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I. PREFACE 

This report summarizes research activities at the 
RIKEN Accelerator Research Facility for the year of 
1994. The research program has been coordinated 
in the framework of the project entitled by Multi­
disciplinary Researches on Heavy Ion Science. It in­
volves a variety of research fields; nuclear physics, 
atomic physics, nuclear chemistry, radiation biology, 
condensed matter physics in terms of accelerator or 
radiation, basic studies on energy production, basic 
studies on accelerator cancer therapy, material char­
acterization, application to space science, accelerator 
engineering, laser technology and computational tech­
nology. The whole activities involve 12 laboratories in 
RIKEN and more than 400 researchers including out­
side users. 

The research activities have steadily developed 
through the year at the major accelerator, t he RIKEN 
Ring Cyclotron (RRC) , and its subordinate accelera­
tors, the energy-variable heavy ion linear accelerator 
(RILAC) and the K = 70 AVF cyclotron, which have 
altogether delivered a beam time (on the target) of 
more than 8000 hours. 

Besides, t his year should be marked as an epoch­
making year for the Facility by having achieved ap­
proval of two major proposals, construction of an up­
graded facility called the RIKEN Radioactive Beam 
Facility and setup of an internat ional collaboration 
program on spin structure funct ions. Both of the 
projects are due to be initiated in FY 1995. 

Continuous efforts have been taken to grade up the 
capabilities of the accelerators. Most importantly a 
project to drastically improve the beam intensities at 
RILAC is in progress. A set of 18 GHz ECR ion source 
and a frequency-variable RFQ is under construction 
to replace the upstream end of the accelerator. The 
completion is expected in 1995. 

The heavy ion research program at the Facility has 
enjoyed another year of continuous development. Nu­
clear physics researches have heavily focused on the 
studies on unstable nuclei, in particular in terms of ra­
dioactive beam experiments. Studies on nuclear syn­
thesis beyond the drip line and towards the super 
heavy elements have continued involving the identifi­
cation of lOHe and successful synthesis of Z = 106 iso­
topes through an incomplete fusion-like process, (40 Ar, 
axn) . Spectroscopy on extremely neutron rich nuclei 
has made a further progress: Properties of soft dipole 
excitation and other excitation modes in halo (or skin) 
nuclei have been studied with a variety of direct re­
action processes. Methods of laser spectroscopy and 
,B-r-neutron spectroscopy have been also employed for 
the study of nuclear structure. Studies have extended 

to heavier nuclei of a region around 32Mg including the 
radius measurement of a series of Na isotopes which 
were carried out at GSI. Exotic properties are antic­
ipated for reactions induced by neutron rich nuclei. 
Results have been obtained on sub-barrier fusion reac­
tions of this context. Radioactive-beam experiments 
offer unique opportunities to study reaction rates of 
astrophysical interest. Among others Coulomb disso­
ciation cross section of 8B has been successfully mea­
sured in relation to the solar neutrino problem. The 
studies on unstable nuclei heavily depend on the de­
velopment of the radioactive beams (RIB) at the Facil­
ity. Uniquely the Facility provides three different types 
of radioactive beams: Firstly intermediate-energy RIB 
by means of projectile fragmentation (PF) have been 
most frequently used, by amounting to about 40% of 
the whole RRC beam time. The second type of RIB is 
the spin-polarized beam which is also produced via PF 
process covering a wide range of nuclear species. The 
beam has been used to determine nuclear moments (g­
factor and Q) of unstable nuclei ranging over a dozen of 
isotopes including exotic nuclei such as 17B. The third 
type of RIB is the high-spin isomer beam which is pro­
duced via reverse-kinematics fusion reaction. Beams 
of heavy isomers with spins close to 30 h are obtained 
with considerable intensities. Such beams were so far 
used to study Coulomb excitation of high-spin isomeric 
states. 

In the field of nuclear physics spin-isospin response 
is another major subject , where reactions (d,2He) and 
(d,d(O+)) as well as heavy-ion exchange reactions are 
primarily concerned. A wide acceptance and high res­
olution spectrometer, SMART, of Q-Q-D-D type and 
a spin-polarized ion source for deuteron have served 
for such experiments yielding well qualified informa­
tive results. 

The heavy ion researches are extended over a vari­
ety of domains beside nuclear physics. Atomic physics 
has been pursued, enjoying an extremely wide energy 
range of heavy ions available with the ECR ion source, 
RILAC and RRC. Atomic collisions in the relativis­
tic region have been studied at RRC. The first mea­
surement has been performed of momentum distribu­
tions of relativistic electrons ejected by quasi-binary 
collisions of a target electron with a heavy projec­
tile. A new technique of cold-target recoil-ion momen­
tum spectroscopy (COLTRIMS) has been introduced 
to facilitate high-precision ( with a resolution better 
than 0.2 atomic unit) and high-efficiency spectroscopy 
on the ionization and electron transfer processes in 
ion-atom collisions. Beam foil spectroscopy of highly 
charged ions has been pushed forward to both heavier 
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elements and a new region of wave length. Nb and Zr 
ions were studied in the region of VUV while Ne ions 
were studied in the UV and visible regions. Basic in­
formation for laser and plasma applications is gained. 

In nuclear chemistry remarkable development has 
continued in application of the methodology of multi­
tracer. Multitracers have been extensively utilized in 
chemical, environmental and biolog.ical investigations. 
Twelve research items have been pursued involving a 
large number of groups from universities and other in­
stitutions. Among others a notable development has 
been attained in the study of trace elements in ani­
mal bodies. For instance behavior of more than 20 
trace elements has been clarified in rats and mice un­
der different conditions such as normal, Zn-deficient, 
and Vitamin D-excess. The data are useful not only 
for bioinorganic chemistry but also for dietetics, toxi­
cology, pharmacology and medics in general. Another 
major effort has been paid to develop the setups for 
Coulomb excitation Mossbauer spectroscopy. A test 
experiment was successfully performed at the AVF Cy­
clotron using a 40 Ar beam. 

Heavy ion beams have offered a variety of means 
for material characterization such as PIXE, Rutherford 
scattering and channeling effects. Recently a project 
on slow positron spectroscopy using short lived iso­
topes was started at the AVF cyclotron. Heavy-ion 
beams are also useful to improve the property of ma­
terial. In this context a new project on high-Tc super­
conducting materials has been started. The pinning 
effect of magnetic flux through superconducting mate­
rials caused by irradiation of high-energy heavy ions is 
under investigation. 

