by FACOM M-200 computer to obtain the element concentrations
in the samples. The experimental set-up and the detailed descriptions of the computer programs
are reported in Ref. 1.

Samples used here were 25 specimens of blood serum collected from various diseased persons,
12 specimens of healthy human whole blood and two standard materials (bovine liver-NBS
biological reference material and a mixture of chemical compounds of known concentrations).
The elements observed in blood serum and whole blood were P, S, Cl1, K, Ca, Fe, Cu, Zn, and Br.
Minimum detection limit for each of these elements is arround 1078 g under the experimental
conditions (sample amount: 1 wf, incident beam: 5 MeV H* beam current: 5nA, distance
between the target and the detector: 80 mm, detector: ORTEC 7866S). While any significant
differences in the element concentrations could not be detected among the healthy whole blood
samples, the element concentrations in some diseased blood serum samples showed marked
changes. For example, an increase in copper content was observed in a blood serum sample taken
from a patient with parathyroid disease (Cu in normal human blood serum: 1 ug/me). Figure 1
shows the PIXE spectrum of this case.

a (ug/m1)
. S, P 250
4 o S 1000
IR AN P S c1 2100
2 I . K 100
2 Fig. 1. 5 MeV H' induced X-ray
g spectrum of a blood serum sample taken
10! from a patient with parathyroid disease.
T T T T - . .
1 2 3 4 & 6 7 8 g Thesolid line shows the continuum

X-ray energy (kev) background radiation.
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Statistical treatment of the data obtained from a great many samples is necessary to find

the correlations between diseases and elemental contents in biological tissues. Now we are

constructing a target chamber for PIXE, which is equipped with an automatically changeable
multiple sample assembly and is to be connected to Linac. PIXE spectra induced by heavy ions

accelerated by Linac were also measured by using the target chamber for X-ray angular

distribution measurement.?) One of these spectra is shown in Fig. 2. The preliminary measure-

ments proved that Linac can be used for PIXE analysis.

counts per channel
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Fig. 2. X-ray spectrum of bovine liver
induced by 10 MeV C?' ions accelerated
by Linac.
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V. ACCELERATOR DEVELOPMENT

1. Beam Attenuation Method Using

Charge Transfer Reactions
M. Kase and T. Kambara

When one wants to know the energy spectrum of a beam or the time information of a
particle in the beam, at the RILAC, a simple and accurate way is to measure them with a surface-
barrier-type semiconductor detector (SSD) which is set in the beam line. During the measurement,
however, one has to weaken the beam current down to a level as low as 10716 ~ 10717 particle
amperes in order to prevent the radiation damage on the detector. To get such a weak beam, the
beam attenuation by a factor of 107 is required.

For the accurate measurement of energy, one needs to keep the beam quality the same as
before the beam is attenuated. If one reduces the beam intensity by changing the beam transport,
there is a possibility that a stray beam, such as scattered beam, is led to the detector. Therefore,
one has to maintain the settings of magnetic devices (Q—magnet, steering magnet, etc.) unchanged.
At the ion source, limiting the arc power, one can attenuate the beam by 107! ~ 102, On the
other hand, the beam attenuation of 107 can be obtained by inserting, into the beam line, the
thin copper plates with many small apertures (0.3 mm¢). Anyway, an additional device is needed
for the further beam attenuation.

The method using two sequential charge transfer reactions in the injector beam line is very
easy to do and needs no special instrument, providing a stable and controllable attenuation by a
factor of 107 or less. All one has to do is change of the setting of the bending magnet (BM1).
Figure 1 (a) shows the normal beam trajectory of ions represented as X"*, when a couple of
dipole magnets (BM1 and BM2) are adjusted at the same field By. The charge changed
components which are produced through collisions with the residual gas in the beam pipe, are
removed by BM1 and BM2. When the magnetic field of BM1 is changed from B to (I?Tl) B,,
the situation becomes as shown in Fig. 1(b). First, the main beam X" is removed by BM1,
and instead, X(™~1)* jons, which are produced as the result of single electron capture in the
section from A to B, are introduced to the next stage of beam line. Next, X"* ions, which are
produced as the result of electron loss in the section from C to D, are introduced by BM?2 to
the cavity # 1 of the linac. Consequently, the X™* beam at the entrance of the cavity # 1 is
decreased extremely through the two sequential inverse charge transfers.

The attenuation ratio, ¢, depends on the kind of ion (X and n), the beam energy, the
contents of residual gas, and their densities (or pressure, p) in the beam pipe. In the case when
Ar** beam (1.1 MeV) is used and the average vacuum pressure, Py, in the beam pipe is 5 X 1077
Torr (N, equivalent), { becomes 6 X 1075, Since ¢ is roughly proportional to poz, one can adjust
§ by changing p,,.

The beam quality is changed slightly through the attenuation process. A beam emittance is
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increased due to momentum transfers by the two sequential reactions. But it causes no effect
on the energy spectrum of the linac output beam, because the slit system of the injector beam
line limits the emittance of beam injected to the cavity # 1.

One can use other charge transfer processes for the beam attenuation. For example, the
process, Xt —> X0+t o xnt op X0+ X021 5 X0t etc can also be used. Though they can

provide a smaller value for {, the beam quality becomes worse.
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IV-2. Design of Axial Extraction PIG-Source

K. Hoshino

(1) Construction of ion source

An ion source of linear accelerator to produce multiply charged metal ions from non-corrosive organometallic
compounds which have relatively high vapour pressures has been constructed. The ion source was designed
considering the following requirements: the gas pressure in the beam path should be maintained sufficientry low
to prevent loss of multiply charged ions by charge exchange collisions with residual gas molecules; potential
distribution in the ionizing region should be such that the impinging ions on the filament are reduced to minimize
consumption of the filament.

The central part of the ion source is shown in Fig. 1 and overall construction in Fig. 2. The ion source
housing is set in a solenoid. The central part is constructed with electrodes A, B,C,D,E, and F. The central part
a of electrode A has a hole of dia. 3 mm. The construction of B is such that part b can be replaced easily,
because b is eroded by sputtering by the beam. The potential of electrode E is kept higher than the potential of
electrode D to repel the positive ions back to the ionization region C. Electrode D has a channel h through which
gases are introduced from gas supply. Gases are blown out from the circular slit of h into the cavity of D. The
construction of the slit is designed to form a gas jet and send most of the gas to the outside region of C through
the gap between C and D. lons produced in the cavity are accelerated by the electric field between the
electrodes C and D. The strength of the electric field is adjustable.

0 10kV 10kV+(1.65~1.9kV) 10kV +-1.9kV 10kV+1.95kV 10kV+12v

[ h
I
N y
% 7 7 - S ——
Z 7 G 7 / s
A \ /
GGG
‘\\\ \ / !
C D E F
Fig. 1. Schematic diagram of the main part of axial extraction PIG-source and potential distribution.

F is the filament. The potential of B is kept lower by 12 V than that of F, so that all of the electrons
emitted from F are sent back without hitting the surface of B.

It is necessary to prevent ions from impinging on the surface of the filament. Potential of the electrode E
is set higher by 50 V than that of D. The gas flowing through the slit of h forms a jet stream and most of gas
is sent to the gap between C and D, but a part of it moves toward F. 1t is intended to reduce the gas pressure
between E and F by providing evacuation slots in E. As the distance between the electrodes E and F is small,
it is expected that not much ions are produced between E and F. Therefore the number of ions impinging on F
is not large. Potential difference between electrodes C and D can be set at a value between 0 and 250 V. It is
hoped to increase the multiply charged ions by making transit time of ions, hence confinement time in the
region C, moderate by use of small potential difference between C and D. When the organometallic compound
has not enough vapor pressure to produce the ions of metal of concern, the elemental metal may be used
applying sputtering scheme. For that purpose, a target b made of the metal can be inserted in the central part
of B. It is necessary to drill a hole of dia. 3 mm at the center of B to provide the passage for the ions. Inert
gas will be used to help sputtering of metal from b.

Figure 3 shows the construction of the ion source. The ion source is cooled by deionized water. The
cooling water is circulated through holes of supports. The supports between electrodes are steatite pipes.
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@Solenoid, @ Ion source, @ Ton source housing.
Each section of solenoid has a winding of 304 turns of 2.4 mm X 2.8 mm PVF coated

wire, and they are connected in parallel. The resistance of the solenoid is 0.076 2.
Magnetic flux density at the center of the solenoid is 1000 G for the solenoid
current 100 A, and the wattage consumed by the solenoid is 760 W.

Fig. 3. Construction of axial extraction PIG-source.



On the other hand, gas passage is heated up by electric current to prevent the condensation ot the

organometallic compound.

Figure 2 shows the construction composed of solenoid, ion source, and ion source housing.

(2) Detection of ions

It is impossible to eliminate the large distribution of velocity of ions produced in the axial extractio

Fig. 4.

|

| __-noble gas ion pump (201)
! -

“electric
analyzer

U noble gas ion pump
(201)

Plan view of double focussing mass spectrometer.

Table 1. Specification of double focussing mass spectrometer.

Electrostatic analyzer

Magnetic analyzer

Arrangement

Width of slit

Mass range

|
|

—— —_—— —— —_————

Radius of the orbit

Deflection angle

Gap between the electrodes

Max. potential difference between
the electrodes

Radius of the orbit

Deflection angle

Max. flux density

Max. power

The position of the two images of
the electrostatic analyzer

The position of the two images of
the magnetic analyzer

Slit 1
Slit 2
Slit 3
M/emax. = 100

M/emax. = 125

15 cm
60°
1 cm
1670 V

15 cm
90°
10.7 kG
150 W
Symmetrical

Symmetrical
0.2 mm

1 mm

0.8 mm

at ion accel. voltage of 12.5 kV
at ion accel. voltage of 10 kV
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ion source. Most of the ejected ions are produced in the narrow region between C and D where potential
variation is relatively small. As the potential difference between electrodes A and E is about 12 kV and the
maximum potential difference between C and E is 300 V, the resolving power for the distinct peaks of the
mass spectra of ions can be made larger than 40 by the use of a mass spectrometer composed of magnetic
analyzer alone. For the smaller peaks, however, sufficient resolving power can not be obtained by the same

arrangement because the ions produced in the region between the electrodes B and C are added to the ions
produced in the region between the electrodes B and E. Small peaks will be buried under the neighbouring
larger peaks. Use of electrostatic analyzer in conjunction with the magnetic field is necessary for this type of the
ion spectrum analysis. Double focussing mass spectrometer as shown in Fig. 4 was designed for the detection

of the ions extracted from this source. As the instrument has not only magnetic analyzer but also electric
analyzer, it is expensive and more complex than a single focussing machine, but has an advantage that it can
analyze ions having distribution in energy and in charge states at a time. Its specifications are shown in Table 1.
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IV-3. ECR lon Source

M. Yanokura and M. Odera

An electron cyclotron resonance (ECR) type ion source for RIKEN Linac has been
constructed? and tested using Ar gas. The layout of the ECR test stand was already reported.?
In Fig. 1, we show its photograph.

In this ion source, a 2.45 GHz magnetron is used as the UHF power source. Resonant
magnetic field is about 880 gauss for this frequency. Sufficient magnetic field can be obtained
by use of a pair of solenoid coil. The coil is made of hollow copper conductor and its electrical
resistance is 25 m{2. The mirror ratio of the magnetic field is determined by the distance between

the coils. In our source, the ratio is 1.8.

1500+ Y Ny 7 q
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/ .
gmc / \\ s \
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= / LR -
3 | i
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/a’
S 0 0 30 w0 0
Position ( cm )
Fig. 1. Photograph of ECR ion source Fig. 2. Axial magnetic field of ECR
test stand. cavity at main coil current of 190 A.

The UHF power is supplied to the ECR cavity through isolator, power monitor, EH tuner
and RF window. Glass ceramic called Macor is used as material of RF window. In order to
extract an ion beam, only the ECR cavity is kept at a positive high voltage. The other
components such as pumps, solenoid coils and their power supplies are kept at ground potential.
Power consumption of the coils is saved by use of a soft iron return yoke.” When the coil current
is 190 A (42000 AT), sufficient magnetic field is formed as shown in Fig. 2. At this condition,
strength of the magnetic field at the center of the cavity is smaller than the resonance field.

This test stand has three diffusion pumps, and its total pumping speed is 3600 £/sec. When
Ar gas is introduced into the cavity at a flow rate of 0.1 sccm, the pressure inside the cavity is
around 10 Torr. After Ar gas was supplied, UHF power is fed into the cavity, and plasma is
formed easily at the same time. [t is observed by the microwave power monitor that the greater
part of the power supplied from the magnetron is fed into the cavity.

Extracted beam current increased with increase of extracting voltage. This relation is shown
in Fig. 3. In the following test, the extracting voltage was fixed at 7.5 kV. An extracted beam
was analyzed using a bending magnet with maximum B of 108 kgauss—cm, and the ion current
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cavity is 2 X 10~* Torr and UHF power Ar®* ion current includes O%*ion current.
is about 1.3 kW. Extraction voltage is 7.5 kV.

was measured by a Faraday-cup. The ion current of each charge state vs Ar gas flow rate is
shown in Fig. 4. Ar’" ion current, shown in the figure, includes that of 0% ions, possibly. When
the gas flow rate decreases, Arl* ion current decreases, and for the gas flow rate larger than 0.4
sccm, its ion current is nearly constant. For the ions of the other charge states, a maximum ion
current is obtained when Ar gas flow rate is around 0.1 sccm.

In this experiment, multiply charged ion current was very small; for example, Ar®* ion
current was only 1 nA. Therefore we are trying to get more beam current by modification of
the extracting geometry, the microwave window and gas injection nozzle. Furthermore, we
intend to use the permanent magnets for forming multipole field to stabilize plasma and to
prevent heating the cavity by plasma.

References

1) M. Yanokura and M. Odera: IPCR Cyclotron Progr. Rep., 14, 113 (1980).
2) M. Yanokura and M. Odera: RIKEN Accel. Progr. Rep., 15, 136 (1981).
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IV-4. Identification Method of lons in the

Beam from the RILAC Injector

M. Kase and T. Kambara

The RILAC can accept a variety of ions, from proton to uranium ions, with a mass-to-charge
ratio, M/q, smaller than 24. When multiply-charged heavy ions are produced with the PIG
source,V-? the M/q spectra of ions at the source are sometimes so complex that it is troublesome
to search for the desired ions. There are, in the spectra, some peaks of comtaminating ions such
as 0%, 0%*, N*, N?*, H, 0", OH" etc. and also peaks due to the supporting gas when the metal ion
source® is used. Moreover, a heavy element has, in general, several isotopes, and there are also
peaks due to charge transfers of ions with the residual gas in the beam duct in the acceleration
stages. To prevent the acceleration of unwanted ions, it is necessary to identify the ions in the
beam from the source, occasionally.

For this purpose, a procedure to know the charge state of ions by use of charge transfer in
the RILAC injection system has been developed. In Fig. 1 is shown the beam line from the
source to the first cavity. The beam from the injector, which is roughly analysed with an ion
source magnet, is bent twice by an angle of 60° with a couple of dipole magnets (BM1 and BM2).
The procedure to know the charge state of ions is as follows: First, every parameters of the
equipments in the injector system are set according to the acceleration conditions and the beam
is optimized at the Faraday cup (FC-014) by further tuning. Next, the pressure in the beam

{ FC-014
| SL-014

FC-013
{ BS-013
SL-013

N rf FC-012
BMZ— / 1 SL-012

{ BS-011
SL-011
TTTEM- 011
im PF-011
Fig. 1.  The beam line from the ion
source to the first cavity in the RILAC.
Notations are as follows: FC, Faraday
Acceleration ‘”be—’{ . cup; BM, bending magnet; EM, emittance

- {BS-Ho1 monitor; BS, beam stopper; PF, profile
Injector terminal {

monitor; DQ, doublet quadruple magnet; TQ,
lon source— triplet quadrupole magnet; SL, slits.
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of O%.
duct between BM1 and BM2 is raised up from the normal value (~ 2 X 107 Torr) to several 107®
Torr. Then, the beam current at the Faraday cup (FC-013) is monitored, as the field in BM2
is scanned. A current spectrum thus obtained for Ar’* beam is shown in Fig. 2. The spectrum
shows some peaks due to the charge transfer collisions of ions in the beam with the gas in the
beam duct between BM1 and BM2. Since the momentum of the ions changes very little through
the charge transfer, the magnetic rigidity of ions is inversely proportional to thier charges. If the
charge number before and after the collision are represented by ““i”” and “f”, respectively, the
field in BM2 which provides a current peak at FC-013 for the f-component is given by
(i/f)BO, where B, is the field when the beam is optimized. In the velocity range of the RILAC
injector (0.006 < V/C < 0.016), electron loss processes occur mainly for low i. On the other hand,
for higher i, electron capture processes occur more frequently. As shown in Fig. 2, there are
peaks due to charge exchange processes (i = f) such as (5 > 4), (5 = 3), and (2 > 3). The
spectrum shows that the beam consists of two kinds of ions, Ar’* and 0%*. One can also estimate
the fraction of Ar’* in the beam if the electron capture cross section and the target thickness
are given.

Molecular ions such as H20+ can be identified by use of a dissociation process like H20+ -
OH* + H. In this case, the field which gives a peak for the dissociative component (OH") is
given by (mf/mi)l/2 BO, where m, is the mass of the molecular ion and m; the mass of the
dissociated fragment with the same charge state as the incident ion.

These ion identification methods are very simple but reliable. All parameters of magnetic
devices can be fixed after the beam optimization except for BM2 which is less important as the
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beam analyser than BM1 which selects practically the ions to be accelerated by the linac.
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IV-5. Bunch Signal Sensitization by Use of

Secondary Electron Emission

M. Kase

When a beam bunch is monitored at the early acceleration stage of heavy ion linacs where
the beam velocity is relatively small (8 ~ 0.01), a bunch signal induced by the slow beam has
a slow response to the bunch shape. Therefore it is difficult to know accurately the longitudinal
distribution of charges in a bunch from the signal shape. In order to eliminate this signal
distortion, a shield plate with small apertures is placed just in front of the detection plate in the
case of a coaxial Faraday cup (Ref. 1). But the plate stops a part of beam and the bunch signals
are weakened. As the result, the measurement should be made with a bad SN ratio. This
difficulty can be reduced easily using the secondary electron effect which is usually suppressed
in the coaxial Faraday cup scheme.