Irradiation effects with heavy-ion beams are studied 
in several respects. One is concerned with radiation 
biology. Effects of high LET are studied for a vari­
ety of biological samples. As a recent development it 
has been proved for the case of a tabacco plant that 
heavy ion irradiation is strikingly effective to induce 
new types of mutagenesis as compared to the other 
standard mutagen treatments. Basic studies for heavy­
ion-beam cancer therapy are continued in collaboration 
with National Institute of Radiological Science. Stud­
ies of curing probability are extensively performed with 
tumor-bearing mice. Recently an intriguing applica­
tion of radioactive beam was tested in relation to the 
cancer therapy. Use of a radioactive beam may offer a 
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possibility to gain real-time information on the range 
of the ions shooting the body, where the location of the 
stopped isotopes may be spotted by means of positron 
tomography. A simulation experiment using a radioac­
tive beam of llC was performed, demonstrating an en­
couraging perspective. 

Another important domain on irradiation effects 
concerns the space technology. High-energy heavy ions 
from RRC serve as a good simulator of cosmic rays in 
space. Thus a broad range of samples are irradiated to 
study characteristic damages, including detectors and 
biological samples. In particular studies on electronic 
devices are made in collaboration with National Space 
Development Agency of Japan. 

The Facility carries on an international research 
program on muon science in collaboration with the 
Rutherford-Appleton Laboratory. The muon beam fa­
cility at the proton synchrotron ISIS has been com­
pleted this year. It will start operation in early 1995 to 
accommodate versatile research programs using pow­
erful pulsed muon beams. 

Finally, having achieved approval of two new 
projects, the Facility is moving towards a new stage 
of global development. The project of the RIKEN Ra­
dioactive Beam Facility involves construction of super­
conducting separate-sector cyclotron with K-number 
around 2400 to work as the energy booster on top of 
the existing RRC. Beam energies of heavier elements 
are to become sufficiently high to produce PF radioac­
tive beams over a drastically wide region of unstable 
nuclei. The cyclotrons are to be accompanied with 
dual rings of synchrotron to enhance the experimental 
perspectives. We anticipate that the new Facility could 
make a central contribution to the world community of 
next generation RIB science. Most optimistically the 
Facility would be completed somewhere around 2002 
or 2003. Another project on relativistic-energy spin 
physics is formulated as the 2nd international research 
program following the muon project. It is to be carried 
out in collaboration with Brookhaven National Labo­
ratory. The program aims at investigation of spin re­
lated properties of nucleons in terms of quark-gluon 
framework by facilitating spin-polarized proton beams 
in RHIC. This implies introduction of a new domain 
of physics into the whole RHIC program as well as a 
considerable expansion of the research area covered by 
our Facility. 

Masayasu Ishihara 
Director 
RIKEN Accelerator Research Facility 
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RRC Operation 

A. Goto, M. Kase, N. Inabe, T. Kageyama, 1. Yokoyama, M. Nagase, S. Kohara, T. Nakagawa, K. Ikegami, 
O. Kamigaito, J. Fujita, H. Isshiki,* H. Akagi,* R. Ichikawa,* N. Tsukiori ,* R. Abe,* 

K. Takahashi,* T. Maie,* T. Kawama,* T. Honma,* and Y. Yano 

In this-year runs from November 1993 to October 
1994, 32 kinds of combinations of ion species and en­
ergies were used for experiments, of which 13 kinds 
were new ones. The total beam time was 199.5 days. 
The A VF -RRC operation was performed for 147 days 
(74%) and the RILAC-RRC operation for 52.5 days 
(26%). The beam time of 162 days (81%) was de­
voted to nuclear physics experiments and that of 37.5 
days (19%) to non-nuclear physics experiments. Ta­
ble 1 summarises the characteristics of the accelerated 
beams. Figure 1 shows the plots of the ions accel­
erated so far in the available region of energy-mass 
space. Stand-alone use of the AVF cyclotron has rou-

tinely been made; its total beam time was additional 
30.5 days. 

Because of the following troubles, a total of 15 days 
of the scheduled machine time had to be cancelled. As 
for the AVF cyclotron, the deflector sometimes became 
not to work due to its unendurable leak current, a part 
of the RF slide-contacts of the movable shorting plate 
was melted and burned, and the vacuum leak occurred 
from the magnetic channel due to beam hitting. The 
first two troubles were also experienced last year. As 
for the RRC, one of the connectors (made of brass) for 
cooling of the main coils was broken due to corrosion, 
and the vacuum leak occurred between the aluminum 

Table 1. RRC beams accelerated during Nov. 1993-0ct. 1994. 

Particle Charge RFF h Injector Energy Beam time 
(MHz) (MeV Inucleon) (days) 

H2 27.6 5 AVF 90t 1 

29 .0 5 AVF lOOt 0 .5 

30 . 1 5 AVF llOt 

30.45 5 AVF 113t 1 

31.2 5 AVF l20t 1.5 
32.6 5 AVF 135 3 

d 32 .6 5 AVF 135 4 .5 
pol. d 1 32.6 5 AVF 135 24 
12C 6 27 .9 5 AVF 92 7 

6 29.0 5 AVF 100 4 
6 32.6 5 AVF 135 14 

l3C 6 29.0 5 AVF lOOt 16 
14N 7 24.6 5 AVF 70 0.5 

7 32.6 5 AVF 135 6 .5 
15N 7 30 .5 5 AVF 115 11.5 
160 8 32.6 5 AVF 135 2 
180 8 29.0 5 AVF 100 22 

20Ne 10 32.6 5 AVF 135 2 
22Ne 10 30.1 5 AVF 110 12.5 
24Mg 12 29.0 5 AVF 100 5 
28Si 14 32 .6 5 AVF 135t 1 
36Ar 5 18.8 11 RILAC 7 .5t 5 
40Ar 5 18.8 11 RILAC 7.5 19.5 

6 18.6 10 RILAC 9 t 3.5 
14 32.5 9 RILAC 35t 3 .5 
17 28.1 5 AVF 95 6.5 

84Kr 13 20.0 10 RILAC 10.5 0.5 
25 32 .7 9 RILAC 36t 2.5 

136Xe 21 18.6 11 RILAC 7.4t 8 
23 18.6 10 RILAC 9 1.5 
31 28.0 9 RILAC 26 2 

170& 24 18.0 11 RILAC 7t 6.5 

Total 199.5 

t New beams 

Sumijyu Accelerator Service, Ltd. 
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Fig. 1. RRC beams accelerated during Nov. 1993- 0ct. 
1994. 

gasket and the ceramics that are used in the coaxial rf 
power feeder. 

During the period of six-weeks overhauls in sum­
mer, the following big works were done. Firstly, we 
abandoned a total of 56 connectors (using a -rings) 
that were used inside the movable boxes of the rf res­
onators of the RRC for cooling of them, and instead 
directly connected cooling pipes by welding. Owing 
to this repair , the vacuum leak in the rf resonators , 
which sometimes troubled us before, have not occurred 
since then. The preesure inside the acceleration cham­
ber is now about 10-6 Pa. Secondly, we replaced 
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one of the three mini-computers (Mitsubishi M60j500) 
used for the control of the accelerator complex by a 
new one (Mitsubishi M60j AR) , which is an upgraded 
machine of M60j500. The basic architecture of the 
control system has remained unchanged. Some com­
ponent parts of the replaced computer will be stocked 
as spares for the remaining old two computers. 

We have recently begun to make use of parasite­
mode operation. The first trial was made between 
E3 and E6 experimental rooms, where the sub ex­
periment on a counter test and the main experiment 
with RIPS were performed, respectively. Switching 
the beam delivery could be made in a second each 
time. A combination of the single-bunch selector on 
the injection beam line of the A VF cyclotron and the 
two beam detectors each using a micro-channel plate 
(MCP) , which were developed last year, has routinely 
been used both as phase monitors for stabilizing the 
magnetic fields of the two cyclotrons and as moni­
tors for single-turn extraction. A single-bunch selec­
tor functioning with a repetition rate of as high as 1 
MHz has also successfully been developed using a high­
speed semi-conductor device. We tried and succeeded 
in accelerating argon ions of lower energies in the AVF 
cyclotron (2 .75 MeV jnucleon) with the third harmonic 
acceleration mode instead of the second to meet users ' 
demand. This will enable us to cover the so far non­
available region of energy-mass space from 40 to 70 
MeV jnucleon as shown in Fig. 1, although only one 
in every three beam bunches can be accelerated by the 
RRC. The development of a high-density polarized 3He 
gas target system is also in progress . 

A new injector system of the RILAC consisting of a 
single-stage high-field 18 GHz ECR ion source and a 
variable-frequency RFQ linac is now under fabrication 
for completion by the spring of the next year. As for 
the RFQ linac, a half-scaled model for the cold test of 
the cavity was completed at the end of the last year, 
and various measurements were made on its rf char­
acteristics. The measurements showed that the model 
had good performance in accordance with the design. 
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RILAC Operation 

E. Ikezawa, M. Hemmi, T. Chiba, Y. Chiba, S. Kohara, T. Aihara,* T. Ohki,* H. Hasebe,* 
H. Yamauchi,* and Y. Miyazawa 

RILAC has been in steady operation, and has sup­
plied various kinds of ion beams for experiments. Table 
1 gives the statistics of operation from Jan. through 
Dec. 1994. Table 2 summarizes the time sharing for in­
dividual research groups. The percentage of the beam 
time for RIKEN Ring Cyclotron (RRC) was about 42% 
of the total; ions of 36 Ar, 40 Ar, 84Kr, 130Te, 136Xe, and 
170Er accelerated by RILAC were injected to RRC. 
Table 3 gives the statistics of ions used in this year. 
We began accelerating Zr12+, Pd12+, Te9+, and Ce14+ 
at frequencies of 32, 28, 18.8, and 28 MHz respec­
tively. The percentage of the beam time for metallic 
ions amounted to about 19% of the total. 

This year we had the following machine troubles. 
(1) The tetrode (RCA-4648) used in the No.5 final 
rf amplifier was replaced with a new one, because the 
emission currents from the filament have declined. The 
tube has been used for fourteen years. (2) A refrigera­
tor and coolant oil for the 8 G Hz ECR ion source were 
replaced with new ones because the plasma chamber of 

Table 1. Statistics of the operation from Jan. 1 through 
Dec. 31, 1994. 

Day % 

Beam time 167 45.8 

Frequency change II 3.0 

Overhaul and improvement 55 15.1 

Periodic inspection and repair 24 6.6 

Machine trouble 0 0.0 

Scheduled shut down 108 29.6 

Total 365 100 

Table 2. Beam time for individual research groups. 

Day % 

Atomic physics 43 25.7 

Solid-state physics 6 3.6 

Nuclear chemistry 7 4.2 

Radiation chemistry 16 9.6 

Accelerator research 25 15.0 

Beam transportation to RRC 70 41.9 

Total 167 100 

Sumijyu Accelerator Service, Ltd. 

Table 3. List of ions used in this year. 

Ion Mass Charge state Day 

He 4 7 

C 12 4 8 

N 14 3 5 

0 16 3 5 

Ne 20 3,4 8 

Ar 36 5 5 

Ar 40 5,6,8 63 

Kr 84 13 10 

Zr 90 12 4 

Zr 91 12 2 

Nb 93 12 4 

Pd 106 12 

Te 130 9 10 

Xe 136 9, 15 24 

Ce 140 14 

Er 170 11 8 

Bi 209 II, 19 2 

the ion source was not cooled very well. (3) A chamber 
for the electrostatic quadrupole lens of the ECR ion 
source had a small vacuum leak with the damage of 
diverged beams hit on it for long time. We changed 
the chamber into a spare one. 

We carried out the following machine improvements. 
(1) The power supplies for the drift tube magnets used 
in the No.6 resonator and for the quadrupole magnets 
of the beam transport line were remodeled by replacing 
the obsolete power transistors with the modern ones. 
(2) In the rf system of six resonators, a wide band 
amplifier (output power of 500 W), and both of power 
supplies of the control grid (250 V, 2.5 A) and the 
screen grid (1.5 kV, 2.2 A) for the final vacuum tube 
have been replaced with new ones, because they were 
worn out after many years operation. 

To further simplify and stabilize the operation of 
the accelerating voltage, both tuning and amplitude 
regulation circuits for each main resonator are newly 
designed and being manufactured at present. 

We have tested to obtain metallic ions by use of a 
material such as Pd, La203, Te02, and Ce02. Ion 
currents with these rods were very stable. At present 
we can supply ions oI10 gaseous and 41 solid elements. 
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A VF Cyclotron Operation 

A. Goto, T. Kageyama, M. Kase, N. Inabe, S. Kohara, M. Nagase, T. Nakagawa, K. Ikegami, O. Kamigaito, 
1. Yokoyama, J. Fujita, H. Isshiki,* H. Akagi,* R. Ichikawa,* N. Tsukiori ,* R. Abe,* 

K. Takahashi ,* T. Maie,* T . Kawama,* T. Honma,* and Y. Yano 

In this-year runs from November 1993 to October 
1994, thirty-four kinds of combinations of ion species 
and energies were used for experiments, of which thir­
teen kinds were new ones. The total beam time was 
177.5 days. The beam time for polarized deuterons 
amounted to 24 days, the longest among the acceler­
ated beams. Table 1 summarizes the characteristics of 
the accelerated beams. 

Stand-alone use of the AVF cyclotron has routinely 
been made while the RRC is operated with the RI­
LAC beam injection. The total beam time for it 
was 30.5 days, about four times that of the last year. 
Those beams were used for the production test of slow 
positrons, measurement of nuclear fusion cross sec­
tions, and radioisotope production for Mossbauer spec­
troscopy and laser nuclear spectroscopy. 