A secondary electron effect bunch probe was developed and is being used to monitor the
bunch structure at the RILAC (RIKEN linac). A schematic diagram of the probe head is shown
in Fig. 1. The probe is plunged into the beam line remotely with a pneumatic cylinder during
the measurement. The structure is similar to that of the coaxial Faraday cup except that an
electron collector is set to absorb efficiently the electrons emitted from the stopping plate by the

ion bombardment.
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bunch probe.

Two kinds of currents appear in the signal coaxial cable. One is the current (L) induced by
the ions which approach the stopping plate and collide with it. The other is the current (I) due
to the secondary electrons which are emitted from the stopping plate and absorbed by the electron
collector. The signal shapes of these currents were calculated on the assumption that the beam
bunch has a triangular shape distribution with the spread of 2 nsec(fwhm) as shown in Fig. 2 by
dashed lines, and that no electric charge is induced on the stopping plate until the ion goes
through the entrance aperture of the electron collector. The results of calculation are shown in
Fig. 2(a) and (b) by solid lines. The signal of [, occurs before the bunch reaches the stopping

plate and its shape is broadened. The signal of [, is delayed a little bit but its shape is similar to
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the bunch shape. When the electron collector is biased at a negative voltage as in normal use of
a coaxial Faraday cup, only [; can be observed since I, is suppressed. On the other hand, when
the electron collector is biased at a positive voltage, the signal of [+ I, is obtained. But I_ is,
in general, much larger than I, i.e. { >> 1, and therefore, the signal shape is given almost entirely
by L. The output signals on a 350 MHz oscilloscope are shown in Fig. 3(a) and (b): (a) is with
a negative bias on the electron collector, while (b) is with a positive bias. The signals have the
same tendency as those of the calculations in Fig. 2(a) and (b). The factor of signal enhancement,
¢, which depends on the beam energy, the ion species and the material of stopping plate, is
around 15 for a 2.3 MeV Ar** beam with a copper plate for the stopping plate.

Using the secondary electron effect bunch probe, the beam bunch measurement for a low
intensity beam can be made with a better. SN ratio as well as an accurate response to the beam

bunch.
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The bunch shape is assumed as shown by dashed  +1.5 kV in (b). The trigger conditions of

lines. The peak of the bunch reaches the the both cases are the same.
stopping plate at t = 0. ¢ is the factor of signal
enhancement by secondary electrons.
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IV-6. Bunch Phase Monitor

I. Yokoyama, M. Kase, S. Kohara, and Y. Yano

To know the beam phase relative to rf voltage is very helpful for the fine tuning of rf
accelerators such as the RILAC and the RIKEN SSC (under construction). Sometimes, however,
bunch signals have bad SN ratios when the beam currents are weak (during the tuning process, for
example) or when the measurements with probes set inside the SSC are made in the presence of
severe rf noises. It is necessary to develop a device which makes it possible to measure the beam
phase under such bad conditions and is suitable for use in the variable-frequency scheme.

A bunch phase monitor using the mixing (heterodyne) scheme has been developed. The basic
principle is the same as that in Ref. 1: the information on the beam phase is transfered to the
signal with a fixed intermediate frequency, f,. This system involves an automatic tuning circuit
for the frequency range of 17 ~ 45 MHz. No additional adjustment is necessary when the
acceleration frequency is changed.

A block diagram of this system is shown in Fig. 1. Two kinds of signals (one is a reference
signal from an rf cavity and the other is a bunch signal from a probe) are fed to the two inputs,
respectively. The reference signal, after its frequency is doubled (f — 2f), is mixed with the
output signal of a voltage controlled oscillator (VCO) in a double balanced mixer (MIX1). Being
filtered (QF1), the mixer output is sent back to the phase lock loop. When the circuit is in tune,
the VCO generates the signal of 2f + f; and, as the result, the reference signal in the intermediate-
frequency stage is phase-locked with regard to the oscillator (OS1) output. Being filtered again by
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Fig. 1. A block diagram of the bunch phase monitor.
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a narrow band filter (QF2), the reference signal is fed to a phase detector (PD2) and also to
another phase detector (PD3) after being phase-shifted by 90° with a coaxial delay line. When
the circuit is out of the tunable range of the phase lock loop, it is automatically tuned with the
other loop including an oscillator (OS2) by scanning the frequency of the VCO output (2f , +
fie ~ 2f . T fip where £ . =17 MHz, f =45 MHz and f; = 10.7 MHz).

The bunch signal, which is generally bipolar, is also mixed with the VCO output at MIX?2
in the same way as the reference signal. The mixer output is filtered with a couple of narrow
band filters (QF3 and QF4) which remove the effects of frequency components in the bunch
signal other than that of the second harmonics of the fundamental frequency (that is, 2f
component), The bunch signal in the intermediate frequency stage is fed to the other inputs of
the phase detectors PD2 and PD3.

The two dc outputs are obtained: one is Asin ¢ and the other is Acos ¢, where A is a factor
related to the beam intensity. If 6 is the beam phase to be obtained, then 6 = 1/2 ¢ + C, where
C is a constant inherent in the system.

Reference

1) W. Briautigam, M. Herschbach, K. Kennepohl, and J. Reich: IEEE Trans. on Nucl. Sci.,
NS—-26, 2375 (1979).



162

IV-7. Linac Energy Tuning by Phase Control

M. Kase, T. Kambara, T. Tonuma, and M. Odera

The RILAC (RIKEN linac) is a heavy-ion linac with six tunable cavities. To meet the request
of applications for different energies, the beam energy can be varied by changing the following
factors:

(1) the number of the cavities in use (from 1 to 6);

(2)  the acceleration frequency (17 ~ 45 MHz);

(3)  the input phase of beam bunch to the last cavity.
The first scheme is very simple and normally used in multi-tank linacs. It provides six discrete
energies for a given acceleration frequency. When the second scheme is used together with the
first one, the energy can be continuously changed over a wide range (0.01 ~ 4.1 MeV/n).
However, to operate the linac with the change of the frequency, most of the parameters of the
linac including its injector have to be readjusted and it takes much time to do this. For the
frequent change of energy by fine steps, the third scheme (that is, the phase control) is more
useful than the above, and by combining it with the first scheme the energy can be varied over
a wide range.

The method of the phase control is shown in Fig. 1. Let #N denote the cavity used for the
control. Turning off the later cavities, #(N + 1), #(N + 2) ...., and keeping the former cavities,
#IN — 1), #N — 2) ..... in the normal operation, the input phase of the beam relative to the radio
frequency at the first acceleration gap of the cavity #N is shifted from the normal phase (—25°).
Figure 2 shows the variation of energy with the change of the input beam phase, ¢. The solid
lines in the figure show the results of the calculation (for N = 3, 4, 5, and 6) which were made using
the impulse approximation.” The experimental results are also shown in Fig. 2. The energy was
measured with a dipole magnet (SW magnet) placed behind the cavity #6, while the input beam
phase was estimated using the phase shift of the rf voltage of the cavity #N from the normal
condition which gives the synchronous beam phase of —25°. Fairly good agreement between the
calculations and the measurements is obtained.

Beam =(N-—2) #(N—1; #N $(N+1) #(N+2)

R G N A N %7777 N A W A
)_/ \ J \"ep //7 1 7 U

Normal operation | Turning off Fig. 1. The phase control
] Phase : : H
I control method for multi-cavity linacs.
Yy

Using the phase control scheme, the output beam energy of the cavity in concern can be
decreased smoothly down to the level lower than that of the input one. It implies that the use
of the phase control together with the first scheme provides the continuous energy change in the
wide range without varying the frequency. In the range of ¢ between —180° and 0°, no
remarkable growth of beam emittance was observed. The energy spread of the output beam has
a minimum value (0.7 % fwhm) at ¢ = 0 and increases gradually as ¢ decreases, being around 2 %
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~ N=6

Fig. 2.  The variations of beam

(%)

l— N=5
e energy vs. the input beam phase
iili — N=4 of the “‘last” cavity (#N) of
jfg those being in use. Energy is

normalized to the designed value
T N7 at the cavity #6, By (f, —25°)
= 0.00202 X f2 (MeV/n) where f

20r T ) is the frequency in MHz.

10k 1 N Triangles, squares and circles
are the experimental values

—1080 -léo ~60 0 80 120 180 obtained at f = 22.3 MHz

2 .
(—25°)  Input phase ¢ (degree) for N = 3, 4, and 5, respectively.

(fwhm) at ¢ = —120°. The procedure to change the energy in this way is much simpler than
those including the change of acceleration frequency, because the operator has to adjust no
parameters in the portion from the injector to the cavity #(N — 1), but only the rf phase of the
“last” cavity (#N) and parameters of magnetic devices in the later portion of the linac.

In this mode of operation, it is possible that the acceleration frequency is chosen,
independently of the energy in concern, only by taking account of the M/q value of ions to be
accelerated. In any case, there is no need of the exact frequency setting for each energy.

Reference

1) T. Tonuma, F. Yoshida, and M. Odera: Reports [.P.C.R., (in Japanese), 51, 53 (1975).
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IV-8. Suppression of Secondary Electron from Beam Stopper

M. Hemmi

Many slit boxes are used in the beam handling and transport system.!” Each box contains a
beam stopper plate downstream to the four slit blades. It is made of copper, cooled by water and
is thrown in and out by use of an air cylinder. A large rate of emission of the secondary electrons
is inevitable by bombardment with heavy-ion beams and current reading is enhanced by a factor
of between two and ten for a simple planar stopper plate. The phenomenon makes beam
diagnosis difficult.

Usually, a Faraday cup having a large depth compared to its aperture is used to minimize the
secondary electron effect. However there is no space to accept such a long cup in the slit box.
Therefore, in the initial phase of test operation of the linac, we used method of self-biasing of
stopper by zener diodes. The scheme was simple and seemed to work well. It was, however,
soon found that the positive potential developed by self-biasing gives rise to collection of nearby
electrons in the box leading to the current reading lower than that of the correct value. We have
atopted another method. A shallow cup is fixed on the stopper plate and a pair of rare-earth
cobalt magnet forms magnetic field across volume of the Faraday cup composed of the cup and
the plate. Figure 1 is its photograph. The cup is insulated. There is no need of power supply
for electron suppression, and this makes its structure simple and compact. Stronger magnetic
field might be desirable for suppression of the secondary electrons. However the stray field in

Fig. 1.  Photograph of the beam
stopper equipped with secondary electron
suppresser which uses rate-earth cobalt

permanent magnets.
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the beam path, when the stopper is extracted out of the path, may affect the beam and

give undessirable effect in the beam trajectory downstream when the stray field is too large.
Therefore, assuming almost all the secondary electrons are of energy less than 300 eV we have
concluded that the field strength of around 100 G is sufficient for electron suppression. By
adjusting the number and relative positions of the permanent magnet pieces, we have succeeded
in producing necessary field strength and its distribution in the Faraday cup. In Fig. 2 are shown
results of measurement of the leakage field along the straight paths at various distance from the
replaced beam stopper. The curve tagged O is measured on the beam axis and 10 corresponds to
the line displaced 10 mm from the axis to the stopper. Integrated field strengths are shown in
the inset of Fig. 2. This field gives only negligible deviation of the beam. Comparision of
current readings by this magnet-equipped shallow cup and by a normal long cup was made with
an Ar beam. Any systematic difference between two readings was not found assuring effective
suppression of the secondary electrons by the magnetic field given by the permanent magnets.
We are preparing for further measurements using heavier projectiles.

401
301
2 20t
(@]
Fig. 2. Leakage field distribution
0(Beam axis) :50G-m along the beam path. Number on each
10r LOmm 2100 e curve means distance in mm of path
15mm 11606 «m .
from the center line of the beam pipe.
Distance of the edge of the stopper from
L T I R R
07220 =20 0 +20 140 the beam axis is 20 mm. Inset gives
Z (mm) integrated field strength.
Reference

1) M. Hemmi, Y. Miyzawa, M. Odera, and T. Tonuma: IPCR Cyclotron Progr. Rep., 12, 138
(1978); M. Kase, I. Yokoyama, and M. Hemmi: ibid., 14 115 (1980).
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IV-9. Status of RILAC RF System

T. Kubo

In this period, several improvements were made in the RILAC radio-frequency(RF) system.!
The control circuit? fabricated temporarily for each main resonator was improved to simplify and
stabilize the operation further. This circuit has been used to provide beams since last year.

A similar control circuit was applied to an RF buncher® which had been used in the injection
beam line to improve acceleration efficiency.

(1) RF system of six main resonators

Figure 1 schematically shows the present control circuit equipped for the RF system of each
main resonator.

This control circuit includes four feed back loops as follow:

(i) Loop for stabilizing the amplitude of the accelerating voltage generated in the resonator,

(i) Loop for maintaining the tuning of the resonator,

(iii) Loop for restoring the accelerating voltage,

(iv) Loop for stabilizing the accelerating phase.

The last two loops were newly added to the control circuit described in Ref. 2.

The third loop is designed to restore automatically the accelerating voltage lost by a discharge
which occurred in the resonator. When the voltage is lost by the discharge, it cannot usually be
recovered again of itself because multipactoring phenomena rapidly grow in the resonator and its
vacuum becomes worse. To regenerate the voltage, the multipactoring phenomena have to be
extinguished by once turning off the excitation of the resonator. The auto-restoration circuit in
this loop performs this procedure automatically referring to a feed back signal of the accelerating
voltage. The excitation signal is instantly turned off when the voltage is lost, and the excitation
mode is changed from continuous wave(CW) mode to pulse mode(~1.5 Hz, duty factor ~5 %).
The small duty factor allows ions and electrons generated by the discharge and the multipactoring

17\45[\/”"[ Con[(0|
— Frequency signal
Amplifier synthesizer —
Amplitude e Pick-up
Power error detector W
$ l 1 CW or Resonator
| |Phase | | Aute- restoration|Pulse | Amplitude | | n-sec| |Power S
To other shifter circuit controller Delay amplifier chain %Capacmve
i L trimmer
five units \
\
& buncher [ ‘
n- sec Phase Servo motor Servo
Delay ———=i detector controller ( motor
Phase error

= detector

Control
signal

Fig. 1. A schematic diagram of the control circuit for the main resonator.
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phenomena to recombine or drift to the resonator wall during the time between pulse excitations,
so that probabilities to fall into the multipactoring decrease. As soon as the voltage is generated
during the pulse mode, the excitation mode is again switched back to the CW mode. Thus the
voltage can be quickly restored, and the CW excitation in such an abnormal state can be avoided
that the final tube® has a very different load impedance from regular one because of the
occurrence of the multipactoring. When the RF power is continued to be fed in such a
mismatched state, some troubles are frequently induced.

This loop is also found useful to search a resonance of the resonator. The accelerating
voltage can be generated only when the resonator is almost on the resonance. The resonator is
excited by the pulse mode if it is far off the resonance. Thus the search can be made by moving
a capacitive trimmer manually in such direction that the excitation mode automatically turns
to the CW mode.

The fourth loop can suppress phase noise and phase drift of the accelerating voltage. These
phase errors are detected by a phase detector and are fed back to a phase shifter so that they can
be compensated.

Part of the control circuit is connected to the control computer(HP1000)® in the control
room. So far, the generation of the accelerating voltage, the adjustment of the reference signal
for it and the activation of the first two feed back loops are controlled by the computer.

(2) REF system of buncher

A schematic diagram of the RF system for the buncher is shown in Fig. 2. The resonator of
the buncher is of a quarter wave length coaxial type, and its frequency tuning is made by a
variable vacuum capacitor (VVC). A wide band amplifier is used to excite the resonator.

The control circuit for the buncher includes two feed back loops to stabilize the amplitude
and phase of the bunching voltage. They consist of a phase error detector, an amplitude error
detector and an amplitude and phase controller.

The feed back loop to maintain the tuning is not included in the circuit because the Q-value
of the resonator is low(1000 ~1500) and the necessary RF power is small(less than ~150W). The
feed back loop to restore the bunching voltage is also not included because the multipactoring
phenomena have not occurred as yet.

Operation frequencies used in this period for the beam acceleration are between 18 and 30
MHz.

Control Motor
signal controller Moter
\
. \
Amplitude Rectifier
error detector e
i Control
signal
-
17~45MHz7 | Phase | | Amplitude & Wide Beam
From shifter phase controller band amp. Pick -up
ter osc.
master e
meter
~150W 11
[ Resonator
—= Phase error
detector

Fig. 2. A schematic diagram of the RF system for the buncher.
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IV-10. Investigation of Frequency Characteristics of the

Screen Grid Bypass Capacitor at the Final Stage

of RF Power Amplifier for RILAC

T. Fujisawa and Y. Chiba

The RIKEN linear accelerator (RILAC) has been constructed and operated well in the
frequency range of 17 to 30 MHz. In order to extend the frequency range up to 45 MHz, the
performance of the screen grid bypass capacitor at the final stage of the RF power amplifier was
investigated. In Fig. 1 the schematic diagram of the amplifier is shown. The investigation was
carried out as follows: The amplifier was disconnected from the feeder line, and the plate and
grid circuits were tuned in the frequencies to be measured. The plate circuit was excited by a
signal generator, and the screen and control grid voltages induced from the plate were measured
with oscilloscopes. In Fig. 2, the schematic view of the bypass capacitor is shown. The screen
grid voltages were measured at position A, B, and C. The plate and control grid voltages were
measured with the voltage pick-ups shown in Fig. 1.

Grid voltage Plate voltage
pick - up pick-up

i 20~ 200 ¢
Eimac é‘j VQ/C "
e

o 3CX 3000A RCA4648 [2000pF Feeder
band
- Am”p‘ Lt
250W g
IP\ate . TP .
P stub Fig. 1. Simplified diagram
oo of the RF power amplifier of
‘ 5 RILAC, P.S: Power supply.
C,: Screen grid bypass

PS capacitor.