To meet users ' demand for lower energies, we tried 
and succeeded in accelerating argon ions of 2.75 
MeV /nucleon with the third acceleration mode instead 
of the second, for which the cyclotron was originally 
designed. The beam intensity was about 1eJ.LA. This 
beam was used for the experiment of M6ssbauer spec­
troscopy. We also tested to accelerate krypton ions 
with a mass-to-charge ratio of 4.2 at 4 MeV/nucleon. 
The beam intensity was as low as 10 nA, because the 
ECR ion source had an unknown trouble with respect 
to the beam intensity at that time. Taking account 
of the normal intensity of 20 J.LA from the ECR ion 
source for 84Kr20+ , however, the beam intensity from 
the cyclotron is expected to be about several hundreds 
of enA. The krypton ion is the heaviest that can be 
accelerated with the cyclotron. 

Table 1. Ions accelerated with the AVF cyclotron during Nov. 1993-0ct. 1994. 

Particle Charge RF freq. 
(MHz) 

p 

d 

pol. d 
Q: 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

19.35 
23.0 
13.8 
14.0 
14.5 
15.05 
15.23 
15.6 
15.7 
16.3 
16.3 
12.3 
16.3 
18.5 
19.0 
16.3 
15.5 

Energy Beam time 
(MeV /nucleon) (days) 

9.9* 0.5 
14.0*t 2.5 
5.0t 1 
5.2* 0.5 
5.5t 0.5 
6.0t 1 
6.1 t 1 
6.4t 1.5 
6.5*t 0.5 
7.0 3 
7.0* 6.5 
4.0* 2.5 
7.0 4.5 
9.0*t 3.5 
9.5*t 2 
7.0 24 
6.3*t 3.5 

* Served for stand-alone use of the AVF cyclotron. 
t New beams 

As a monitor for single-turn extraction, a combina­
tion of the single-bunch selector on the injection beam 
line and the beam detector with a micro-channel plate 
(MCP), which was developed last year, has routinely 
been used. This monitoring system is indispensable, in 
particular, for the acceleration of polarized deuterons. 
It has also been used as a monitor for stabilizing the 
magnetic field of the cyclotron. 

During the past one year there have still been two 
kinds of serious troubles with respect to the following 

Sumijyu Accelerator Service, Ltd . 
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Particle Charge RF freq . Energy Beam time 
(MHz) (MeV /nucleon) (days) 

12C 4 13.95 5.1 7 
4 14.5 5.5 4 
4 16.3 7.0 14 

13C 4 14.5 5.5 16 
14N 4 12 .3 4.0 0.5 

5 16.3 7.0 6.5 
15N 4 15.25 6.1 11.5 
16 0 5 16.3 7.0 2 
18 0 6 14.5 5.5 22 
2°Ne 7 16.3 7.0 2 
22Ne 7 15.05 6.0 12.5 
24Mg 7 14.5 5.5 5 
27 Al 9 16.0 6.7* 4 
28Si 9 16.3 7.0t 1 
40Ar 11 15.4 2.8*t 4.5 

11 14.05 5.2 6.5 
84Kr 11 12.3 4.0t 

Total 177.5 

cyclotron components as in the last two years: a part 
of the RF slide-contacts of the movable shorting plate 
was melted and burned twice; and the deflector be­
came not to work five times due to its unendurable 
leak current. In addition, the vacuum leak occurred 
from the magnetic channel due to beam hitting. In 
the summer-time overhaul, it was found that one of 
the bolts attaching the copper membrane to the sec­
tors, the membrane covering trim coils in rough vac­
uum, was cut off by a mechanical stress and dropped 
down on the dee electrode. 
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Tandetron Operation 

E. Vagi, T. Urai, and M. Iwaki 

The Tandetron was operated for 85 days for experi­
ments except for machine inspection, beam test, repair 
and so on in the period from Nov. 1, 1993 to Oct. 31, 
1994. 

The experimental studies on the following subjects 
were made. 

(1) Rutherford Backscattering Spectroscopy (RBS) 
(a) Behaviour of Kr atoms implanted into alu­

minium by a channelling method (Metal Physics Lab., 
at present, Muon Science Lab.). 

(b) Behaviour of Xe atoms implanted into iron 
(Metal Physics Lab. , at present, Muon Science Lab.). 

(c) RBS analysis of Tb-implanted sapphire crystals 
(Surface Characterization Centre). 

(d) Characterization of Ni films grown on MgO by 
biased dc sputter deposition (Metal Physics Lab., at 
present , Muon Science Lab.). 

(2) Nuclear Reaction Analysis (NRA) 
(a) Lattice location of hydrogen in niobium alloys by 

a channelling method (Metal Physics Lab., at present, 
Muon Science Lab.). 

(3) Particle Induced X-ray Emission (PIXE) 
(a) Application of PIXE to biomedical and mate­

rial sciences: Trace element analysis using energy­
dispersive X-ray spectrometry, and chemical state 
analysis using wave-dispersive X-ray spectrometry (In­
organic Chemical Physics Lab.). 

7 





III. RESEARCH ACTIVITIES 





1. Nuclear Physics 





RIKEN Accel. Prog. Rep. 28 (1995) 

Stochastic Variational Method for Few-Nucleon Systems 

K. Varga and Y. Suzuki 

[few-body systems, stochastic variational method.] 

The investigation of the few-nucleon systems using 
realistic nucleon-nucleon interaction, derived from two­
nucleon scattering data, is always in the centre of the 
interest as we want to know to what extent we can 
describe a nucleus as a system of interacting nucleons. 
The solution of the nuclear many-body Schrodinger­
equation, however, is always a difficult task especially 
for few-fermion systems where the collective or sta­
tistical models are not applicable. We elaborated 
a fully microscopic approach based on a variational 
method with stochastic selection!} of the important ba­
sis states. The wave function of the system is taken as 
antisymmetrized product of functions of relative mo­
tion between the nucleons. Various rearrangements are 
superposed to take into account various types of corre­
lations among the nucleons and to describe the nonuni­
form structure of the few-nucleon systems. The func­
tions of the relative motions are expanded in terms of 
nodeless harmonic oscillator functions of different size 
parameters. The matrix elements are evaluated ana­
lytically in a unified and systematic way in three steps: 
(i) Evaluating matrix elements with Gaussian pack­
ets in the single particle coordinate representation, (ii) 
Transforming to relative and center-of-mass coordinate 
representation and (iii) Transforming to nodeless har­
monic oscillator function bases with definite angular 
momenta. 