In Fig. 3, the ratios of control and screen grid voltages to the plate voltage are shown
(closed circles). The frequency dependence of the ratio is complicated in the range of 33 to
45 MHz, which is not desirable for the stable operation of the amplifier.

This resonance-like frequency dependence is caused by the ceramic capacitors at the outer
ends of the sheet capacitor using KAPTON film. The subsequent measurements were carried out
without the ceramic capacitors. The results are also shown in Fig. 3 (open circles). The frequency
dependence of the ratio becomes simple except the resonance at 34 MHz. This resonance is
caused by the choke coil in the plate circuit of the preceding amplifier. After the improvement
of the choke coil the flat frequency dependences was obtained.

The measured ratios of the screen and control grid voltages to the plate voltage are about
0.006 and 0.08, respectively, in the frequency range of 17 to 45 MHz. Much smaller ratios are
desired for the stable operation of the amplifier. Improvements of the KAPTON sheet capacitor
were carried out. The performance of the improved capacitor is presented by the authors in
this progress report.!
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1) S. Kohara, T. Fujisawa, and Y. Chiba: p. 171 in this report.
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IV-11. Basic Study on the RF High Power Amplifier

for RIKEN SSC

Study of the Screen Bypass Capacitor for the Final Stage

S. Kohara, T. Fujisawa, and Y. Chiba

Screen bypass capacitors for RCA 4648 tetrode were manufactured by way of trial, which
will be used for the high power amplifiers of RIKEN SSC. The performance of capacitors was
studied.

The power amplifier for the resonators of RIKEN SSC is required to supply the maximum
RF power of 300 kW in the frequency range of 17 to 45 MHz. RCA 4648 tetrode is to be used
as a grounded cathode amplifier. In Fig. 1, the schematic diagram of the amplifier is shown. The
plate tuning circuit is a A/4 type stub and tuned by changing the length of the stub. The grid
tuning circuit is a A type stub and tuned by a variable capacitor. In Fig. 2(a), the simplified
circuit diagram of the amplifier is shown. The symbols CO ~ C4 show the capacitances between
electrodes of the tetrode and Cg shows the capacitance of the screen bypass. For the stable

Coupling capacitor
disk

Cg1

Screen bypass

777J777 7l7 7;[;7 capacitor '
LBy vy// R Bl

Tuning Grid dummy Resonator
capcitor load

Fig. 1. Schematic diagram of the high power amplifier of RIKEN SSC.

Capacitances given in the catalogue (measured)

(C,=0.6pF (15pF) I’ @ Plate
(', <850F (75pF) Gi: Control grid
('3 =775pF (737pF) G2 Screen grid
(', =425F (357pF) K : Cathode
(1 =(4.5pF)
for (a2, C3€ Cs)
P (| 0 [eh
l P I
b7 Cy
L; /\wf 3

JWA

Fig. 2(a) Simplified diagram of Fig. 2(b) Equivalent circuit for the
the circuit of amplifier. circuit in Fig. 2 (a).
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operation of the amplifier, it is necessary to reduce the coupling between the plate and control
grid to a value as small as possible. A part of the coupling is due to the direct interelectrode
capacitance C,. The other part is attributed to the screen bypass C5 which takes a finite value.
The latter effect can be replaced equivalently by an additional capacitance C,* to C as shown in
Fig. 2(b). It can be seen that the capacitance of screen bypass has to be as large as possible in
order to reduce the coupling.

In Fig. 3, the screen bypass capacitor manufactured is shown. The insulator is made of
50 um KAPTON film (prepared by Du Pont). The calculated and measured capacitances are
0.28 uF and 0.11 uF, respectively. This discrepancy was supposed to be due to poor flatness of
the electrode of the capacitor. Therefore the KAPTON film coated by conductive silver paint
was examined. The capacitance became 0.26 uF.

The 50 um KAPTON film could endure a voltage as high as 5kV DC for a long time (30
h) in a preliminary test.

The capacitor was mounted on RCA 4648 tetrode without the plate and grid tuning circuits.
The plate was excited by a signal generator, and the voltages of screen and control grids induced
from the plate were measured. In Fig. 4, the ratios of screen and conirol grid voltages to the
plate voltage are shown as a function of radiofrequency. The ratios, when the screen grid was
grounded, are also shown. The flat frequency responses seen in Fig. 4, show that these capacitors
operate well in this frequency range. The value of C,; deduced from the ratios is 1.5 pF and
those of CO* for C; = 0.11 uF and 0.26 uF are 0.5 and 0.2 pF, respectively. The measured
value of C, is 2.5 times the value given in the catalogue. The capacitance C,* for Cg = 0.11 uF
is one third of C,. In stability consideration of the amplifier it is indispensable to take acount
of the coupling effect of this order of magnitude.

30 m Screen

KAPTON film EIeCt(rode Earth plate
\

10 2| .
C o (C5=026uF)
Cross-sectional view B =0 /
| S i . /%’ (G, was
i E o e eele—e—e—" A:./ grounded)
, A—A——A——A——A'—‘:" X : )
P S T oo (Ca=0.14F)
Pt (L’\, 1 © o __O_O__O,,-O'
//’ - & Do — -0-—0- =0~
N i e T (G5 =0.260F)
A__a-—A”'A'—A‘
|
101 1 ! ] ! |
L 668 10 20 30 40 50
Plane view Frequency (MHz)
ig. 3. e capacitor c . ig. 4. atios of the screen and control gri
Fig. 3 The capacitor manufactured Fig. 4 Rat f th d trol grid

voltages to the plate voltage.
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IV-12. Grid Tuning Circuit of A Type for the RF Power
Amplifier for RIKEN SSC

S. Kohara and T. Fujisawa

The amplifier of RIKEN SSC is required to work in the frequency range of 17 to 45 MHz.
An RCA 4648 tetrode is to be used for the final stage of the amplifier. The capacitance of the
control grid to the screen grid and cathode is 1200 pF (in the catalogue). The necessary grid RF
voltage is estimated to be 300 V to drive the 4648. The capacitance as a load for this voltage at
the highest frequency drains a large current which is difficult to be supplied directly by any
reasonably sized amplifier. Therefore it is desirable to drive with a grid tuning circuit. A X\ type
grid tuning circuit is designed which is tuned by a variable capacitor. Figure 1 shows the
schematic diagram of the circuit. The capacitance (Ci n) is determined to equal the grid
capacitance (1200 pF). In Fig. 2, the capacitance of the variable capacitor required to tune the
circuit is shown as a function of radio frequency. This circuit has following merits:

(1) The grid voltage is equivalent to the input voltage.

(2) The tuning and impedance matching are simultaneously done by one variable capacitor.

Frequency dependence of grid input impedance of the 4648 is studied in order to design the
tuning circuit in detail. In Fig. 3, the simplified circuit of the 4648 is shown. The symbols C,
to C, are the interelectrode capacitances and C; is the capacitance of the screen bypass. The grid
input impedances are measured in the frequency range of 1 to 80 MHz using the device shown
in Fig. 4. In Fig. 5, the results are shown together with the calculated impedances. The
impedances calculated with the interelectrode capacitances (broken line) are not in agreement with

1O4E
~ |
Q.

103
=
FO
e C
Nt L

© L 0.7m

© (0.8m

102 | ( 0.9m

Z,=50(Q) RCA 4648 E (1.0m
L L -
— é o
eng, Y r
i
Cin Screen bypass -

7;;7 7;77] . %capacitor
A A A 101 1 | | 1 | |
Variable Grid 17 20 25 30 35 40 45
capacitor dummy load Frequency (MHz)
Fig. 1.  Grid tuning circuit of the Fig. 2.  Capacitances of the variable capacitor
amplifier which uses an RCA 4648 for tuning the grid circuit. The parameters

tetrode. are the length of the coaxial line. See Fig. 1.
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the measured impedances in the frequency range of 30 to 80 MHz. The circuit of 4648 cannot

be represented by the calculation with only direct interelectrode capacitances in this frequency

range.

Capacitances in the catalogue
Co=06pF (', =775F
(. =8bpF (!, =425pF

Co I’ Plate

P ———»G (;1: Control grid
3%3 (,,2.. (Sjcrecn grid
" s . K . Cathode
(/IT 2 (,2 (4

(s
Fig. 3.  Simplified circuit diagram

of the 4648 tetrode and screen
bypass capacitor.

Fig. 4. Cross sectional view
of the device for measurement
of the control grid impedance.
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In Fig. 6, the equivalent circuit of the 4648 given by Yingst et al.D is shown. The grid input
impedances calculated for this circuit (dotted line) are also shown in Fig. 5. The measured
impedances are well reproduced by the calculation. Therefore the capacitance (1200 pF) at the
input of the tuning circuit has to be replaced by the equivalent circuit. The equivalent circuit
can be approximately transformed to a circuit which consists of a transmission line and a
capacitor (see Fig. 7). The impedances calculated for this circuit are also shown in Fig. 5. The
impedances calculated for these circuits agree with each other. If the circuit shown in Fig. 7 is
installed at the input of the tuning circuit and the circuit is tuned, the input impedance becomes
equal to the resistance of the grid dummy load.

Reference

1) T.E. Yingst, D.R. Carter, J.A. Eshleman, and J.M. Pawlikowski: Proc. of the IEEE, Mar.
p.357 (1973).
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IV-13. Control System of the Linac

T. Kambara, M. Kase, and T. Kubo

The control system of the linac with an HP—1000 computer system! has been working
stably since November 1979. Major troubles of the computer system occurred three times during
the period from October 1981 to October 1982: one was due to the failure of the memory
controller and the others were due to the parity error of the memory. The time spent for the
recovery was one day for the former case and a few hours for the latter cases which caused little
trouble on the linac operation.

The communication line between the computer and devices in the accelerator vault was
replaced from a serial data link with a twisted pair cable to HP—IB extenders (HP 37203A)
with optical fibers. It increased the data transfer rate from 180 characters/sec to 40 kbyte/sec
and allowed quicker response from those devices to operators’ commands. The serial link is now
available as a back-up communication line in case of break-down of the optical fiber systems. It
can also be used for a portable terminal (HP-—-3070A) with a keyboard to communicate with
the computer from places in the accelerator vault.

An HP—1IB interface card was added to the computer system, resulting in two cards. The
communication with nearby devices connected by HP—IB cables and that with distant devices
connected by the optical fiber systems were separated among the two interfaces.

The auto-tuning circuits of the radio-frequency system? were connected to the computer.
Thus the amplitude of the acceleration voltage in the cavities is controlled and monitored at
the CRT terminals on the control console. The RF signals of the cavities and the beam bunch
signals which are picked up between the cavities are sent to the control room with dedicated
coaxial cables and are displayed on an oscilloscope. Therefore the adjustment of the RF phase
has become much easier. These improvements contributed to the speed-up of the tuning of the
RF system.

The vacuum pressure values measured at the beam injection line, the cavities and the beam
switching magnet are monitored in the control room at both the control console and a monitoring
panel for the vacuum system. The meters on the monitoring panel were replaced by a 12—point
dot printing recorder to take continuous long-term records. At the same time, the values of the
vacuum pressure at the cavities are sent to the computer to give information on the condition of
the RF system. The parameters of the PIG ion source are also sent to the computer for the
monitoring and recording.

The values of the magnet currents can be recorded on a magnetic tape at any time during the
linac operation. The recorded data are used to reproduce the past setting at the start-up of the
linac and also used for later analysis of the parameters.

A block diagram of the control system in October 1982 is shown in Fig. 1.

We intend to improve the display and key-in systems on the control console by introducing
new devices like a color graphic CRT display and a touch panel. We also intend to gather, process
and display the data from beam diagnostic devices by the computer.
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IV-14. On a Possible Medium-3 RFQ Structure

M. Odera, T. Chiba, and M. Hemmi

The RFQ, or radiofrequency quadrupole structure of linac has been devised to provide
transversal focusing force as well as accelerating field at a time by controlling the radiofrequency
field. The scheme was originally proposed by V.V. Vladimirsky.? Initial trial to apply the
principle for a heavy-ion accelerator was not successful,? and received little attention until it was
rediscovered at LANL in summer of 1978 in a Russian paper written by [.M. Kapchinsky and
V.A. Teplyakov.? D.A. Swenson and his accelerator division, AT—DO of LANL, achieved rapid
progress in formulation of the method of analysis of the orbit and made the detailed model study,
culminating in realization of the acceleration of protons up to 640 keV in early spring 1980.9
The very attractive characteristics of the RFQ demonstrated are large capture efficiency of injected
beam to the acceleration regime and a very low voltage required for injection. Efficiency of more
than 90 % has been reported. The high efficiency is useful for acceleration of heavy ions since
yield of the multiply charged ions from ion source is far from being copious. Also the small
beam spill will make problem of activation less for deuteron acceleration than the usual linac
schemes. Injector voltage around 30 to 50 kV is enough for proton allowing ellimination of the
expensive and voluminous high voltage equipments.
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Fig. 1.  Sketch showing a general idea of a medium-3

Alvarez-type RFQ structure.

Although feasibility of acceleration of very heavy ions by this scheme remains still to be
demonstrated, INS, University of Tokyo, has succeeded in operation of an RFQ for Li
acceleration,” showing validity of principle of the structure. However, it is also believed to be
effective only in the low-8 region of less than a few %. The structures developed in the United
States or Germany lose power efficiency rapidly with increase of particle energy. We have tried
to find other structures effective in the higher energy region. Figure 1 shows one such structure
examined. It resembles the “drift tube structure with horn” studied by Boussard.? Unlike the
predecessor, ours has no metalic cylinder to protect ions from deceleration field. It is composed
of horizontal and vertical pairs of rods supported by separate stems. Axial distance between
stems for the different pairs is B\ and between neighboring stems of the rods in the same
azimuthal position is 2B\. Accelerating field exists around the gaps of the rods and its period is
B\, since the gaps of different pairs alternate with each other.

In order to investigate this structure, a high frequency model and a magnetic analogue model
have been fabricated as shown in Fig. 2 and Fig. 3. The high frequency model has two cells
and is being used to study effect of capacitive loading of the resonator by the quadrupolar rod
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b
Fig. 2.  Photograph of the two-cell Fig. 3. Photograph of the magnetic
high frequency model. analogue of the center region of the RFQ

for study of the three dimensional field
pattern.

configuration. Its resonant frequency was found to be 351.98 MHz and its cell length of 48.9
mm corresponds to 8 = 5.7 %, or roughly 1.5 MeV/n which can be expected for particles
accelerated by our heavy ion linac, RILAC or a low-8 RFQ structure. The magnetic analogue
model made of iron is used to measure the three dimensional field distribution in this
configuration. Near the beam axis, the pattern of the magnetic field closely reproduce that of
electric field, if permeability of the iron is sufficiently large. Result of measurement of axial field
is shown in Fig. 4. Considerable axial component exists even in the midway of distance between
the accelerating gaps. This field pattern makes transit time factor less than 0.5. The numerical
value may be improved somewhat by adjusting rod size and aperture. However, such an open
electrode structure seems not suited for getting a good acceleration efficiency. We are investigating
other characteristics of this structure and trying to find better RFQ configuration suitable to be
used in the medium-3 region.
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IV-15. Present Status of the RIKEN SSC Project

H. Kamitsubo

The RIKEN Separated Sector Cyclotron (SSC) Project started in 1980. It aims at construction of a K = 540
SSC for the purpose to extend research activities in nuclear science at the Institute of Physical and Chemical
Research. The SSC will be a post accelerator of the present variable-frequency heavy-ion linac (RILAC). In
addition to the RILAC, an AVF cyclotron will be constructed at the final stage of the project as the second
injector for the SSC.Y

The sector magnets with trim coils and their power supplies were ordered to Sumitomo Heavy Industries
Ltd. in 1981 and construction of them is now under way. Two among four sector magnets were completed in
June, 1982. After installing them at the factory, excitation characteristics and field distributions were measured.
In order to measure the field distributions correctly in the valley region between two sector magnets, alignment of
two magnets was carefully done so that their median planes exactly coincided with each other and the center radii
of the poles made a right angle to each other. Figure 1 shows a photograph of two sector magnets installed at
the factory.

| Fig. 1. Photograph of two sector magnets
installed at the factory of Sumitomo Heavy
Industries, Ltd.

The field measuring device was designed by us and was made by Sumitomo Heavy Industries, too. It is
made of aluminum and can be equipped with twenty Hall elements. The holder of the Hall elements can be moved
radially as well as azimuthally by a driving system with air pistons.z)

Results of the measurements were quite satisfactory.” Very good agreement was obtained between the
results of the measurements and the calculations with TRIM code on the excitation characteristics of the magnets.
The magnetic field of 1.55 T, which is the maximum base-field strength required for operation at the highest
magnetic rigidity, was achieved with a magnetomotive force of 1.28 X 10° AT. Distributions of the base field in
the valley and hill (gap) regions were measured at the field strength of 0.7, 1.1, 1.5, and 1.57 T. Effective field
boundaries and effective sector angles were determined from the measured field distributions as a function of
radial coordinate, R. Variation of the effective sector angles with R is small except in the region of small R.

Distributions of the field produced by the trim coils were also measured along-the center radius of the
pole. Method of the optimization of the trim coil currents were developed. Orbit calculations were made by
taking the actual field distributions into account.

Conceptual design of the RF system has been performed. Two types of the resonator cavities were
investigated from electrical and mechanical points of view and finally the resonator having a movable box as

a frequency- changing device was adopted, since total height of the system and the current density at the contact
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fingers can be reduced considerably as compared with that having a moving short. The one-fifth scale modell
resonator was made and the resonant frequency, Q-values and radial distributions of RF electric field were measured
for it. Results of the measurements were very satisfactory™ and a larger scale model will be made to get more
precise data.

The vacuum chamber of the SSC is divided into eight sections, that is, four magnet chambers, two RF
resonator chambers and two valley chambers. The reason is that the RF resonators should be withdrawn backwards
for adjustment and repair. Because of limited space in the central region of the SSC, it seems to be impossible
to apply usual vacuum sealing method. A sealing method with pneumatic expansion seals is considered to-save
space and to simplify connecting and disconnecting procedure of the RF resonators.

Three different types of one-third model of the seal were made and tested to investigate their performance.(’)
Numerical analysis of the elastic and plastic deformation of the seal using the finite element method is now in
progress. Design of the evacuation system has been performed. Total pumping speed of 16 X 10% ¢/sec is
needed to keep the vacuum in the chamber better than 1 X 1077 Torr. Cryogenic pumps as well as turbomolecular
pumps will be used. In order to save time for pumping possibility to apply the discharge cleaning technique has

been investigated.7)

Beam from the injectors is to be injected along a line tilted to the median plane of the SSC.V Design of the
beam transport line between the RILAC and the SSC and the section for beam matching to the acceptance of the
SSC was almost finished. Detailed design of the injection elements such as bending magnets, magnetic inflection
channels and electric inflection channel and also the extraction elements is in progress.

Conceptual design of the controle system has been continued. It consists of a network of several
minicomputors and CAMAC system. To decrease the number of CAMAC crates and signal cables, new CAMAC
modules named CIM (Communication Interface Module) and DIM (Device Interface Module) are being developed.
They have microprocessors inside them and are connected to CAMAC data-way. Sixteen DIMs will be connected
to one CIM through serial lines of optical fibre cables. The CIM has a random access memory to store the data
sent from the DIMs at a proper time interval.

We have a plan to optimize the operation of the SSC by using the computer. In order to realize this
successfully it is necessary to equip various types of beam diagnostic devices for measurement of current distribu-
tions, emittance and phases of the beam inside the SSC and also along the beam transport lines. Theoretical
study of adjusting and optimizing procedure is in progress. Detailed design of the beam diagnostic devices is
continued.

The beam transport lines to the experimental areas can be operated in the following modes: (1) Achromatic,
double telescopic transport to every target area, (2) double dispersive, double telescopic transport with momentum
resolution up to 25000 and (3) isochronous, non-dispersive, double telescopic transport.®) Beam dynamical
calculations were almost finished and final design of each magnet is in progress.

Basic design of the SSC building was finished last year and radiation protection problems were examined.
Construction of the building will start soon.
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IV-16. Construction of the Sector Magnets for the RIKEN SSC

S. Motonaga, H. Takebe, A. Goto, T. Wada,
Y. Oikawa, I. Takeshita, Y. Ikegami, J. Abe,*
T.Tsukumo,* H. Saito,* and T. Sato*

Fabrication of the sector magnets started in 1981 at the factory of Sumitomo Heavy Industries. The first and
the second magnets of the four sectors were completed in March and July 1982, respectively. In April we made
measurement on the basic characteristics of the magnetic fields, machining accuracies of the fabrication and other
operational properties with one sector magnet excited. Measurement of fields for use in the orbit calculations was
carried out with the two sector magnets. Results of the field measurements are presented elsewhere in this report.V

The detailed design study and technical problems on the construction are described in the previous report.?
Table 1 lists the characteristics of the sector magnet. The magnetic field of 15.8 kG was achieved with the
magneto-motive force of 1.35 X 10° ampere-turns and the effective angle of sector magnet obtained from the
measurements was found to agree with the designed value of 50° to 51°. Because the magnetic field strength and
field profile for the sector magnet depend on the quality of its material, very high homogeneously forged and
rolled steel with low carbon content was used for the poles and yokes. Table 2 tabulates the measured
characteristics of the steel used. The ratio of cross sectional area of the yoke to that of the pole base is 0.94.

Table 1. Characteristics of SSC Magnet.

Number of sector magnets 4 Maximum magnetic field 15.8 kG
Sector angle 50° Maximum magnetomotive force 1.38 X 105 A+T
Gap width 8 cm Maximum current 1050 A
Height of magnet 524 m Maximum power 480 kW
Total weight 2105 ton Number of trim coils 29 pairs X 4
(526 ton/one sector) Maximum current 590 A
Total trim coil power 216 kW

Table 2. Measured characteristics of the low carbon steel (weight percent).

C Si Mn p S Cu Al
J 0.01 0.001 0.08 0.013 0.002 0.01 0.018
Pole 0.01 0.001 0.09 0.011 0.003 0.01 0.036
l 0.01 0.001 0.10 0.011 0.002 0.01 0.031
[ 004 <0.01 0.31 0.14
Yoke .
1 0.04 <001 0.30 0.10

* Sumitomo Heavy Industries, Ltd.
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Table 3. Operational characteristics of the coils for sector magnet.

Supplied Power Temperature = Temperature  Resistance
current consumption of coil increase of of coil
(A) (kW) o) water ()
(&°C)
500 26.5 26 7 0.105
700 52 33 13 0.107
900 88.5 42 21 0.109
1000 112.5 48 27 0.113
1100 138 55 33 0.114

Pressure drop of the cooling water: 5 kg/cm?
Flow rate of the cooling water: 54 £/min

Specification of the power supplies of coils for SSC Magnets.

Max. Max. By pass Power

current (A) Voltage (V) current (A) (kW)
PS-1 1050 352 — 370
PS-2 1050 133 70 140

Measurement of the fabrication accuracies of the two sector magnets was done by the manufacturer. The

obtained accuracies of their fabrication and assembly are as follows:

Gap distance 0.04 mm
Sector angle 0.006 deg
Profile of pole edge 0.13 mm
Parallel setting of trim-coil assembly 1 mm

Flatness of pole face 0.02 mm

The power consumption in the main coils, the flow rate and pressure drop of cooling water, temperature
increase of the water, and resistance increase of the coils were found to be of almost the expected values in the
design. In Table 3 are listed the operational characteristics of the main coils and specifications of their power
supplies. Two types of power supplies (PS-1 and PS-2) will be used. The difference of the magnetic field between
the four sector magnets will be adjusted by a bypass control circuit equipped in the PS-2 power supply.

Fabrication and assembly of the trim coils were also successfully completed. Specifications of power
supplies for the trim coils were decided on the basis of the measured data of the trim coil fields. Four types of
power supplies (types A, B, C, D) totally having 61 control units are required to optimize the field. Total power
of all the trim coils’ power supplies is estimated 216 kw.d

Structural analysis of the sector magnet was performed with a computer code SAP-V.Y Preliminary
measurement of the vertical displacement and decrease of the gap width between the magnet poles due to magnetic
force was made at several positions along the pole’s side edge by the manufacturer.” The result is shown in
Fig. 1. Because the difference between values for the two magnets amounts to about 50 um at most, it will pose
no problem on the junction of the magnets with other parts such as the vacuum chamber or the RF resonators.
Detailed measurement of these values will be performed when the four sectors will be delivered to our institute.

It was found that the completed sector magnets have good performance in accordance with the design and

that they do not require a serious modification. The remaining two sector magnets are currently being

manufactured by SHI. The whole sector magnets will be delivered at the end of 1983. The construction of the
whole magnet system is scheduled to start at the beginning of 1984.
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IV-17. Measurement of the Magnetic Fields of the RIKEN SSC

S. Motonaga, H. Takebe, A. Goto, T. Wada, J. Fujita,
N. Nakanishi, Y. Yano, N. Kishida, I. Yokoyama,
I. Takeshita, H. Saito,* and T. Sato*

Excitation characteristics and detailed field distributions obtained with the two sector magnets,
and the magnetic fields produced by some trim coils were measured at the factory of Sumitomo
Heavy Industries (SHI) in April and August 19872.

The magnetic field of 15.5 kG, which is the maximum base field required for the RIKEN
SSC, was achieved with the magneto-motive force of 1.28 X 10 ampere turns. The excitation
characteristics of the sector magnet are shown in Fig. 1. The magnetic field of 15.8 kG was
obtained at the magneto-motive force of 1.35 X 105 Ampere turns, which is the maximum in the
design. The measured values were found to agree well with the calculation.

S0l Sector Magnet
B --—e--— Calculation
L ——o-— Calculation. 6% increase(yoke)
L —x— Measurement /
- 15.5kG _ /?/1};"
- /O’o .
15 5 —
B for’s <
—— % pd
- T / &
e J i
L 10f x
© u ‘
% L
> L
31 March 1982
5| g 1 (A} B(kG)
I 500 10.1
I 800 14.37
} 1000 1568
T/ 1100 1617
0 T R N N N | T I T S B
0 05 1.0 15

Magnetmotive force (X 10

Fig. 1.

SAT)

Excitation characteristics of the sector magnet.

Measurement of map fields for use in the orbit calculations was carried out with the two

sector magnets set perpendicular to each other. The measurement was made at base field of

7, 11, 14, 15, and 15.7 kG- over the region from 0° to 45° using the computer-controlled magnetic

field measuring system.D Typical results of the base field profile along the hill center line are

shown in Fig. 2. Figure 3 shows changes of the effective sector angles obtained by the effective

boundaries of the magnetic field with one or two magnets. The angle of effective boundary

decreases by about 1° in the injection region. This decrease is due to the shape of the sector in

* Sumitomo Heavy Industries Ltd.
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Fig. 2. Radial distributions of the Fig. 3. Change of the sector angles
magnetic field normalized to the field obtained by effective field boundaries
value at the radius of 210 cm. along the radius.

this region. These edge fields could be adjusted to correct for such a decrease in the angle of
effective boundary with iron shims or central region trim coils. At this stage, however, we
decided not to use these iron shims because it was found that the trim-coil currents required in
the central region can be kept below a reasonable value (less than about 500 Amps.) if no iron
shim are used. Trim coils’ fields were measured along the hill center line at the base fields of
7, 11, 14, 15, and 16 kG for appropriately chosen eight trim coils. Optimization of the trim
coils’ currents for the isochronous field was performed using these fields together with the
base fields.?

In order to check the accuracies of the approximations for B, By, and B, which are used in
the orbit calculation programs, we made measurement on map fields of B, By, and B, off the
median plane at the base field of 7 and 15 kG. Analysis of these data is now in progress.

The field measurement with the whole magnet system are scheduled to start in the spring of
1984 after the four sector magnets will be delivered to our institute.
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IV-18. Magnetic Field Measuring System for

the RIKEN SSC Sector Magnet

H. Takebe, I. Takeshita, J. Fujita, I. Yokoyama,
T. Wada, S. Motonaga, and T. Sato*

A pneumatically driven magnetic field measuring system was designed and constructed. It can cover the
area over 180° of the beam orbit plane in the SSC. The magnetic field of the two sector magnets, constructed
this summer, was measured by this system.l)

Field mapping area necessary for the orbit calculations has different radial range in each azimuthal zone as
seen in Fig. 1. Table 1 shows the radial range and steps in each azimuthal zone of 45° mapping area measured in

Table 1.  Step and range of measuring area of ‘MAP1’ program for an orbit calculation. (6 = 0 means
magnet centre line, 0; initial angle, R, initial radius, and R; final radius.)

Zone i ¢ 20 Step Ny R; R¢ AR Step N;
(mm)  (mm)  (mm)  (mm)

#6 0° 10° 10° 1° 11 810 3810 3000 20 151
#5 10° 18° 8° 1° 8 810 3770 2960 20 149
#4 18° 22° 4° 1° 4 770 3770 3000 20 151
#3 22° 26° 4° 25° 16 690 3690 3000 20 151
#2 26° 29° 3° 5° 6 690 3690 3000 20 151
#1 29° 45° 16° 1° 16 690 3690 3000 20 151

A -
o A

Table 2.  Actual moving time of the Hall assembly

for one step cycle.

N- Sector
) Direction Step Time
= R { 5 mm 1 sec
~ RF Resonator 20 mm 1.6 sec
0.25° 2 sec
E-Sector (Hill & Valley)
| 6 0.25° 4 sec
| (Magnet edge)
Fig. 1. Sector magnets and the area which were Lty 2.5 sec
used in the measurement in the summer of 1982 by (Hill & Valley)

‘MAP1’ program.

* Sumitomo Heavy Industries, Ltd.
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measuring system.

this summer. Hall assembly, which contains magnetic field detectors, has a radial length of 2660 mm. It has to
clear gap spacers, and injection and extraction elements. In order to get an accurate positioning of the Hall
assembly and to make tension of the rotating assembly small, three pneumatic pistons are equipped to the rotating
assembly for each direction (Fig. 2). Two pistons moving 5 mm and 20 mm in the radial direction, and the other
two for 0.25° and 1.0° in azimuth are connected in tandem, respectively. The third piston for each direction is
used for locking the assembly. Figure 3 shows the radial driving pistons in detail. Moving time of the Hall
assembly in the azimuthal direction is different at each position because of the eddy current by a fringing field.
Accordingly, in order to determine the timing for the locking piston, the actual position of the driving piston is
detected by a potentiometer in each direction. Table 2 shows the actual moving time of the assembly for one
step cycle. Two rotary encoders (COPAL: RE-20A) and up-down counters indicate the coarse position of the
Hall assembly in order to check the piston error.

The system is controlled by LSI-11 micro computer? (Fig. 4). Twenty sets of Hall probes (SBV—601—s1)
are mounted radially in line with pitch of 140 mm on the Hall assembly. Their twenty outputs and other
analog signals (current monitors etc.) are led to a relay scanner (FLUKE : 2204 A) through thirty pairs of twisted
cables (20 m long) and measured by a DVM (8502A). Sampling time of the DVM had to be longer than 250ms/
channel because of noisy environment in the big factory.* Reading error of the DVM was less than 2 uV which
corresponds to 0.6 Gauss of field. Hall control currents (200 mA) are connected in series and stabilized with an
accuracy better than 5 X 1075
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Most of programs are written in FORTRAN. The subroutines for CAMAC control and colour graphic control
are written in MACRO-assembly language. These programs are developed not only in LSI-11 but also in
FACOM M-200 large computer.



191

(a) {b)
AB= By — Bea.
H1I 4B A8
©30.0°CfF+10G H1 r-ﬁ—lOG
= 20.3°C . + _ o
+402C[ +/*//*ﬂ'%" . - A =40PPM/"C
— . ,30°C fe e ; ‘g' ¢
: T SR T G +——$20KG(NMR)
e s 0 10kG
B 20°C+ i
L —10G L 106G
H2 4106 H2 [ 106G
L /},,/i/’fj L 8 =36pPPM/°C
L a :
= ~ 9 R S VR 2 5 20kG(NMR)
0 =2 T0ke o 20kG 0 e 8
L 106G L —10G
H3 [:4* 10G + H3 r+10G
/ L B=44 pPM/°C
R )
S e M I 1 ' A S . $20kGINMR)
07— 10kG , o 20kG 0 10kG o
L —106 : L 106
Fig. 5. Fitting errors and temperature dependence of the Hall characteristics by

5th order polynomials for 30° C’s data.

Hall calibration polynomials (5th order and one temperature coefficient) were determined for 24 sets of Hall
probes previously. Figure 5 (a) shows fitting errors of calculated field in 20° C and 40° C data from the 30° C
data’s polynomials. Figure 5 (b) shows similar errors but compensated with a temperature coefficient as given
by the following equation:

Bea = (Ag + AV + AVZ+ AV3+ ALV + AV X (1 +8 x 1),

where t is the temperature, § the temperature coefficient and V the Hall output voltage. A, was small enough to
be neglected (about + 0.5G).

Figure 6 shows an example of contour lines of the magnetic field obtained from the “MAP1” data. In order
to-reduce systematic errors caused by a change of the Hall characteristics or by some unknown reasons, each
neighbouring Hall probe can measure the same point by moving the assembly 140 mm radially. Figure 7 shows
the difference between the calculated fields of the above neighbouring Hall probes at the same point, which are
obtained from the “MAPI” data. The difference, AB,, is given by

A‘Bn = Bn+1 - Bn >

where B, is the calculated field for the Hall number n. Field strength at the magnet hill is about 15.7 kG. Large
difference (2B) can be seen in the fringe field of 10 k — 13 kG, which are caused by a setting error (+ 0.2 mm) of
the probe in the azimuthal direction. These setting errors can be reduced by adjustment of the probes position,
instead of the measurement for the center of the Hall probe active area.

Small difference in a flat field of the magnet hill (about 15.7 kG) are used for actual Hall re-calibration
factors.?)

At the measurement, the magnetic field is calculated using the calibration polynomials and displayed on a
digital plotter or a colour graphic unit (OKI: IF-800). The data are recorded in an 8 inch floppy disk, and
copied to the magnetic tape to be processed in M-200 large computer.

Total measuring time for ‘MAP1’s 45° mapping area as that for the Table 1 was two hours and a half. This
measuring time will become short in the accelerator room, because of more quiet environment.
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Fig. 6. Contour lines of the magnetic field of ‘MAP1’ data.
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IV-19. Structural Analysis of Sector Magnet

by Finite Element Method

M. Deto,* M. Hara, and T. Wada

Results of two dimensional analysis have been reported in previous reports.l) D The analysis by three

dimensional code SAP—V? has been done this year. In this analysis we investigated three kinds of structure
which are the same as those of the previous reports. To this structure, two supporting feet made of soft iron are
installed under the magnet. The nodal points on the floor are fixed in x, y, and z directions. Eight node brick
and truss elements are used and total number of elements is now 2656. The magnetic and vacuum forces loaded
on the pole face elements are 9.75 kg/cm? and 1.033 kg/cm?, respectively. Figure 1 shows the subdivisions for
the three dimensional analysis.
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. l STTTTTT ST T TN
’04" O S
eSS res S g L ELNG
RNresgezse e
@””’(I’O’ i e T -
e s> L TS
NS e =iEaE
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Fig. 1. Subdivisions for Fig. 2. The calculated deformation
three dimensional analysis. of the whole magnet. The solid and broken

lines show the shapes before and after
deformation. Deformation is exaggerated.

(1) Static analysis

Figure 2 shows the calculated deformation of the whole magnet seen from y direction. Figure 3 shows the
azimuthal and radial distributions of vertical deflections of the upper and lower pole faces. It can be seen that
the deflections of the nodal points along the magnet center decrease by about 23 % for both upper and lower
poles, if small gaps of 1 mm are provided in the pole bases. From the azimuthal distributions for the upper pole,
it can be seen that the deflections decrease by about 10 ~ 64 % by the effect of small gaps, although for the

lower pole the effect is not so large.
Comparing these results with those of FEM—1II code,® it is found that the deflections are 2 times and 3

times as large as those of the two dimensional analysis for the structures without gaps and with gaps, respectively.
The maximum deformation of the supporting feet is 120 pum and the stress is much smaller than the allowed one.
The maximum compressive stress of the gap spacer is larger than that of the feet. It is 13.4 kg/mm? but still

much smaller than the allowed compressive stress (52 kg/mm?) and yield strength (21 kg/mm?) of the stainless steel.
The value 13.4 kg/mm? agrees quite well with the value 13.84 kg/mm? of FEM— 11 code.