To test the accuracy of our approach we solved the 
three- and four-body Schrodinger equations using some 
simple model forces and then compared our results to 
other solutions in the literature. For this test purpose 
we useq the Malftiet-Tjon (MT), Volkov (see Fig. 1), 
and Coulomb potential. (In case of Coulomb potential 
we used electron and positron instead of proton and 
neutron.) For three-body systems with MT potential 
we got -8.257 MeV and the dimension of the basis 
was about 80. For Coulomb potential our results is 
-0.262005 a.u. on dimension of 150. Both results agree 
in all digits with the best value in the literature.!) For 
a four-nucleon system (a particle) with MT potential 
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N 

Fig. 1. Convergence of energy as a function of the number 
of basis states for a four-nucleon system with Volkov 
interaction. 

our result is -31.358 MeV (-31.357 MeV on dimen­
sion of 1000 in Ref. 2) with 250 basis states. For the 
Coulomb interaction our result (0.51597 a.u.) agrees 
up to 5 digits at dimension of 300 with results of other 
calculations. 

In summary, we tested our stochastic variational ap­
proach against the results of other few-body methods. 
Our results agree perfectly with those of other models 
even for Coulombic systems (negative positronium and 
dipositronium). Preliminary calculations show that 
this method works for five- and six-body systems as 
well. Encouraged by these results we plan to apply 
this method to few-nucleon systems with a realistic in­
teraction. 

References 
1) K. Varga, Y. Suzuki, and R. G. Lovas: Nucl. Phys., 

A571, 447 (1994). 
2) See, for example, H. Kamada and W. Gloecke: ibid., 

A548, 205 (1992), and the references therein. 
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Microscopic Multicluster Description of Light Exotic Nuclei 

K. Varga, Y. Suzuki, Y. Ogawa, and I. Tanihata 

[exotic nuclei, cluster model, stochastic variational model.] 

We have developed a microscopic multicluster model 
for the description of light neutron rich nuclei. I) In this 
model a nucleus comprises several clusters (e.g. alpha 
particle, 3H, 3He, or single nucleon clusters), and the 
intercluster wave function is taken as a superposition 
of terms belonging to different arrangements, each de­
fined by a set of Jacobi coordinates. Each term is then 
a superposition of products of nodeless harmonic os­
cillator functions (gaussians) of the individual Jacobi 
coordinates with different widths. The wave function 
constructed in this way is then considered a variational 
trial function. This wave function, however, contains 
prohibitively large number of overlapping terms (basis 
states). We use the stochastic variational method to 
select the "important" states: We select those basis 
states from a randomly chosen set, which contribute 
to the ground state energy substantially. In this way 
one can construct a flexible basis of low dimension. 

We have successfully applied this model to micro­
scopic description of 6He = a + n + nand 8He = 
a+n+n+n+n as three- and five-body systems.2) The 
ground state energies are reproduced very well. We 
have calculated the proton, neutron and matter radii 
and densities. The momentum distribution of frag­
ments arising from the two-neutron removal reactions 
is also determined. All results are in good agreement 
with experiments. 

Recently, we are studying the 9Li = a+3 H+n+n and 
the 9C = a + 3He + p + p four-cluster systems. Various 
descriptions of 11 Li assume a 9Li + n + n three-body 
model to understand the halo structure. Information, 
therefore, on the structure of 9Li is necessary to see to 
what extent we can approximate the 9Li as a passive 
core in the structure of 11 Li. The interaction cross 
section and the magnetic moment of 9C have recently 
been measured and the measurement of the quadrupole 
moment is planned in the near future. 

By describing all important subsystems of these 
four-cluster systems, such as 8Li = a + 3H + n, 8B = 

a + 3He + p, for example, we set the parameters of our 
model to independent data. The model, therefore, con­
tains no free parameters for 9Li and 9C, and reproduces 
their ground state energies and root mean square radii 
reasonably well.3) The magnetic and quadrupole mo­
ments, except for the magnetic moment of 8B and 8Li, 
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are also reproduced well. The quadrupole moments of 
9C are predicted to be - 5.04 e fm2 and -6.11 e fm2. To 
explore the possible halo structure, the nucleon density 
distributions and the one- and two-nucleon removal 
amplitudes were determined (see Fig. 1). 
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Fig. 1. Proton density distributions of 9C (short dashed 
line) and 9Li (dotted line) , and neutron density distri­
butions of 9C (long dashed line) and 9Li (solid line). 

Another application of the model is the description 
of the Be isotopes. Starting from the 8Be, which has 
a well-known a + a structure, by adding one neutron 
at a time, we study the 9Be, lOBe, 11 Be and 12Be nu­
clei. It is interesting to investigate how the density 
distribution and the structure (e.g. cluster and shell 
model configurations) of these isotopes change as we 
increase the number of neutrons. The increase of the 
available experimental information on Be isotopes in 
these years attracts considerable attention of the theo­
retical nuclear structure physicist , and make it possible 
to check the model assumptions, and the results and 
the predictions of different models. 

References 
1) K. Varga, Y. Suzuki, and R. G. Lovas: Nucl. Phys. , 

A511 , 447 (1994). 
2) K. Varga, Y. Suzuki, and Y. Ohbayashi: Phys. Rev., 

C50, 189 (1994) . 
3) K. Varga, Y. Suzuki, and 1. Tanihata: submitted to 

Phys. Rev" C. 
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Configuration of the Two-Neutron Halo of llLi 
and Gamow-Teller Transition t 

T. Suzuki and T. Otsuka 

[Neutron halo, GT /3 decay.] 

Effects of neutron halo as well as meson exchange 
currents (MEC) are studied for the Gamov-Teller (G T) 
/3 transition, 11 Li (3/2i.s,) ~11 Be (1/2-, 0.32 MeV) . 
Effects of the haloof neutron (v) Pl/2 wave function 
in 11 Li and 11 Be on one-body transition matrix ele­
ments as well as on two-body meson exchange currents 
are studied. The vPl/2 wave function is obtained in 
a Woods-Saxon well to reproduce the single-neutron 
separation energy (Sn), that is taken to be 160 keV1,2) 
in 11 Li. Calculated results are found to be insensitive 
to the variation of Sn by f'V30 ke V. The shell model 
configuration amplitudes obtained with the three sets 
of the Cohen-Kurath interactions are used. Effects of 
the halo on the one-body terms are shown in Fig. 1. 
The halo reduces the GT matrix elements by 35- 43% 
and is important to get close to the experimental log 
ft value.3-5) 

I I 

H.O.(b= 1.64fm) 
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HALO(MK) 

~ 
" .0 . (b= L ",m1 

CT--H-f HALO +d33 

..-.-r-- HALO(MK) 

I I 

6 7 

EXP. log fl 

Fig. 1. Log ft values of the GT transition. The observed 
value (log ft = 5.58 ± 0.015») is indicated by a vertical 
line with "EXP" . Symbols 0, x and 0 denote three 
sets of the Cohen-Kurat h wave functions: POT(8-16) , 
TBE(8-16) and TBE(6-16) , respectively. Results with 
p5(sd)2 configurations admixed by the Millener-Kurath 
interaction are shown by symbols ., <> and., which 
correspond to 0 , x and 0 , respectively. Lower 3 sets 
of the results in the figure include the contributions 
from the A33-isobar exchange current , while upper 3 
sets include only one-body terms. 