*  Colleged of Humanities and Science, Nihon University.
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(2) Eigenvalue/eigenvector solution

In dynamic analysis, only solid type elements are used. The number of nodal points and elements are 2407
and 1656, respectively. Table 1 lists the calculated characteristic frequencies of lower 10 modes. Figure 4 shows
the oscillations of mode 1 to 3.

(3) Forced dynamic response by mode superposition

In order to investigate the strength of supporting feet, a froced dynamic response analysis was done using
mode superposition method by SAP—V code. The frequencies of lower 5 modes are used. For the input data,
used are the numerical data of earthquake in the offing of Miyagi prefecture on 12th of June in 1978 .* The
NS and EW components of the earthquake waves are forced in x and y directions, respectively. A damping factor
of 0.02 is applied for the magnet. The response histories are calculated for 25 seconds at the time step of 0.002
second. It is found that the displacement is largest at the top of magnet while the stress is largest at the
supporting feet. Table 2 shows the histories of displacement for the top of magnet, and Table 3 shows those of
stress for each supporting foot. Figure 5 shows the NS component of earthquake waves and response histories
of displacement and stress. It can be seen that the supporting feet can withstand the earthquake of this strength.
It should be noted that in this dynamic analysis the displacement and stress by static forces are not included.

Table 1. Characteristic frequencies.

Mode Frequency (Hz)
1 10.2078
2 18.3596
3 24.5187
4 523578 Table 2. Displacement maxima.
5 70.5038
6 70.9365 Mode Displacement ~ Maximum Time at
7 82.1998 No. component value (um)  max. (s)
8 110.356
9 119.129 54 X 42.640 13.96
10 144.263 54 y 55.506 14.02
Table 3. Stress maxima.
Elm. Stress Maximum Time at
No. component value (um) max. (s)
Oyx 5.289 13.96
Oyy 0.838 13.96
1318 (P 33.331 13.96
Oxy 0.029 13.98
Oy 0.367 13.98
O 9.473 13.96
Oxx 3959 13.96
Oyy 0.104 13.96
1501 0,, 2.718 13.96
Oyy 0.014 13.96
oy, 0.059 13.96
(L 1.314 13.96

* Strong Earthquake Motion Observation Center, Earthquake Research Institute of Tokyo University.
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IWV-20. Measurement of the Trim Coil Fields and Determination of

Trim Coils Power Supplies for the RIKEN SSC

A. Goto, H. Takebe, S. Motonaga, Y. Yano,
N. Nakanishi, and T. Wada

On the sector magnets of the RIKEN SSC are set 29 pairs of trim coils, the radial positions and widths
of which were designed on the basis of model measurements and field calculations.” To determine these parameters,
a computer code was used that can optimize currents of the coils with the least-squares fitting method.?

We measured last summer the field distributions of trim coils along the hill center-line of one of the two
sector magnets which had been completed by then.? The measurements were made for trim coils No. 3, No. 7,
No. 9, No. 14 — 15, No. 18 — 19 (hyphen means that these coils are connected in series), No. 22, No. 26, and
No. 28 at five base fields of 7, 11, 14, 15, and 16 kG. A current of each trim coil was set to be 150 and 300
Amps. We did not make measurements in the case of current higher than 300 Amps because of the limitation of
the capacity of the present power supply. With respect to the measuring system, see Ref. 3. Figures 1 and
2 show the magnetic field distribution of each trim coil at the base fields of 7 and 16 kG, respectively. The field
distribution presents a step-wise profile. It can be seen that the radial field distributions are flat in the case of

BASE FIED = 7 XG 50 BRSE FIELD = 16 <5

WVEEEL

o

i G = = 400

FIELD STRENGTH (GAUSS)
FIELD STRENGTH (GAUSS)
i

k \j’
Fig. 1. Magnetic field distribution of each Fig. 2. Magnetic field distribution of each
trim coil at a base field of 7 kG. Each trim trim coil at a base field of 16 kG. Each trim
coil’s current is 100 Amps. Note that the coil’s current is 100 Amps. It can be seen that
returns of trim coils from No. 1 to No. 7 are the distributions of undershoot and overshoot
wound around the nose of the pole. fields decrease radially because of saturation of
the yoke.
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Fig. 3. Variation of the undershoot field (2B, ) and Fig. 4. Variation of the field step height
overshoot field (AB,) with respect to the strength of (5B = 2B, + | 2B, 1) with respect to the
base field for the trim coils No. 3 and No. 7. Each strength of base field for the trim coils No. 3
trim coil’s current is 300 Amps. and No. 7. Each trim coil’s current is 300

Amps.
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7 kG, but that the field strengths decrease with radius in the case of 16 kG. This difference results from the
effect of finite permeability of the return yoke.” The saturation effect can also be seen in the magnitudes of the
undershoot and overshoot fields, Figure 3 shows the variation of the maxima of undershoot field (2B,) and
overshoot field (2B,) with respect to the base field for trim coils No. 3 and No. 7 whose returns are wound around
the nose of the pole. The variation of field step height (B = 2B, + | AB2|) is given in Fig. 4. Figures S and 6

show the same quantities as in Figs. 3 and 4, respectively, for trim coils whose returns are wound around the back of the

pole. Values of 2B, and 2B, change beyond the base field of about 11 kG. As can be seen especially in Fig. 5,
the larger the area of the pole surface which is surrounded by the trim coil and its return, the more drastically
they change. In all cases we have obtained a very good linearity of the field step height to the current. Further-
more, we measured trim coil fields for two cases: in one case all the trim coils were excited at 150 or 300 Amps
and in the other all trim coils except one were excited. The trim coil field distributions obtained as the differences
of these two measurements were found not to show such a large change from the before-mentioned -distributions
as was seen on the cyclotron at IUCF.%

The magnetic field distributions of coils other than the eight coils were obtained by interpolating the
measured data. We have calculated the optimal trim coils’ currents for isochronizations in cases of seventeen
typical ions using the above-mentioned program code. In Fig. 7 is shown, as an example, the comparison of the
calculated magnetic field distribution formed by the trim coils with the isochronous field for the 135 MeV/u ce*

ion.
* No.9
. o No.9
w s No.14-15
g 1008 o AB. o No.18-19 100 8 ® A & No.14-15
< & g % x — e o No.18-19
o 2 X * No.22 2
— e A x No.26 > » No.22
5 20F Te 3 501 x No.26
sa S o No.28 S 30
< o o No.28
& 0 5 10 15 <
| L L
- & S g0 s 10 15
Base Field (kG) 8 s g Base Field (kG)
AB,
Fig. 5. Variation of the undershoot field (4B,) and Fig. 6. Variation of the field step height (2B =
overshoot field (B,) with respect to the strength AB, + |4B, 1) with respect to the strength of base
of base field for the trim coils No. 9, No. 14 - 15, field for the trim coils No. 9, No. 14 - 15, No. 18- 19,
No. 18 -19, No. 22, No. 26, and No. 28. The values No. 22, No. 26, and No. 28.

change drastically beyond the base field of about 11 kG.
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Table 1. Maximum and minimum currents of each trim coil for isochronization and
resistances of the coils and cables. Coils No. 4. 5. 6, 26. 27, and 28 are

also used for harmonic fields.

Sector
Power Resislance Current S w N E
Coil No. Sup. No of coil Min.  Max. Type
p. o (m2) (A)  (A) Resistance of
coil and cables
(mf2)
1 7.8 0 0
2 7.5 0 0
3 ( 2 Q2 Cl
: 7.89 47399 155 98 aia
D3 D3 D3 D3
4 -H 2 7. 7
6 144 476 123 9.6 105 134
D3 D3 D3 D3
S H (7 : -
(744) 3 7.9 17404 126 99 108 13.7
2 D2 D2 D2
6 H (7 4 7. -82 22 .y
(74A) 8 8223155 98 107 136
Bl Bl Bl BI
=2
7 S 7.5 203 29 416
Al
8 6 94 —48 297 434
A2
7 10. 37
9 0.2 S0 0 466
B3 B3 B3 B3
10— 2 7
0-11 8 15 47 471 66.6
A4
12— .
2-13 9 14.5 29 481 63.8
14-15 10 13.9 40 504 B4 B4 B4 B4
61.4
16-17-20-21 11 124+119 9 440 A3
! : 103.0
B3 B3 B3 B3
18—-19 12 12.1 19 486 542
BS BS BS BS
22 13 6.4 22 541 34
AS
2324 14 6.7+6.6 12 515 589
B2 B2 B2 B2
25 15 6.6 9 380 32
D2 D2 D3 D3
26H (400A) 16 75 3176 3% 95 104 133
D2 D2 D3 D3
27H (400A) 17 7.5 S 176155 95 104 133
Dt DI D2 D2
28 H 18 39 O 0 455 99 g8 117
29 5.8 0 0

In Table 1 are tabulated the maximum and minimum currents for each trim coil obtained by calculations

199

for the seventeen typical ions (6.5 MeV and 9.3 MeV Protons, 9.2 MeV H}, 28 MeV *He*, 7 MeV C3*, 48 MeV

C%", 84 MeV C®*, 23 MeV Ar'!*, 152 MeV Ar'S*, 49 MeV Kr!™, 180 MeV Kr2*, 77 MeV Xe?*, 115 MeV Xe
121 MeV Pb¥", 181 MeV Pb3*, 138 MeV U*, and 200 MeV U%*). Trim coils No. 1, 2, 28, and 29 are not
used for the isochronization but for compensation of fields around the injection or extraction elements. Trim

30+

2

coils No. 4, 5, and 6 and trim coils No. 26, 27, and 28 are used for harmonic field excitations or compensation

of their undershoots in the injection and extraction region, respectively. Field deviation from the isochronous
field was found not to become larger in spite of serial connections of the coils No. 10 - 11, 12— 13, 14 — 15,

16 —17—-20—21, 18 - 19, 23 —24. Trim coils No. 8,9, 12 ~13, 16 — 17— 2021, and 23 — 24 are respectively
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connected in series through four sectors. These coils are excited with power supplies named type A. Currents of
trim coils No. 7, 10 —11, 14 — 15, 18 — 19, 22, and 25 are adjusted for each sector magnet by a bypass control
circuit ) with power supplies of type B. Each of the coils other than these is excited independently for each
sector magnet using power supplies of types C and D. Total resistance of each trim coil and its connection cables
are also listed in this table.

Voltage and current specifications of the trim coil power supplies were thus decided and are listed in
Table 2. Each of power supplies of types A, B, and D has a polarity switch. The total power of all the trim
coil power supplies is estimated to be about 216 kW.

Table 2. Voltage and current specifications and types of the trim coil power supplies. The ‘+-7 sign.
means that the power supply has a polarity switch.

Type [(Max.)  I(Max.) V(Max.) R(Coil + Cables) Sets  Total power
A (A) Pol. % (m&2) (kW)
Al 330 025 +— 143 43.4 1 4.7
A2 410 400 19.1 46.6 1 7.8
A3 490 1.0 50.5 103.0 1 247
A4 530 15.0 33.8 63.8 1 17.9
AS 560 1.0 32.6 58.2 1 18.3
Branch I(Bypass)
Bl 230 50 + - 9.6 41.6 4 +-15 1 22
B2 420 50.0 13.5 322 4 =50 1 5.7
B3 530 50.0 61.0 115.0 8 =50 1 323
B4 550 400 338 61.4 4 -40 1 18.6
BS 590 50.0 18.5 314 4 -50 1 10.9
Cl1 450 1.0 9.63 214 1 4.3
C2-1 500 1.0 49 9.8 1
C22 500 1.0 6.3 12.5 1) >
DI1-1 250 0.5 + - 2.5 9.9 1y L6
DI-2 250 05 - 38 152 1 '
D2-1 400 0.5 +— 392 9.5,9.5,88,9.8 4
D22 400 0.5 + - 4.68 10.7, 11.7 2 18.6
D23 400 0.5 + - 50 122,122,125 3
D2-4 400 0.5 + - 5.44 13.6 1
D3-1 550 0.5 +— 545 9.6,9.9 2
D3-2 550 0.5 + - 594 10.4X 2,105,108 4 l 42.7
D3-3 550 0.5 + - 7.54 12.6,12.3 6 I

13.3X 2, 134, 13.7
Total 2159 kW
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IV-21. Beam Extraction System for the RIKEN SSC (ll)

Design Calculation of Magnetic Deflection Channel

N. Kishida and Y. Yano

The beam extraction system for the RIKEN SSC was previously reported.?—3 This system consists of an
electrostatic deflection channel, two magnetic deflection channels (MDC1 and MDC2) and two uniform-field
bending magnets. Required characteristics of each element are tabulated in Ref. 1. The present report describes
the calculated results of the magnetic field distribution by the designed MDC systems.

Requirements for the magnetic channels are quite severe:

(1) MDCI and MDC2 must reduce the magnetic field of sector magnets by 0.05 T and 0.17 T, respectively,
for the case of extracting 2C6* jons at 135 MeV/u (this corresponds to the extreme case);

(2)  While reducing the field for the deflected beam, the channels must not unduly disturb the circulating
beam about 5 cm away from the deflected beam, that is, harmonic fields in this region must be small;

(3)  As for our variable energy SSC, the channels must be capable of producing a wide range of magnetic
field reduction;

(4) Because of space limitations the current density of coils is usually very high. On the other hand, from
the point of view of the cooling problems, it is required to hold the density below 50 A/mm?2.

We have three possible ways to construct the channels that satisfy the above requirements:

(1) by aseptum coil inserted in the magnet;

(2) by iron plates inserted in the pole gap of the magnet;

(3) by a combination of coils and iron plates.

A pure iron-plate channel is more attractive than a current septum channel from the economical point of view.
But it is impossible to adjust the field reduction without changing the thickness of iron plate. We cannot,
therefore, adopt this type of MDC system, so that we have studied the magnetic field distributions of the other
two channels by model calculations using the magnetostatic field calculation program TRIM.?

Design of the MDC systems was performed using the least-squares method similar to Ref. 5 in such a way
as to minimize field disturbance outside the channel and make the field distribution uniform inside under some
constrained conditions (eg. upper and lower limits of current density and series connection between some coils).
For this purpose, we developed a computer program MDCFIT which was coded using a sequential unconstrained
minimization technique. We assumed in this calculation that the finally obtained field will be produced by
superposing the magnetic field of current cells upon the magnetic field by the sector magnet (the base field).
The base field was obtained by the calculation using the sector magnet with the cross sectional form which we
require so as to reproduce the excitation curve and the radial field distribution of the 1/3 scale model magnet.
The magnetic field generated by each current cell (output field) was obtained by subtracting the base field from
the magnetic field which was calculated with a current cell inserted in a pole gap of the sector magnet.

The actual field calculation was carried out only for the case of extracting 2C°" ions at 135 MeV/u with
the base field of 1.675 T. The output field strength was found to be completely proportional to the current
value up to 2500 A. Figure 1 shows a typical example of the output field of a pair of current cell and proves
the correctness of the above statement. By means of a combination of the current cells, we compensate the
overshoot output field outside the channel as much as possible within the distance of 6 cm from the deflected
orbit (D.0.) without affecting the last accelerating orbit (L.A.O.) and not to make harmonic fields.

Figure 2 shows a cross section of designed MDC1. We placed the current cells not on the median plane
but shifted it in order to increase the field uniformity inside MDC1, so that the required current became large in
comparison with that for the configulation in which the cell installed in contact with the median plane. Figure
3 shows the field distribution near MDC1 for the best fit to optimize the field uniformity and disturbance. The
undershoot field is found to be almost zero (0.01 mT). This combination of the coil currents requires four power
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suppries, which leads to a rise in production cost. In order to avoid it, we; therefore, searched another solutions
that generate almost the same field distribution as that of the best combination using only two independent
current. Those were found to be I; =13 =471 A and I, =14= 1104 A. We will adopt the latter combination in
practical operation.

If we insert a channel with two sheets of iron plate in the pole gap of the magnet which is installed
perpendicularly to the magnet pole face in such a way that the deflected beam is surrounded by the plates on
both sides, the magnetic field inside the channel is reduced to some extent in proportion to the thickness. If the
field reduction required by MDC2 must be realized by the same cross sectional structure as MDC1, the current
density exceeds the upper limit (50 A/mm?). Consequently we decided to adopt MDC?2 that consists of current
cells and iron plates. The thickness of iron plates was selected so that the reduced field may take the value which
lies nearly at the middle of the variable range of MDC?2.

Figure 4 shows a cross section of designed MDC2. The thickness of the plate is 0.25 cm. The plate
decreases the base field by about 0.06 T inside the channel and produces an undershoot field of about 0.003 T
outside. This undershoot cancels out the overshoot field generated by the current cell in this case, so that any
compensation coil is not needed. But we adopt it to eliminate an undershoot field that may be produced in the
case of extracting other ions. The current cells were installed in contact with the median plane for the purpose
of decreasing the power consumption. Figure 5 shows the field distribution generated by MDC2 in its
neighborfood. The field inhomogeneity is a little larger than that of MDCI.