We now extend the shell model space to include the 
sd-shell. Allowing 2 valence particles to be excited into 
the sd-shell by the Millener-Kurath interaction results 
in the increase of log ft by 0.08- 0.12. 

Condensed from the article in Phys. Rev. , 50, 555 (1994) . 

One-pion exchange currents due to ~33-isobar ex­
citations are also included. The halo affects the two­
body terms in the GT matrix elements by 7-8%. The 
exchange currents further increase the calculated log ft 
value as shown in Fig. 1. We can conclude that the ef­
fects of the halo, the admixture of the sd-shell and the 
exchange currents are important to reduce deviations 
from the observed log ft value of the GT transition. 
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Fig. 2. Log ft values of the GT transition vs probabil­
ity of the vpi/ 2-configuration. Dotted points show the 
observed log ft value: log ft=5.58. 

Finally, we discuss the configurations of the two­
neutron halo in 11 Li. What is the probability of 
vpi/2 configuration in the halo of 11 Li? We decrease 

the probability of vpi/2 configuration by lowering the 
single-particle energies of the sd orbits . Calculated 
log ft values (see Fig. 2) increase almost linearly as 
the probability decreases down to f'V60% and cross the 
observed value at f'V65%. Thus, the GT transition is 
shown to play an indispensable role in identifying the 
structure of two-neutron halo of 11 Li. It is indicated 
that the two neutrons forming the halo consisit of the 
Pi/2 configuration with 60- 70%. 

References 
1) B. M. Young et al. : Phys. Rev. Lett., 71, 4124 (1993). 
2) T. Kobayashi et al.: KEK Report , No. 91- 22 (1991) 

(unpublished). 
3) F. Ajzenberg-Selove: Nucl. Phys., A506, 1 (1990); ibid., 

A433, 1 (1985). 
4) E . Roeckl et al.: Phys. Rev., CI0, 1181 (1974). 
5) T . Bjornstad et al.: Nucl. Phys., A359, 1 (1981). 
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Neutron Halo Effects in Direct Neutron Capture and 
Photodisintegration 

T . Otsuka, M. Ishihara, N. Fukunishi, T. Nakamura, and M. Yokoyama* 

[Neutron Halo, Direct Neutron Capture, 12C(n,,)13C.] 

The direct neutron capture associated with E1 ,­
ray emission is discussed for the capture into an s or­
bit with neutron halo. An application to the reac­
tion 12C(n,,)13C(1/2+) is presented, demonstrating a 
novel and enormous enhancement in the capture cross 
section at low energy. The neutron halo is known to 
be one of the most prominent and exotic effects seen 
in the ground states of some unstable nuclei such as 
11 Li , 11 Be, etc. It has been suggested that the neutron 
halo is not limited to exotic nuclei, and in fact can be 
seen in excited states of nuclei on or near the (3 sta­
bility line as well. For instance, the first 1/2+ state of 
13C at Ex rv 3 MeV is predicted, by the recent Vari­
ational Shell Model calculation,1) to have the neutron 
halo structure. We shall consider this 1/2+ state as 
an example, and demonstrate that the direct neutron 
capture cross section is indeed enhanced at lower en­
ergy due to the halo structure of this 1/2+ state of 13C 

where the 2S1/2 neutron orbit actually has the halo fea­
ture. The present result is in a good agreement with 

Department of Physics, University of Tokyo 
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recent experimental data obtained in Tokyo Institute 
of Technology by Nagai and his collaborators. 2) We 
would like to emphasize that the direct neutron cap­
ture provides us with a precious and probably unique 
experimental method to observe the halo structure in 
excited states (of stable nuclei). The astrophysical im­
plication of this state is quite significant for instance 
for the inhomogeneous Big Bang models. The inverse 
process, i.e., photo disintegration is discussed also for 
an example 11 Be which is known to have the neutron 
halo in its anomalous ground state. A sharp but non­
resonant peak near the threshold is obtained as an 
evidence of this neutron halo. This work has been 
published.3) 

References 
1) T. Otsuka et al.: Phys. Rev. Lett., 70, 1385 (1993). 
2) T. Ohsaki et al.: Astrophys. J., 422, 422 (1994). 
3) T . Otsuka et al.: Phys. Rev., C49, R2289 (1994). 
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Deformed Woods-Saxon Potential Approach to 
the Structure of 11 Be 

A. Muta* and T. Otsuka 

[Deformed Woods-Saxon potential, 11 Be, halo, unstable nuclei.] 

The halo structure is explained as a tunneling effect 
in a loosely bound system of single-particle potential. 
We consider the halo nucleus 11 Be, including its strong 
deformation. 

We first study the difference between the wave func­
tion in the Woods-Saxon potential and that in the 
square well potential, and find that the amplitude of 
181/2 halo structure depends strongly on potential dif­
fuseness. In other words , the amplitude of halo wave 
function in the Woods-Saxon potential is larger than 
that in the square well potential. Hence the halo struc­
ture is a phenomenon sensitive not only to the loose 
binding but also to the potential diffuseness. On the 
other hand, deformation effect on the halo amplitude 
of 181/2 is small and this effect is more prominent in 
the wave function of the inner part. We calculate (r2) 
as a function of binding energy. For stable heavy nu­
clei, of which S(n) is more than 8 MeV, (r2) is mainly 
determined inside the nucleus. On the other hand, for 
a halo orbit of unstable nuclei (r2) is influenced largely 
by the density of the outer, i.e. , tunneling part. 

Our calculation with the axially symmetric deformed 
Woods-Saxon potential reproduces 181/2 halo struc­
ture of 11 Be quite well with a reasonable spectroscopic 
factor (= 0.77)1) as shown in Fig. 12) and Fig. 2.3) Pro­
ton RMS radius, QQ , halo radius v(r 2 )halo, and S(p) 
are also reproduced well. Figure 2 shows, through the 
E1 excitation scheme, that the halo structure of 181/2 
depends on the potential diffuseness. Figure 3 exhibits 

10-1 

10-2 

10-tl 

10-8 0L-"'--...a...&-"-"""'-....J5'-'---"'--"""'--1-'O---'~ 

r (tm) 

Fig. 1. Our calculation (solid line) using 181/2 wave func­
tion reproduces experimental data (dashed line) well. 
Spectroscopic factor of S = 0.77 is taken. 1) 
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the density distribution and one can see that the den­
sity distribution is strongly deformed. Furthermore, a 
cluster structure is seen in Fig. 3. 

o~~~~~~Lil~~~~ 
o 1 2 3 4 5 

E ()leV) 

Fig. 2. dB(E1)/dE for the photodisintegration of llBe 
as a function of the excitation energy E. The solid 
(dot-dashed) line is obtained by the spherical (de­
formed) Woods-Saxon potential and is in agreement 
with experimental data. The result obtained by a 
square well potential (dashed line) does not reproduce 
the experimental data. 
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Fig. 3. Matter density contour plot of 11 Be. Cluster 
structure and super deformation are seen. 
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Beta-decay of Neutron-rich Nuclei 17B and 19C 

H. Kitagawa, A. Ozawa, and H. Sagawa 

[beta-decay, neutron-rich nuclei.] 