We tried to calculate the influence on phase-space ellipses for the beam caused by the field inhomogeneity
due to the MDC systems. We expanded the magnetic field inside MDC on the median plane along the central ray
as follows:

B(x) = BO){ 1 +e(Dx +e(2x?} |,
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7 ////Uooer pole // 4/ 7
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3651 370 373375 380 365 Fig. 4. Schematic drawing of MDC2.
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Table 1. Field expansion coefficient of MDC1 and MDC2.

e(1) (cm™) €12) (e ?)
MDC1 —484X107% 4.59 X 1074
MDC2 —206X%X 1074 — 126X 1072

where x denotes the horizontal displacement from the central ray and ¢(1) and €(2) denote field expansion
coefficients of quadrupole and sextupole terms, respectively. The expansion coefficients of MDC are listed on
Table 1. The increase of phase-space area after passing through the beam extraction system was calculated using
these values with the aid of a program TRANSPORT.® As the result, it was found that the area of phase-space
ellipses increased by about 20 % in both horizontal and vertical phase spaces. This comes from large value of
€(2) of MDC2. As we cannot allow it, we have now to design another type of MDC2.
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IV -22. Vacuum System of the SSC

S. Nakajima, K. Ikegami, Y. Oikawa, and 1. Takeshita

The vacuum chamber of the RIKEN SSC is divided into eight parts, namely, four magnet
chambers, two valley chambers and two RF resonators. Details of the vacuum chamber as well as
pumping system are described in a previous report.V

Recently a decision was made to adopt a new type of RF resonator with a movable box to
change the frequency? and accordingly the design of the resonator chambers was modified.

The vacuum enclosure of the RF resonator is made of stainless steel and its inner surface is
cladded by copper plate of about 7 mm in thickness. The RF resonators are anticipated to have
large gas load and cannot be evacuated by the pumps equipped at the valley chambers, because
the magnet chambers form low-conductance passages of gas between the RF resonators and the
valley vacuum chambers. It is necessary to add pumps for the RF resonators. A turbo-
molecular pump having a pumping speed of 5000 #/sec for air and cryo-genic pumps having a total
pumping speed of 30000 ¢/sec for air are mounted on the back side of each RF resonator.

A partition wall having 20 rectangular holes each of 20 mm in width and 1000 mm in height
is fixed in front of the cryo-genic pumps in order to shield them from the thermal radiation
caused by the strayed RF electric field. The partition is 30 mm in thickness, about 2700 mm in

/ %
A partition wall M
with many slits

- e
~ooo

Lo
[ —

Fig. 1.  Schematic view of the resonator enclosure.
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height, and about 1720 mm in width. It is made of stainless steel cladded by copper. The space
where the RF electric field is generated is evacuated through the rectangular holes in the partition
wall with the pumps located on the back side of the resonator.

The total height of the resonator is 2700 mm. The valley vacuum chambers were enlarged
in height from 600 mm to 900 mm. Figure 1 shows the revised RF resonator with vacuum
pumps. The moving boxes are not drawn in the figure. Figure 2 shows the plan view of the
whole vacuum chamber. Volume and surface area of the chamber are as follows:

Volume:
Magnet vacuum chambers ~ 1.8 m?
Valley vacuum chambers ~ 54
Resonator vacuum chambers ~ 22.8
Total ~ 30 m?
Surface area exposed to vacuum:
Magnet vacuum chambers ~ 80 m?
Valley vacuum chambers ~ 26
Resonator vacuum chambers ~ 236
Elastomer O rings ~ 3
Total

Resonator vacuum chamber
: Valley vacuum chamber
: Magnet vacuum chamber

> Cryo-pump
| T.M.P.: Turbo-molecular pump

Fig. 2. Plan view of the whole acceleration chamber.
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IV-23. Test of Model Pneumatic Expansion Seal

K. Tkegami, S. Nakajima, Y. Oikawa, and M. Hara

A pneumatic expansion seal is to be used between each vacuum chamber section of the SSC. Three 1/3
scale models of the seal were constructed and tested to investigate the performance. Using a finite element
method, the structural analysis of the seal was done.

In the previous test, a single O-ring of diameter 10 mm was put between two flanges, and the compression
force of about 11 kg/cm was applied to the O-ring by the pneumatic seal.") The deformation ratio of the O-ring
was 15 %. No leakage was detected in the expansion of about 20 mm. We consider that squeezing force on
O-ring of more than 10 kg/cm is needed to keep vacuum-tightness.

In order to investigate the optimum applying pressure, relation between expansion length and applied
pressure to the seal was measured. The stress of the seal was measured with a strain gauge. The gap between the
two flanges was fixed to be about 14 mm between each vacuum chamber. Pressure sensors whose thickness and
diameter are 0.6 mm and 6 mm, respectively, were put between the O-ring and the flanges. Forces squeezing
the O-ring were measured with them. Figure 1 shows the distributions of seal expansion and the squeezing force,
in the case where the width and the thickness of seal are 100 mm and 1.0 mm, respectively. When the pressure
of 1.0 kg/cm? was applied to the seal, the squeezing force at the straight section was about 10 kg/cm in the case
of A type seal (W =100, T = 1.0), and 12 kg/cm in the case of B type seal (W = 120, T = 1.0). The squeezing
force at the circular section was, in both cases, half compared with that of the straight section. Figure 2 shows the
relation between the squeezing force and applied pressure.
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A model which has different widths in straight and circular sections was constructed and tested. This seal
has improved characteristics of the expansion distribution. Figure 3 shows distribution of the expansion and
squeezing force of the improved pneumatic expansion seal.

When the pressure was applied to the seal, the seal was deformed non-elastically if the force is stronger than
the substance’s elasticity limit. Using the finite element method, the elastic and plastic analysis (EPIC) of the seal
was done two dimensionally. Figure 4 shows a quarter of the cross-section of the seal whose deformation was
calculated using the finite element method. When the pressure applied to the seal was increased gradually, only the
region A of the seal was deformed beyond the yielding point of the stainless-steel at first, and then the region B
also was deformed beyond the yielding point. A relation between the expansion of the seal and the applied
pressure was measured for a seal whose width and thickness are 100 mm and 1.0 mm, respectively. Figure 5
shows the results together with that calculated by EPIC code. The magnitude of expansion calculated by EPIC
is small compared with the measured value. The reason seems that the force generated by the applied pressure
to the seal exceeds the yielding point stress of the welding region. The detailed analysis of the seal is in progress
with the finite element method.
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IV-24. Preliminary Experiment on the Surface Cleaning of

the Vacuum Chamber for the RIKEN SSC

Y. Ishibe, H. Oyama, Y. Sakamoto, K. Ikegami,
S. Nakajima, Y. Oikawa, and S. Motonaga

The inner surface area of designed SSC vacuum chamber is approximately 350 m2. In order

to achieve the final pressure of 108Torr in the chamber without baking, the rate of desorption

2. Eliminating the contamination

from wall must be decreased to the order of 10719 Torr €/sec cm
on the surface, we can achieve the above value. The most common contaminants are hydrocarbons,
water molecules and dust.

We are studying the methods which make clean the inner surface of the large vacuum
chamber. The degree of cleanliness is evaluated by the electron spectroscopy for chemical
analysis (ESCA). Material of the samples used in this experiment was stainless-steel AISI 304. To
eliminate the gross contamination, the surfaces were pretreated by means of glass beads blast; the
size of beads was 150 mesh. After such treatment, it was attempted to clean the surface by
various cleaning methods.

The wide range energy spectrum of electron from the surface was measured by the ESCA.
Three typical cases are shown in Fig. 1. It is seen that the height of carbon peak is decreased
drastically in the cases (B) and (C) compared to that of case (A). The results obtained for
surfaces treated by various cleaning methods are arranged in order of the height of carbon peak
and are shown in Fig. 2. With the decrease in the peak height of carbon from hydrocarbons, that
of iron increased remarkably. This fact shows that the surface became clean. The height and
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shape of the carbon peak originating from hydrocarbons on the surfaces are varied by

miscellaneous cleaning methods except by immersing samples in solvent as is shown in Fig. 3.
The height and shape of peaks after synthetic detergent solution cleaning is similar to those
of supersonic cleaning. However, the sort of hydrocarbons remaining on the surface are not yet

identified.

As mentioned above, the effects of the cleaning are confirmed by the surface analysis.
However, it is recognized that cleaning agent used always remained slightly. In order to solve the

problem, we are thinking of applying composite procedures for surface cleaning.
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IV-25. Preliminary Experiment on Discharge Cleaning

of a Sector Magnet Vacuum Chamber for the SSC

K. Ikegami, S. Nakajima, Y. Oikawa, Y. Ishibe,
H. Oyama, Y. Sakamoto, and S. Motonaga

A sector magnet of the SSC has a narrow gap. The vacuum chamber inserted into the gap
has low conductance compared with pumping speed at the valley. It is difficult to obtain the
aimed pressure of 3 ~ 4 X 10~® Pa on the median plane because baking of the surfaces of the
magnet vacuum chamber is practically impossible. High speed evacuation owing to degassing by
discharge cleaning becomes attractive. Because the magnetic field is produced inside the chamber,
ECR (electron cyclotron resonance) discharge cleaning method can be applied for this purpose.
We investigated the ECR discharge cleaning by the use of a model which has the conductance of
180 ¢/sec, the surface area of 1 X 10* cm? and the pumping speed of 500 ¢/sec.

The experimental apparatus is schematically shown in Fig. 1. A vacuum chamber with 5 cm
height and 75 cm diameter made of stainless steel 304L is inserted between magnet poles the
diameter of which is 72 cm. The cross section of the magnet as well as the field distribution is
shown in Fig. 2. Microwave whose frequency and maximum power are 2.45 GHz and 800 W
(CW) respectively is supplied via helix lancher. A double probe is used to measure the electron
temperature and the ion density of plasma produced for cleaning. A quadrupole mass analyser
(QMA) is set near the pump head of a turbomolecular pump (500 #¢/sec) to observe the residual
gases, and another QMA is set after an oriffice (conductance = 0.6 ¢/sec) to allow observation of
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produced gases during discharge cleaning. Baking heaters are wound around the pumping ports to
prevent adsorption of gases produced during discharge cleaning.

The cleaning plasma was produced at a hydrogen pressure of 3.7 X 10”2 Pa. The vacuum
wall temperature increased from 25° to 80 °C during about 6.5 h. The microwave power was
typically about 600 W. The plasma was not uniform in the chamber and the spatial distribution
depended upon the pressure and the magnetic field. Nevertheless the electron temperature of
10 < Te < 20 eV and the ion density of 3 X 10° < Ni < 1 X 1019 cm~3 were measured at the
radius of 280 mm. Produced gases during cleaning were H,0, CO, CH,, and CO, for virgin surface.
Temporal variation of the total pressure and the QMA signals are shown in Fig. 3 and Fig. 4,
respectively.

The ECR discharge cleaning is accomplished by wall surface impact of hydrogen atoms and
chemical reaction between the wall surface impurities (oxygen and carbon) and hydrogen ions
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and Franck-Condom neutrals from the plasma.) We give here very rough estimation of the fluxes
by assuming that (1) ions hit the wall surfaces along the magnetic line of force (top and bottom
surface), (2) the neutrals hit uniformly all surfaces, (3) the plasma exists uniformly in the domain
r < 68/2 = 34 cm with the density and the electron temperature of 3 X 10° cm=3 and 10 eV,
respectively and (4) ions have the thermal speed (2.5 X 105 cm .sec™! for proton at 300 K). The

calculation gives

ion flux ¢, =~ 7.5 X 10! cm™2sec™!

and neutral flux by = 6 X 10 cm2.sec™? |
On the other hand the pressure increases on the average by 4p = 6.7 X 1073 Pa due to the produc-
tion of H,0 and so on. The amount Q of gas produced is given by Q = Ig Sp2p, where Sp is
the pumping speed (500 &/sec) and T is the total cleaning time (6.5 h). The value of Q obtained
is 7.8 X 10* Pa-€~ 7.2 X 1022 molecules. This means we transformed the surface impurities of
7.2 X 108 molecules/cm?, into gases, that is to say, about 103 monolayers are treated by assuming
the surface roughness factor of unity. The final pressure obtained was 1.2 X 107® Pa after
evacuating 78 h.

Model study on ECR discharge cleaning of the vacuum chamber inserted in the magnet was
carried out by using H, gas pressure of 3.7 X 1072 Pa and 2.45 GHz microwave of 600 W.
A hydrogen plasma, whose density and electron temperature were 3 X 102 < Ni< 1 X 1010 ¢cm=3
and 10 < Te < 20 eV respectively, transformed the impurities (C and O) into H,0, CO, CH,, and
CO,. About 103 monolayers near the surface were cleaned down. We obtained the final pressure
of 1.2 X107® Pa after evacuating 78 h.

Reference
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IV-26. Beam Diagnostic System for the RIKEN SSC

Y. Yano, N. Kishida, A. Goto, and N. Nakanishi

In the RIKEN accelerator complex system, a beam preaccelerated by the injector is
transported to the SSC through the injection beam transport system and then is accelerated by
the SSC. The high-energy beam extracted from the SSC is transported to an experimental setup
through the beam handling system. In such beam transportation and acceleration, parameters for
the relevant beam handling elements should be optimized on the basis of beam properties observed
at strategetic locations with various kinds of beam diagnostic apparatus. We have determined the
arrangement of these apparatus, considering necessary procedures for adjusting the beam handling
devices.

Figure 1 shows the beam diagnostic system for the SSC. With the aid of this system, each
element of the SSC is tuned up as follows: We optimize the parameters (position, current and
voltage) for the beam injection elements (BM1, MIC2, MIC1 and EIC), measuring the beam
trajectory with the slit system (SIO — SI3) as well as the main differential probes (MDP1 and
MDP2). The MDPI is equipped with the Fork probe (FK) by which beam bunch length is
measured. This type of probe has been developed at GANIL and is successfully used. From the
bunch length measured with the FK, the voltage for the buncher on the injection beam transport
line is adjusted so as to give the minimum bunch length at injection point. By means of the FK,
we can also observe the variation of bunch length of accelerated beam inside the SSC. One of the
features of our beam diagnostic system is that the emittance measuring device (EM1) is installed
at the injection point. Because the fringe magnetic field from the sector magnets (SM) exists at
this area, the emittance is calculated on the basis of the magnetic field data as well as the beam

— sE2
|

Fig. 1.  The arrangement of beam diagnostic devices in the SSC.
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current data from the EM1. It can easily be done by using the above emittance measuring device
to match the beam emittance in six-dimensional phase space with the desired one. In one of the
vacuum chambers, twenty pairs of phase probes (PP) of capacitive pickup type are arranged
radially. These probes observe the phase history of accelerated beam in a non-destructive manner.
From the measured phase history, the currents of main coils and trim coils of the sector magnets
are optimized so as to produce the isochronous magnetic field. The orbit center of acceleration
orbit is measured by three main differential probes (MDP1 — MDP3). We can obtain the two-
dimensional position of the orbit center. By observing the behavior of movenient of the orbit
center in the injection region, the voltage of the EIC and the currents of injection harmonic coils
are adjusted so that the orbit center may move to the machine center. The harmonic field is also
applied in the extraction region to increase the turn separation and accordingly improve the
extraction efficiency. The movement of the orbit center in the extraction region is observed
again by the MDP system and the currents of extraction harmonic coils are adjusted. The para-
meters for the beam extraction elements (EDC, MDC1, MDC2, EBM1, and EBM2) are optimized
in the same manner as in the injection case by measuring the beam trajectory with the slit system
(SEQO — SE4), the MDP system and the extraction radial probe (ERP).

The theoretical study of the adjusting procedures mentioned above is now in progress.
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IV-27. Model Test of 1/5 Scale Movable Box Type

RF Resonator for the RIKEN SSC

K. Ogiwara, T. Fujisawa, and Y. Oikawa

A resonator whose resonant frequency is varied from 17 to 45 MHz with the use of movable
box in the resonator is designed for the RIKEN SSC.V The transmission line approximation is
used in the calculation for the resonator shown in Fig. 1. Based on the calculation, a 1/5 model
resonator was constructed and the resonant frequencies, Q-values and radial distributions of RF
electric field at the accelerating gap were measured. The resonant frequencies and Q-values
measured are shown in Fig. 2 together with the calculated values. The resonant frequencies
measured are fairly well reproduced by the calculation. However, the measured Q-values are about
those of 0.4 times the calculated ones. The poor agreement between the measured and calculated
Q-values may be due to poor contact between the movable box and the outer wall and to the

complex structure of this resonator.
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Fig. 1.  Schematic view of the movable Fig. 2. Resonant frequencies(f) and
box type resonator. Q-values measured(o and x) and

calculated (—) by the transmission line
approximation.

Relative distributions of RF electric field along the dee edge of the model resonator were
measured by perturbation method.? The measured distributions are shown in Fig. 3, where the
dee voltages are normalized at injection radius. The strength of the field at middle radius is 75 %
of that at the injection radius for 45.9 MHz. This is not desirable for beam acceleration. In order
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gap for the 1/5 model resonator.
Solid lines show the values after
the modification.

to improve the distributions, the stem were modified as shown in Fig. 1 (hatched). The electric
field distributions are improved by the modifications as shown in Fig. 3. The dee voltages
required for beam acceleration have been calculated for several particles,? which are shown in
Fig. 4 as function of RF-frequency. The maximum output power of the amplifier for the
resonator is to be 300 kW. The dee voltages generated by the present amplifier are estimated
using the measured and calculated Q-values. The results are also shown in Fig. 4. The estimated
dee voltages are sufficient for the beam acceleration.
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IV-28. Effect of Resonance on the Beam in the RIKEN SSC

N. Nakanishi, Y. Yano, and A. Goto

Recently, measurement was carried out for magnetic fields in the system of two full-scale
sector magnets, and beam dynamical properties of the RIKEN separated sector cyclotron have
been recalculated by using the measured data. As one of properties, focusing frequencies for
typical particles and energies were examined, and it was confirmed that the results are not so
different from those which had been obtained using magnetic fields in model magnets.

According to the calculation, a 9 MeV proton beam crosses the resonance line » —2», = 0 in
a (vr, VZ) space during acceleration. The focusing frequency is shown in Fig. 1. This resonance is
known to be a quadratic non-linear coupling resonance and arises from the existance of the
second-order derivatives of the magnetic field distribution. It is seen that the beam encounters the
resonance at the betatron frequencies of v, = 1.3 and v, = 0.65 (E = 144 MeV, R =295 cm).
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; Fig. 1 Focusing frequency
[ S e e e e m
of a 9 MeV proton beam.

We have only the data of the axial component of magnetic induction B, (r, 6) on the median

plane, that is of B(r, 6, z = 0) = B.(r, 6). The field B(r, 0, z) off the median plane is obtained in a

power expansion in z using symmerty with respect to the median plane: D

B =B+ z-f

where

] __{ ?B _ _19B 12?B
or? ror r2pg2 /z=0.

From rot B = 0, radial and azimuthal components of the magnetic field are given as
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where
3 2 3 2
2 B 15 “B 15B 15°B 20°B
fy = —f2=—{ 2 + — + — }
or ar3 ror? r2ar r2ora6? 262 7 z=0
and
I { 03B . 15°B N 193B
& g 2 art a6 raraf 12003 Jz = 0.

Calculation has been done by modifying the program ACCELP.? Figures 2(a) and (b) show
the radial and axial oscillations of particles arround the central orbit during acceleration. In order
to examine the effect of the higher-order term$ on amplitudes, two particles of initial amplitude
5 mm in each direction were traced using equations without (case a) and with (case b) the higher
order terms. The accelerating voltage was assumed to be 250 kV. We could not find any
remarkable difference in amplitude between them. These initial amplitudes correspond to the
emmitances of around 30 and 20 mm -mrad. respectively, and these are probable values in practice.

Thus the influence of the resonance on amplitudes is practically negligibly small.

(a)

gzicM)
IS}
=}

5 oo OOV
S \/U\/\/\/\/\/W\M
1.0 (b)
1.0
go.o-j i j Fig. 2. Calculated oscillation patterns
around the central orbit during acceleration.
S 5 - —— — Calculation was done without (a) and
JRRELR with (b) the higher-order terms.

In order to observe clearly the effect of the higher-order terms, calculation has been done
for a beam with a large axial amplitude in the accelerating voltage of 60 kV. The axial oscillations
are shown in Fig. 3. As seen in the lower drawing in Fig. 3, it is observed that amplitude grows
up in the case b.

In order to make the resonance effect small it may be required that the injected beam is of

good quality and that the energy gain per turn is made as large as possible.
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V-29. SSC Beam Handling System

T. Inamura and N. Kishida

The revised plan view of the SSC beam handling system is shown in Fig. 1. The previously
reported design! has been modified to provide more target areas. The revised system transports
the beam from the SSC to eight main target areas. The beam reaches six target areas after passing
two standarized 90°-bending magnets, which are placed in mirror or antimirror symmetry. The
target area T, is arranged so that a crossed-beam experiment could be made using the beams from
an AVF injector cyclotron and from the SSC.

Numerical calculations of the ion optics have been carried out to second order using the
computer code “TRANSPORT”.?

The present system provides the following beam preparation modes:

(1) Achromatic, double-telescopic transport to every target area;

(2) Double-dispensive, double-telescopic transport with a momentum resolution up to 20000
in lab. 2, 3, and 6;

(3) Isochronous, nondispensive, double-telescopic transport with a time resolution less than
500 ps in lab. 4 and 6.

It should also be stated that even in mode (1) or (3) the momentum resolution becomes
about 10000. By taking into account the second-order aberration, the momentum resolution was
estimated for a beam whose maximum divergence is 2.432 mrad at the object point S _; the slit

\
%‘é AVF

from jLINAC

f <

Lab.5
-So
Qo

0Q:

®T,

it Lab.4 Lab.3 Lab.2 Lab.1

Fig. 1.  Plan view of the beam handling system
for the RIKEN SSC. S is the object point of
the system.
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width at Sy is 1.0 mm. In this connection, the first-order momentum resolution is 23000.

We assumed at the moment that the entrance and exit pole faces of the bending magnets
are flat and the fringing field boundaries are given by an unclamped Rogowski field. If the curved
pole faces are adopted, the principal second-order aberration can be minimized to result in much
higher momentum resolution.
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IV 30. Biological and Physical Irradiation Beam Channel

for the RIKEN SSC

N. Kishida, S. Kohmoto, A. Goto,
E. Takenaka,* and H. Kamitsubo

Biological and physical irradiation at the RIKEN SSC facility aims at development of heavy-ion irradiation
technique, basic study of biological effect induced by heavy-ion irradiation, and preliminary study of physical
irradiation by heavy-ions. Transportation of various kinds of heavy-ions to irradiation areas and easy adjustment
of irradiation conditions are required for the biological and physical irradiation channel.

It is desired that the irradiation spot size is continuously variable from 1 ~ 2 mm squares for a spot scanning
irradiation to 20 cm squares for an overall irradiation. It is also desired that the irradiation channel has both
horizontal and vertical irradiation beam-channels which are shielded from each other by thick concrete walls.

The biological and physical irradiation room is to be located in the eastern end of the SSC experimental
halls, and the area inside the shielding walls is 7.5 m X 22 m square (Fig. 1). Figure 2 shows a cross sectional
view of the beam transport system to each irradiation room. Figure 3 shows a plan view of radioactive
isotope (RI) beam production channel which is installed on the same level as the horizontal irradiation beam-
channel.

The beam extracted from the SSC is transported to point T so as to become an achromatic beam which is
used as an initial beam in ion-optical calculation of the irradiation beam transport system.

Biologica: and ,
physical irradiation From Heavy -lon | inac
{aboratory Nuclear structure 'aboratory  AVF cyclotron vault

)
Biological
and
physical
irradiation
laboratory

175

irradiation

Materiaig
X [aboratory

Q-

0 5m T Nuclear j RI production 2nd
Nucluar reaction lagoratory reaction | Atomic physics__ | [ mass Separation
laboratory faboratory laboratory
Fig. 1. Beam transport system and layout of experimental and irradiation areas

with the SSC. The biological and physical irradiation laboratory is located in the
target area T which is at the eastern end of the SSC experimental halls.

* Paculty of Medicine, University of Tokyo.
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Table 1. Positron emitting nucleides produced by the SSC beam.

Nucleide Reaction Half life Energy
e (¢, o) 20.34 m

N (N, ™) 9-96m Larger than
w0 (o, *0) 1235 100 MeV/u
18p (*F, %F) 109.7 m

Ne (*Ne, "Ne) 174 s

Mg (*Mg, PMg) 12.1 s

71 (*si, 7si) 4.14s Less than
30p e, 3p) 2.50m 100 MeV/u
31g s, 3) 272

In the horizontal irradiation target area the beam spot size is variable by a triple quadrupole magnet (Qyy)
from 2 mm X 2 mm to 20 cm X 20 cm. The achromatic beam is transported to the vertical irradiation room
using two bending magnets, four single quadrupole magnets and one triple quadrupole magnet. The quadrupole
magnet Qy, controls the beam size from 1 mm X 1 mm to 10 cm X 10 c¢m.

It is required to know the accurate position irradiated, especially in the case of irradiating deep internal
organs using heavy-ion beams. High energy heavy-ions induce nuclear reactions in the organs and produce
radioisotopes which emit positrons. If necessary the accurate stopping position of the radioisotopes which are
produced by the nuclear reactions can be determined by positron computed tomography (PCT). If secondly RI
beams can be utilized, those will be very valuable not only for the biological and physical irradiation but also
for the study in many other fields. For these purposes a production and transport system of RI beams is
designed.

Positron emitting nuclides with a short half-life time which can be produced by the SSC beam and used
for the irradiation are listed in Table 1.

Target for producing a secondly RI beam is installed at point T, and the slit S excludes background beams
which are dispersing by the bending magnet BE2 (Fig. 3). The primary beam passing through the target without
a nuclear reaction is introduced into a beam dump.

We will, as an example, try to estimate beam strength of ''C ions which are generated by the 2C(**C,''C)13C
reaction at an incident energy of 130 MeV/u using this system. The required RI beam transport system is such
that it will collect the ions which are emitted from the target within 5.0° + 0.5° and 0.0° + 0.5° in horizontal
and vertical directions, respectively, and + 1 % in momentum spread. The target thickness 1 g/cm2 is thus
determined: the energy loss difference between the ions in the target may not exceed the momentum
acceptance of the transport system. If C%"jons of 1 puA (one particle mircro ampare) impinge on the target
and if the differential cross section of the reaction is estimated at 454.1 mrad/sr, 4 X 107 ions of C®* will be
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Fig. 4. Ray trace of five ions with a central momentum and other five ions with

momentum larger by 4 % than the former in the RI beam transport system. Two
arrows at S denote each beam size.

obtained every second.

Traces of a single ray are shown in Fig. 4. It is found that the ions dispersed by the bending magnet BE2
can be analyzed by slit S, where the ions do not focus.

More detailed discussion of this work has been published in Ref. 1.
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IV-31. Calculation of RF Electromagnetic Field

by Finite Element Method (1II)

M. Hara, T. Wada, T. Fukasawa, and F. Kikuchi

Efforts are continued to develop computer codes to calculate electromagnetic fields in the cavities based
on finite element method. We have already developed two computer codes H2DB and HAX" which are used for
a resonator with constant cross section and for an axisymmetric resonator. We improved these and related codes.
At the same time we developed arbitrary three dimensional calculation program to solve Maxwell’s equations using
penalty method.

(1) Improvement

We have added new functions to H2DB and HAX codes. One of them is a restart function. The calculation
which is terminated by time limit can be restarted any number of times using the previous results from disk file.
We have developed a bandwidth minimization code in order to save memory size and computing time, introducing
a connection table.? Minimization procedure is useful especially for complicated shape of cavity. The code
MESH?2D is also improved in numbering the nodal points to minimize the bandwidth. It is necessary to find
boundary for field plotting and power loss calculation. We use also connection table to find it, which extremely
reduces computing time.

(2) Three dimensional calculation code (MAX3D)

In the case of a resonator with constant cross section or an axisymmetric field, many works have been done
with satisfactory results.?® But actually we have many problems that are hard to treat with two dimensional
calculations, and true three dimensional calculations are strongly required. In general three dimensional case, only
a few papers have been published.” It is no more useful to use only one unknown variable such as a scalar
potential. It is convenient to take electric field E = (E,, E,, E) as unknown variables because of the easy treatment
of boundary conditions and easy understanding of physical meaning. In this case, we must take care of the
condition div E = 0.

We deal with the time-harmonic propagation of electromagnetic waves in a vacuum of bounded space £
surrounded by perfect conductor. Eliminating H, Maxwell’s equations are written as

rot rotE — A E =0, divE = 0 (in ), (1)

where A = w?u , € and u are dielectric constant and magnetic permeability in a vacuum. Boundary conditions

are

n X E=0(onTI), 2)
where n denotes the outward normal on the boundary I'. This is an eigenvalue problem for three components
of electric field E. Restriction of div E = 0 is to be imposed in order to exclude undesired solutions. Penalty
method is a convenient way to impose such a restriction.” We take a weak formulation:

j (rotE, rotSE)dV + s I (divE, divsE)dV = 7\[ (E, §E)dV, 3)

Q Q Q

where s is a penalty parameter. Euler’s equation is obtained from Eqn. (3) as

rot rotE — s grad divE = A E . 4

In this case, div E = 0 and rot E = 0 are satisfied when A = 0. For positive A, the solutions of Eqn. (1) are
always those of Eqn. (4). Equations (4) may have other solutions than those of Eqn. (1). So far as the
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the parameter s is set to be large in some degree, such a mixture can be avoided for lower modes. Divergence-
free condition can be checked by evaluating the following equations:

$ J‘Q (divE)2dv
div = . (5)
IQ (rotE)4dV + s JQ (divE)2dV

In the present study, four noded tetrahederal elements are used and E_, E, and E, are approximated with
the first-order test functions. In order to impose boundary conditions, Euler’s angles are used, if necessary, to
determine the normal direction and to rotate the axes at each surface point. Jennings method is used to solve
the generalized eigenvalue problem Ax = A Bx for real symmetric band matrices.” First we made calculation for
a rectangular cavity resonator. Parameter s is set to 1 and the smallest five eigenvalues are calculated. In this
case, unphysical solutions are not found below the fifth mode. Next we made calculation for a cylinder cavity
and the example is shown in Fig. 1. In this case, unphysical solutions are mixed for certain region of s values.
It is found that these solutions do not satisfy the condition of div E = 0. Parameter s-dependence of eigenvalues
are shown in Fig. 2. It can be seen that the s-dependence is small for physical solutions.

Fig. 1. Calculations for 1/4 cylinder of 10 in height and 10 in radial length.
At two planes of x = 0 and y = 0, mirror symmetry boundary conditions are
imposed. Penalty parameter s is set to 1. Results are shown by contour plots
of E_, E,, and E, at z = constant planes.

(a) Schematic view of 1/4 cylindrical cavity,

(b) Contour plot for TM,,, mode.

(¢) Contour plot for TE,;, mode.

(d) Contour plot for TM,,, mode.

Furthermore, we made some calculation deforming these rectangular and cylindrical cavities slightly and
smoothly. Obtained results are consistent with the perturbation theory as far as the deformation is small. When
the deformation is large, however, the condition div E = O does not become fully satisfied because of the
roughness of mesh size and the slow convergence of solution. In the present calculation, number of the nodal
points is limited to be less than 1000 because of the memory size of the computer, which means about ten
nodes in each direction. For very complicated boundary shape, errors become large because mesh size is coarse
and therefore the condition div E = 0 is not fully satisfied. But this difficulty will be overcome with increasing

available memory size.
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IV-32. Status Report of the Prototype Baby Cyclotron

T. Karasawa, N. Hayashi,* and T. Nozaki

Early in the year, 3He*™* ions were accelerated to 13 MeV with the dee voltage below 20 kV
and the frequency of 38 MHz by second harmonic mode. We applied this experience to 3He
acceleration at the 168-type Baby Cyclotron at the Muroran Plant of JSW, which will be used for
activation analysis of semiconductors.

In this year, over three hundred cases were submitted to diagnosis by the brain imaging with
positron ECT (emission computed tomography) after respiratory injection of 11CO2 gas and/or
oral injection of C-labeled glucose produced by photo-synthesis.

Some troubles of the cyclotron happened: (1) in February, a small amount of oil for the
deflector cooling rushed out into the vacuum chamber; (2) electric insulation of the magnet coil
was damaged because of miss operation done without water cooling; (3) about 30¢ of water
leaked out into the vacuum chamber from a tube for ion source cooling in December.

ECT imaging of positron emitters utilizes the annihilation coincidence detection, the
annihilation occuring at the end of the positron range. Thus, the positron range is naturally
smaller than the spatial resolution of ECT instrument itself. The range of positrons emitted from
e, BN, 150, and '8F in Mylar and Al foils have been measured by a 2w gas flow counter
(Geiger-Miiller region). The results are shown in Fig. 1, and the 1/10 thicknesses are tabulated

with the maximum positron energies.
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Fig. 1.  Absorption curve of positron in Al.

Table 1. 1/10 thickness of positrons.

Nuclide Mylar Al E (MeV)
(g/cm?) (g/em?)
e 0.120 0.131 0.97
BN 0.169 0.170 1.19
150 — 0.346 1.74
18p 0.073 0.077 0.635

* Takeda Chemical Industries, Ltd.
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Fig. 3.  Recovery yield vs. flow rate 130 production at
continuous flow.

At present, the spatial resolution of the positron ECT is about 10 mm, while the 1/10
thicknesses of positrons emitted from ''C, 13N, 150, and 18F are below 4 mm in water as shown
in the Table 1. We may conclude that the spatial resolution of the positron ECT is not degraded
by the positron range for positrons emitted from those nuclei.

The target gas of nitrogen under bombardment by deuterons is continuously swept out of the
target box and transported to diagnosis room. The flow diagram is shown in Fig. 2. Target
volume and pressure, and sweep gas flow rate affect recovery yield at the diagnosis room. An
example of the yield vs. the flow rate is shown in Fig. 3.

In Fig. 3, the yield has a maximum at the flow rate of Sy In the region of s <s_, the
yield increases exponentially with the flow rate due to the decrease of the decay in transit from
the target box to the diagnosis room. In the region of s > S, the yield decreases gradually with
the flow rate. It is caused by the shortening of irradiation time. For a closed target irradiation,
the yield C(mCi) during the time t(sec.) is expressed by the following equation,?

C=Col{ 1—exp (-A0) }, (0

where C0 (mCi/uA) is the saturation activity per beam current, [(1A) is the beam current and \ is
the decay constant. When At is small, Eqn.(1) is approximately equal to C = C,IAt.
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For a continuous flow, the equation for the recovery yield is as follows:
¢ = CoMexp(—AVa/s)/(1 + AV, Py /s), (2)

where V, is the nominal volume of the transmission tube from the target box to the diagnosis
room, s is the flow rate and Vy/s is the transit time. Vand P, are the volume and pressure of the
target box, respectively. We are going to check Eqn.(2) experimentally.

An apparatus for automatic synthesis of methionine ¢ from homocystein thiolactone and
11CH3I has been set up. A schematic diagram of its main part is shown in Fig. 4. There, Block A
is a source of distilled water and organic solvents, Block B is the portion for the introduction of
the product into a syringe through a millipore-filter, and Block C consists of a waste reservoir and
a source of reduced pressure. Beside these, a box is attached with tubes for supplying liquids
of desired temperatures and for pressure addition and evacuation.

Methionine-!!C is synthesized in Reaction Flask in Fig. 4 and separated by liquid
chromatography to give final product ready for intravenous injection. The entire process is
completed in 15 min. The yield is 80 %, when 11CH3I is introduced into the apparatus with less
than 3m¢ of an innert gas. Some efforts are needed to concentrate 11CH3I in such a small amount

of gas.
From
Mel/N, line  (To Block A}
0 High pressure HPLC column To HPLC
on ) remote valve & detector
C Activated ,
carbon trap HCI ‘a‘%hétor
0 vessel etector g From HPLC
off detector
C
Soda lime
filter Fraction
Cb receiver
on }
To exhaust
off Ql ll
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flask
. ( HPLC
(To block C) Supply  (To block C) 5> (To block B)
Fig. 4.  Automatic methylation apparatus.
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V. RADIATION MONITORING

1. Routine Monitoring of the Cyclotron

M. Koyama, K. Igarashi, I. Usuba
S. Fujita, and I. Sakamoto

Results of routine radiation monitoring carried out on the cyclotron from April 1981 to
March 1982 are described.

No remarkable change in leakage radiation and residual activities was observed during this
period. Some aspects of the leakage radiation are described in the following report.