Recently the beta-decay of neutron-rich nuclei e 7B, 
19C , 19N) with large isospins was measured at the 
RIKEN Ring Cyclotron. 1) Nuclei of this mass region 
are theoretically interesting because the isospin sym­
metry is expected to be broken, e.g. spin-parities of the 
ground state of some of the mirror pairs are different 
each other. The purpose of this work is to specify the 
spin-parities which are unknown experimentally, and 
to investigate the configuration (especially the 81/2-
orbit in the sd-shell) of 19N through one-neutron strip­
ping reaction to IBN + n. 

The structure of the latter problem is as follows. By 
a little consideration, the ground state of 19C should 
have a positive parity. Due to the observed logft value, 
this beta decay is assumed to be allowed one, then the 
excited states of 19N are positive parity states , which 
have two holes in the p-shell. The observed negative 
parity states of IBN must have one hole or three holes 
in the p-shell. If the stripping of 19N to IBN + n is 
a single-step reaction , the I BN states concerning this 
stripping should have three holes. Then the question 
is why these observed three hole states are close to the 
ground state that should be a one-hole state. 

We calculate energy levels , logft values and branch­
ing ratios of beta-decays using the shell model with 
the Millener-Kurath interaction. The model space is 
restricted to p- and sd-shells. We consider only allowed 
Gamow-Teller type beta-decay. Spectroscopic factors 
are calculated in order to estimate the strength of the 
stripping reaction of 19N to IBN + n. Though this 
shell model interaction file is designed for the states 
with up to one hole in the p-shell, we will be able to 
modify the interaction file in the shell model by fitting 
the observed values of two and three hole states. 

We show the results of calculations in Figs. 1, 2, 
and Table 1. Energy difference between the ground 
states of 17B and 17 C is well reproduced, although the 
excited states (with a negative parity) of 17 C is not re­
produced so well. Though the calculated logft values 
are well reproduced, the branching ratios are not re­
produced. This would be because we cannot describe 
correct energy levels of the excited states with this in­
teraction file of the shell model, i.e. the model space 
is small for this kind of nuclei. The calculated values 
of logft and the branching ratios of the decay of 19C 

seem well reproduced, but the energy differences be­
tween two levels which have different parities are not 
reproduced. As the calculated values of the spectro­
scopic factors are quite small, these stripping reactions 
are almost forbidden, different from the observed ones. 
Decomposing each excited state into one and three hole 
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states , we find these states are almost one hole states. 
We need to make three hole components larger in or­
der to reproduce the observed stripping scheme. Hence 
the orbits in sd-shell should be lower and closer to the 
p-shell, breaking the isospin symmetry. 
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Fig. 1. Result of calculation for the decay of l7B. 
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Fig. 2. Result of calculation for the decay of 19C. 

Table 1. Calculated spectroscopic factors of 19N to 
IBN + n: (S~ /2)2 x 105 . 

I BN 2- 1- 3- 2-
Eex(MeV) 0.000 0.106 0.127 0.197 

19N 3/2 + (9.173) 52 94 0 33 
1/2 + (8.738) 4 32 0 4 
3/2 + (8.579) 41 11 1 13 
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Beta-decay of 17Ne and Isospin Symmetry 

H. Kitagawa, A. Ozawa, and H. Sagawa 

[beta-decay, isospin symmetry.] 

Breaking of isospin symmetry might play an impor­
tant role to understand the structure of "halo" nuclei. 
It is important to compare the mirror pairs (both the 
masses and the isospins are the same but z-components 
of the isospin are different.) in order to investigate the 
isospin symmetry breaking. Recently measured nu­
clear radii of the A = 17 isobars show asymmetry of 
the isospin in this system. Since the nuclear radii re­
flect the spatial expansion of the nucleon (it consists 
of matrix elements which contain expectation values of 
r2 .), it is rather difficult to discuss the isospin asym­
metry in a quantitative way. We can see this asymme­
try easily if we use the beta-decay strength, because it 
consists of matrix elements which contain expectation 
values of r or 1. 

The {3+ -decay of the ground state of 17Ne to the first 
excited state of 17F has been measured by Borge et al. 
Since this state of 17F is very close to the one-proton 
threshold, it is considered as a candidate of a proton­
"halo" state. With the value of beta-decay strength of 
mirror pairs, the asymmetry coefficient is defined1} as 

If the isospin symmetry is conserved, the value of 8 
must be zero. 

Borge et a1.2} listed the value of 8 for several mir­
ror pairs with their result of 17F. In most of the pairs 
the values of 8 are small positive numbers close to zero. 
This is considered as the result of the expansion of neu­
tron wave functions compared with the proton ones. 
The value of 8 of A = 17 pair is exceptionally large 
and negative. They concluded that this is due to the 
effect of the "halo"-proton of 17F. 

We investigated theoretically the {3+ -decays of 17Ne 
to both the ground and the first excited states of 17F 
by using the shell model for the configuration. The 
Skyrme Hartree-Fock wave function calculated with 
the SGn interaction is adopted for the single-particle 
wave functions. Since the ground state of 17Ne is close 
to the two-proton threshold, we considered this state 
as a two-proton "halo" state similar to the neutron 
"halo" of 11 Li. Through the beta-decay strength, it is 

possible to clarify the configuration of 17Ne. 
We calculated the (3+ -decay matrix element using 

the Gamow-Teller type operator for 17Ne(1/2-) to 
the first excited state of 17F(1/2+), and the unique 
first forbidden operator for 17Ne to the ground state of 
17F(5/2+). Main contribution of single-particle ma­
trix elements is P1/2 ---+ 81/2 for 17Ne ---+17 F(1/2+) 
and P1/2 ---+ dS/ 2 for 17Ne ---+17 F(5/2+). We assumed 
the configuration of 17F is the same as that of 170 ne­
glecting the proton- "halo" of the first excited state of 
17F. 

Table 1. Result of calculations for A = 17 system. 