(1) Surface and air contamination

The surface contamination has been kept below 103 uCi/cm? on the floor of cyclotron room,
the underground passage and hot laboratory, and below 107 uCi/cm? in the experimental areas and
chemical laboratories. The radioactive nuclides found by the y-ray spectrometry were 22Na, 38Co,
60Co, 9Zn, 5Se, 183Re, 1850s, and 137Cs. The contamination was wiped off twice a year, and
immediately after this decontamination, the contamination on the floor of the above places had
been reduced to a value below 10~7 uCi/cm?.

When radioactive substances were handled in the hot laboratory and chemical laboratories,
slight contamination of the air in the draft chamber was observed. The air in the draft chamber
was discharged through the exhaust, and the value of radioactivity concentration in the exit was

Table 1. Annual exposure dose received by the cyclotron workers
from April 1981 to March 1982.

Number of persons

Collective
Workers Dose 10 — 100 > 100 Total dose
undetectable (mrem) (mrem) (man-mrem)

Operators 3 5 8 180
Nuclear physicists 6 3 9 30
Accelerator physicists 15 3 18 40
Physicists in other fields 25 3 28 90
Nuclear chemists 3 6 2 11 700
Radiation chemists 2 2
Biological chemists
Health physicists 5 S
Total 67 20 2 89 1040

Average annual dose per person: 11.7 mrem
Maximum individual annual dose: 180 mrem
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below 10712 uCi/cm3. The quantity of activities on the glass fiber filter in the exhaust was
102 — 10~* uCi/100 cm?, and the radioactive nuclides were 7*Br and '!"™Sn.

(2) Drainage

The radioactive concentration of the drain water from the cyclotron building was found to
be of the order of 1077 uCi/cm3. The total quantity of activities in the aqueous effluents in this
period was about 3 uCi, and the radioactive nuclide found by the y-ray spectrometry was mainly
60Co.

(3) Personnel monitoring

The external exposure dose to personnel was measured with y-ray and neutron film badges.
The dose received during the present period by all the cyclotron workers is shown in Table 1.
The collective y-ray dose to all workers was 1040 man-mrem, while the collective dose owing to
thermal and fast neutron exposures were too small to be detected. The collective dose to the
cyclotron workers is about 55 % of the value in the preceding period.

In this period the average annual dose per person was 11.7 mrem, and the maximum
individual annual dose was 180 mrem.
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V -2. Leakage-Radiation Measurement at the Underground

Passage of the Cyclotron Building

I. Sakamoto and S. Fujita

Leakage radiation during operation of the cyclotron at the underground passage of the
cyclotron building was measured. Leakage dose received from April 1981 to March 1982 by ~-ray

and neutron film badges which were left at the underground passage, are shown in Table 1. No

machine time was allotted for deuteron acceleration in this period.

Table 1. Leakage radiation dose (in mrem) at the underground
passage of the cyclotron building from April 1981 to

March 1982.

Point of observation*

1 2
Radiation
yrays (mrem) 1340 0
Thermal neutrons (mrem) 380 0
Fast neutrons (mrem) 90 40
Total (mrem) 1810 40
* See the figure shown below.
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As to the dose values at point No. 1 measured every month, the maximum total dose of
430 mrem was observed in July. In this case, the values of gamma dose and thermal neutron
dose were 340 mrem and 90 mrem, respectively.

The fast neutron dose observed at point No. 1 in October was larger than those in other
months. The values of thermal neutron dose and fast neutron dose were 40 mrem and 70 mrem.
As a result of investigation, it was concluded that the increase of the neutron dose was mainly due
to 3He-particle activation analysis for surface oxygen on silicon, aluminum, tin and zinc in the
beam course No. 2 carried out in October. Moreover, in this month, about 2 mCi of radioisotopes
were produced by °Co(®He, n)®!Cu and ">As(«, 2n)”"Br reactions in the beam course No. 1 and
No. 2.
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V-3. Leakage X-Ray Measurement on TANDETRON

I. Usuba, Y. Sasa, M. Uda, and H. Sakairi

X-ray monitoring was carried out on TANDETRON for the acceleration of Si and Au ions.
Areal intensity distributions of leakage X-rays at 1 m above the ground were measured with an
ionization chamber survey meter for X-rays and ~y-rays (27 keV ~ 2 MeV).

(1) Acceleration of Si ions

Si ions were accelerated on the operation condition that current intensity of injected Si~ ions
is 9 uA and terminal voltage is 0.5 MV. In this case energies of accelerated SiZ*, Si3*, and Si%
ions were 2.4 MeV, 3.2 MeV, and 4.0 MeV, respectively and the currents were 2 uA, 0.8 uA., and
0.25 pA, respectively. Current of Si* ions could not be measured because of a power limit of the
analyzing magnet and those of ions with valence higher than 4 were negligibly small.

In the monitoring experiment, Si** ions were selected and transported to a thick Cu target.
The leakage of X-rays was not detected. By removing part of shielding Pb plate of thickness
2 mm, surrounding the tank of SF, gas, leakage of X-rays became slightly detectable. Results of
the intensity distribution of measured X-rays are shown in Fig. 1.

The leakage X-rays could not be detected around the target chamber.

Fig. 1. Distribution of leakage X-ray intensities
(mR/h) at I m above the ground for Si ion
acceleration (4 MeV, 0.252A).

(2) Acceleration of Au ions

Acceleration of Au ions were carried out on the condition that current intensity of injected
Au” jons is 4 puA and terminal voltage is 0.7 MV. In this operation, energies of accelerated Au3*
and Au* ions were 2.8 MeV and 3.5 MeV, respectively and the currents were 1.2 uA and 2.0 uA,
respectively. Currents of Au* and Au?* ions could not be measured and those of ions with valence
higher than 4 were negligibly small. In the monitoring measurement, Au** ions were selected and
transported to a thick brass target. The leakage of X-rays was not detected as for the Si ions. By
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removing the shielding Pb plate in the same way as for the Si ions, the intensity distribution of
leakage X-rays was measured as shown in Fig. 2.
No leakage X-rays was observed in this case too around the target chamber.

Fig. 2. Distribution of leakage X-ray intensities

(mR/h) at 1 m above the ground for Au acceleration
(3.5 MeV, 4.A).
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V -4. Radiation Levels Due to Neutrons from the Cyclotron

outside the Cyclotron Building

T. Shikata, S. Fujita, I. Kohno, H. Kamitsubo, M. Okano,
T. Nakamura, T. Kosako, A. Hara,* and S. Iwai*

Contribution of neutrons generated at the cyclotron to the environmental radiation level was
investigated in 1968, using a large BF, counter covered with 2 cm polyethylene moderator. It was
found that leakage flux from the cyclotron building gave an average increment of only several
percent of cosmic-ray level at the cyclotron monitoring post.?

Recently an experiment to study the effects of fast neutron irradiation in the plastics and
elastmers started at our laboratory and high intensity neutrons were generated for many hours
in the cyclotron vault. Taking this opportunity, distribution of leakage neutron flux or dose
rates were measured at several points around the cyclotron.

As we did not know precise neutron spectra, we measured neutrons with three kinds of
detectors having different sensitivity to high energy neutrons, to get as accurate data as possible.
A neutron rem counter, a BF3 counter (Bonner cylinder) and two helium-3 counters of different
gas pressures were used. The rem counter was calibrated in the neutron reference field at the
Electrotechnical Laboratory. A conversion factor from the counting rate (counts/sec.) to dose
rate (urem/h) was obtained as 0.21 urem/cps taking into account the energy dependence of
intensity in the neutron energy spectra. The BF, counter was used with and without the moderator.
Four polyethylene moderators of 1, 3, 6, and 10 c¢cm in thickness covered with 0.5 mm cadmium
plate were prepared for it. The helium-3 counters which were developed by M. Okano et al. were
also used with and without polyethylene moderators, the effective thickness of which was 3, 6,
and 15 cm. The bare helium-3 counter is very sensitive to thermal neutrons and its sensitivity to
the fast neutrons (for example, En > 1 MeV) is 0.1 % or less compared with that to the thermal
neutrons® so that we can assume that it detect only slow neutrons.

Fast neutrons were generated in the cyclotron vault by bombarding a thick beryllium target
with 20 MeV deuterons. The average beam current was 10 uA. Neutrons were measured at
various positions inside the campus of the institute, on the roof of the cyclotron building and in
the large experimental hall. Figure 1 shows the positions of the measurements. At the cyclotron
monitoring post (indicated as CMP in Fig. 1) neutrons were measured with all counters mentioned
above. The counting rates (cps) were tabulated in Table 1. Using conversion factor of neutron
rem counter the dose rate due to neutrons was estimated as 0.35 urem/h at the cyclotron
monitoring post. The conversion factor of the high pressure helium-3 counter with a moderator
of 15 cm thick was estimated to be 1.38 urem/cps. From the data of this counter the dose rate
was obtained as 0.33 urem/h. Dose rate due to cosmic-ray neutrons, which is estimated as about
0.16 urem/h at the ground level in Japan, is included in these data.

The dose rates at the linac monitoring posts (indicated as LMP I and LMP II in Fig. 1) were
measured with helium-3 counters and obtained as 0.23 and 0.47 urem/h, respectively. Analysis
of the data taken with other counters is in progress. From the present measurements it is

* Institute for Nuclear Study, University of Tokyo.
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Fig. 1.  Positions of the measurements.

(a) Plan of an environment around the cyclotron,

(b) Positions of measurements of the neutron dose on the roof of the
cyclotron building,

(c) Positions of measurements of the neutron dose in the experimental hall.

confirmed that the radiation levels due to neutrons from the cyclotron are less than 1 mrem/year
even if we assume the cyclotron accelerates deuterons at highest energy for three thousands hours
which corresponds to two thirds of total beam time.

In order to compare these data with calculations of sky-shine, we measured neutron fluxes
on the roof of the cyclotron building. The results are given in Table 2. Dose rates in the large

experimental hall were also measured and listed in Table 3.



Table 1. Counting rates of neutron at the cyclotron monitoring post (CMP),
linac monitoring post I (LMP I) and II (LMP II).

Counting rates (counts per second)

Counters
CMP LMP I LMP 11
Rem counter 1.67 (E —03)9
BE,  (bare) 430 (E-02)
(M-10)® 1.47 (E —02)
(M-6) 391 (E-02)
(M-3) 426 (E—02)
(M-1) 1.46 (E—02)
3Hel (bare)® 3.83 (E—-01) 4.16 (E —01) 9.4 (E-0D
(M-3) 6.5 (E—0I) 322 (E-0D
(M-6) 53 (E-01) 437 (E —01)
(M-15) 24 (E-01) 1.68 (E —01) 34 (E-01)
SH-1  (bare)® 1.15 1.22
(M-3) 1.15
(M-15) 1.27 1.2

a)
b)

(M-10) indicates that the detector is covered with a polyethylene moderator of 10 cm thick.

3He-I and ®He-II are helium-3 counters, the gas pressure of which are 9.5 atm. and

2.8 kg/cm?, respectively.

Read as 1.67 X 1073,

Table 2. Dose rates on the roof of the cyclotron building.

Measuring points?

Counting rates (cps)

Dese rates (mrem/h)

(D
(2)
(3)
4
(5)
(6)
(7
€]
)
(10)
(11)
(12)
(13}
(14)
(15)

4.92
1.53
4.6

241
2.37
3.41
3.06
6.49
2.54
1.35
2.97
8.35
7.17
342
1.73

(E-0D
(E-01)
(E -02)
(E —02)
(E-02)
(E -02)
(E—-02)

(E —-01)
(E+0D)

(E+0D)
(E-0D

(E-01)

1.0
3.2
9.7
5.7
5.0
7.2
6.4
1.37
5.3
2.8
6.2
1.76
1.5
7.2
3.6

(E-01)
(E - 02)
(E - 03)
(E -03)
(E -03)
(E -03)
(E —-03)

(E - 02)

(E -01)
(E+ 01)
(E -01)
(E-01)
(E - 02)

a)

Refer to Fig. 1(b)

241
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Table 3. Dose rates in the large experimental hall.

Measuring points?® Counting rates (cps) Dose rates (mrem/h)
e8] 1432.6 301.6
@) 118.8 25.0
3) 29.8 6.3
4) 21.0 4.4
©)) 7.0 1.5

a) Refer to Fig. 1(c)
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V -5. Radiation Shielding for the RIKEN SSC Facility

T. Shikata, T. Kosako,* S. Fujita,
S. Yamaji, and H. Kamitsubo

On the basis of the calculated results of Alsmiller et al.” and of Roussin et al.? a diagram which gives the
neutron dose rate multiplied by r? as a function of depth in the concrete shield was obtained previously.® To see
if there are any differences between the attenuation characteristics of parallel neutron beams incident on a slab?
and those of neutrons incident on a covering enclosing a point source, calculation was carried out with the ANISN
code- for the case of a spherical shell, at the center of which a monoenergetic neutron source was located. The
spherical shell has inner radius of 6 m and thickness of 3 m. Results compared with those of Roussin et al. are
shown in Fig. 1. There are no significant differences between these two calculations. Therefore, our previous
estimation® based on the results of Alsmiller et al. and of Roussin et al. can be supposed to be justified.

The thickness of walls around the target area was decided to be 2 or 3 m from the point of view of materials
costs, but this thickness is inadequate to attenuate neutron dose beneath the proposed levels® without beam
dumps. Double layer beam dumps which incorporats a combination of iron and concrete were designed, as the
use of ordinary concrete alone would result in the sacrifice of floor space.

Besides the estimation using a rough dose-geometry contours reported in a previous report,3)other calculations**

T T T T
10-4F &~~~ Roussin et al. 4
Present calculation
_1075F 4
NE
(&)
<
g Lo8- .
5
(]
= iR N 75Mev
g 4
(&)
L=
= Y ]
) 50MeV
1=
= =107 -
© (55— 60)
£ MeV
g 101k _
[}
g \, (35—40)
o 10-1E \ MeV |
'\ 25MeV
1012 \\ -
101 15Mevi (17@5,20) Fig. 1. Dose equivalent vs. depth in shield.
- 1 l |
0 1 2 3 Dashed line: slab.
Depth in the shield (m) Solid line: spherical shell.

*  University of Tokyo, Institute for Nuclear Study. (Present Address: Research Center for Nuclear Science and Technology,
University of Tokyo.)

** § Ban calculated the attenuations of neutron flux in concrete and iron slabs with the HET and the ARIES codes for
monoenergetic neutrons incident on slabs. He offered us the calculated results kindly for the sake of our shielding design for
RIKEN SSC. On the basis of this, we obtained a diagram showing the dose equivalent as a function of depth in iron and
concrete shields, for the given sourced) with their emitting angles as parameters.
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illustrate that the iron shielding of 0.8 m in thickness attenuates the neutron dose to nearly the same levels as
does the concrete shielding of 2 m in thickness for a given neutron source.” Dose attenuations for monoenergetic
neutrons in a spherical concrete beam dump, in a iron-concrete beam dump, and in a large spherical concrete shell
mentioned above were calculated also with the ANISN code. Here, the thickness of the concrete beam dump in
radial direction is 3 m, and that of iron-concrete beam dump is the sum of 0.8 m (iron) and 1 m (concrete). Both
beam dumps have, respectively, a spherical vacant space 0.1 m in radius at the center. Results of calculation are
shown in Fig. 2. This shows that the spherical concrete beam dump and the large concrete spherical shell
attenuate the neutron dose to nearly the same level at 9 m. Thus, our diagram3) mentioned at the beginning of
this report seems to be appropriate for the shielding design of both wall and beam dump.

In designing the shield for high-energy accelerators, it is necessary to consider also the skyshine effect. In the
previous report,3) Thomas’ empirical equation was applied for the designing purpose. But Thomas’ equation
cannot be relied upon at a close distance such as the border of the campus which lies along the south side of the
building for the SSC facility. Alsmiller et al.® obtained the neutron importance functions, numerically, which
may be used to estimate the dose equivalent from skyshine at radial distances of 11, 108, 495, and 1005 m for
a monoenergetic point source with energies = 400 MeV located 15 m above the ground and emitting neutrons
into the upper hemisphere. On the other hand, Nakamura and kosako® showed a simple formula correlating the
neutron dose equivalent (and/or flux) from skyshine as a function of the radial distance for the neutrons with
energies = 15 MeV emitted upwards isotropically within cones having several different apex angles from a point
on the ground. In our situation, the roof above a target area lies nearly on the same level as the ground and the
energies of neutrons passing through it will be in 175 MeV range. A simple application of Alsmiller et al.’s
method to our situation would lead to some underestimation of the dose equivalent from skyshine, because the
effects of the vertical location of the point source on the dose, especially at a close distance, are to be considered.
The energy dependence of the ratio of the dose equivalent from skyshine due to one neutron, calculated using
Nakamura and Kosako’s formula compared to that calculated by Alsmiller et al., at radial distance of 11 m, is
shown in Fig. 3. Here, as it is desirable that the shielding design should be performed somewhat with overestimation,
the emitting direction and emitting half apex angle of neutrons were selected to be 80 ~ 90° (Alsmiller et al.)
and 85° (Nakamura and Kosako), which give the largest dose equivalents at a close distance, respectively. Then, we
assume the ratio of the dose from skyshine above mentioned to be 3 for neutrons of energies > 15 MeV. Thus,

a rough correction to our results estimated using Alsmiller et al.’s importance functions for 11 m was performed
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in the following way: the dose equivalent due to the neutrons with energy bin 15 ~ 175 MeV was multiplied by
the factor 3, and this quantity was added to the dose equivalent due to neutrons of energies = 15 MeV calculated
using Nakamura and Kosako’s formula. The dose equivalents at other distances (108, 495, 1005 m) were not
corrected, because they were not necessary for our shielding design explicity. The resultant diagram is shown in

Fig. 4.

Using Fig. 2 in Ref. 3 and Fig. 4 the radiation level at any place can be estimated easily. Shielding by means
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of the concrete covering of 2 or 3 m in thickness around the target area with the typical iron-concrete beam dumps
(radial thickness in iron is 0.8 m and that in concrete is 1 ~ 2 m) will be adequate to reduce radiation intensity
beneath the allowable levels.
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