17Ne config. same as 17N 81/2 only d5 / 2 only expo 
8(1/2+ ) 0.203 -0.682 > 1 -0.55(9) 
8(5/2+ ) -0.026 > 1 -0.348 not yet 
Br(5/2+) 43.4% 0 64.6% not yet 

We show the result of calculation in Table. 1. Three 
types of configurations of 17Ne are considered; the 
same configuration as that of 17N, the configuration 
restricting the sd-shell only to the 81/2-orbit or only 
to the ds/2-orbit. The latter two configurations break 
the isospin symmetry. For the beta-decay of 17Ne to 
17 F (1/2 + ), we can reproduce the observed value if we 
assume the 81/2-orbit. If we use these restrictions to 
the 81/2-orbit for the configuration of the 5/2+ state, 
the value of 8 of 17Ne to 17F(5/2+) is very large. This 
is due to a suppression of the single particle matrix 
element of P1/2 ---+ dS/ 2 ' Though this decay has not 
been measured yet, we can expect that the 81/2 level 
is lower than the dS / 2 level and the isospin symmetry is 
broken in this pair. The measurement of the (3+ -decay 
of 17N e to the ground state of 17F is desired, because 
we can verify this assumption by the observed value. 
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Giant Resonances in Nuclei with Neutron Skin 

M. Yokoyama,* T. Otsuka, H. Sagawa, and N. Fukunishi 

[Neutron-rich nuclei , giant quadrupole resonance, exotic nuclei.] 

The quadrupole, octupole, and dipole giant reso­
nances in various nuclei are investigated in terms of the 
Hartree-Fock calculations and the random-phase ap-

100 ,---,--,--- -----,---,-----,---, 

20 

lJ ~~~~~~~~~-~~~=-~ 

o 10 1·5 20 30 

E.); (j'vleV) 

Fig. 1. B(E2) of 28 0 obtained by means of the ran­
dom-phase approximation (RPA) using the Skyrme III 
interaction. The peaks in the low energy region (5-18 
MeV) are considered to be neutron-mode excitations. 
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proximation (RP A) using the Skyrme interaction con­
sistently. 

It is seen in nuclei with neutron skin l ) that the aver­
age excitation energies are lowered from the standard 
mass number dependence and that neutron-mode ex­
citations, which consist almost only of neutron contri­
butions, lie below the primary (isoscalar or isovector) 
giant resonances. The neutron-mode excitations have 
large strength comparable with the primary giant res­
onances. It is also seen that the correlation energy is 
small in the neutron-mode because the proton-neutron 
interaction does not affect so much. 

Proton-mode excitations can be seen in the proton­
rich nuclei, but they are not so remarkable as in the 
neutron-rich nuclei. 
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Transfer and Fusion Reactions of Unstable Nuclei 

K.-H. Kim,* T. Otsuka, and M. Tohyama 

[Neutron skin, fusion reaction, transfer reaction.] 

The transfer and fusion reactions are studied for re­
actions between a stable and an unstable nucleus with 
neutron skin, taking as examples the reactions 40Ca + 
16,280. The two-dimensional time-dependent Hartree­
Fock (TDHF) method is used. 1) 

Figure 1 shows the impact-parameters as functions 
of the center-of-mass energy Ee .m . , for (a) 40Ca + 160 
and (b )-( d) 40Ca + 28 0 reactions. The boundary be­
tween the fusion and other reactions is indicated by 
the solid line in (a) and (b). These boundaries are in­
dicated by the dashed-dotted lines in (c) and (d). In 
( c) and (d) , the boundary between the regions I and 
II is shown by the solid lines. The region I of (c) is 
the transfer of less than one neutron and that of (d) is 
the transfer of less than one proton. The region II is 
the transfer of more than one neutron (in the case of 
( c )) or proton (in the case of (d)), and III is the fusion 
region. All lines are drawn connecting points where 
calculations are carried out. The classical value of b is 
shown by the dashed line. 

It is shown that, in 40Ca + 28 0 reactions, the nu­
cleon transfer is enhanced enormously for both protons 
and neutrons. However, the neutron skin does not en­
hance the fusion cross section contrary to the usual 
expectation. 
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Fig. 1. Impact-parameter b as a function of E c .m . for 
(a) 16 0 + 40Ca and (b)- (d) 280 + 40Ca reactions. 
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Mass Dependent Parameter Set of the Relativistic Mean Field 
Theory for Unstable Nuclei and Nuclear Matter 

Y. Sugahara* and H. Toki 

[Relativistic Mean Field, Unstable Nuclei.] 

Recently, the unstable nuclear beam facilities are 
available in various laboratories in the world. These 
facilities push forcefully the boundaries of known nu­
clei toward the nuclear drip lines. Many interesting 
properties as neutron halo and neutron skin are found 
at the neutron drip lines and many more are being ex­
pected to be found.1,2) Such information in turn pro­
vides strong constraint on the nuclear astrophysics, in 
particular, the supernovae and neutron stars. It is then 
an interesting project for theoreticians to work out a 
theory on unstable nuclei and nuclear matter. We need 
in this case large extrapolation, which is usually very 
difficult and a careful strategy should be made to make 
the theory reliable. 

We consider "relativity" as a key word of success 
in describing the experimental data. Our strategy is 
therefore to choose the relativistic mean field (RMF) 
theory as the phenomenological theory with several pa­
rameters, which should describe unstable nuclei and 
nuclear matter. The form of the RMF theory is 
suggested by the microscopic theory, the relativis­
tic Brueckner Hartree-Fock (RBHF) theory, which is 
able to reproduce the saturation property of nuclear 
matter. 3) The parameters of RMF are then obtained 
by using the experimental data including the unstable 
nuclei. 
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Fig. 1. Binding energies of the proton magic nuclei as 
a function of the mass number. The results of TMA 
are denoted by solid curves and those of NLI by dotted 
curves and they are compared with the experimental 
values denoted by circles. 
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We tried first to get a single parameter set to de­
scribe all nuclei, but had to use two parameter sets for 
satisfactory results; TM1 for heavy nuclei (Z ~ 20) and 
TM2 for light nuclei (Z ::; 20).4) We, therefore, decide 
to include mass dependence to all the coupling con­
stants to get a parameter set for nuclei in all the mass 
region. The parameter set is called TMA. We show 
the binding energies for the proton magic nuclei as a 
function of the mass number in Fig. 1, in which the re­
sults of NL1 and the experimental data are plotted as 
comparison. We show also the proton and the neutron 
radii in Fig. 2. 
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Fig. 2. Proton and neutron radii of the proton magic 
nuclei. The notations are the same as Fig. 1. The ex­
perimental values of proton radii are denoted by circles 
and those of neutron radii by the triangles. 

We calculate then the profile of neutron star as a 
function of the central density. The critical mass of 
the neutron star is reduced to about twice the mass of 
the sun for TMA. The proton fraction is found pretty 
large even for the case of TMA, where the symmetry 
energy at the saturation density is moderate. 
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Relativistic Mean Field Theory for Unstable Nuclei and 
the Birth of Neutron Stars 

K. Sumiyoshi , D. Hirata, Y. Sugahara,* H. Suzuki, and H. Toki 

[relativistic mean field theory, unstable nuclei, neutron stars.] 

The recent advance in unstable nuclear beam exper­
iments provides us with new knowledge on unstable 
nuclei away from the stability line. 1) Such extensive 
studies on unstable nuclei have also a potential to pro­
vide us with valuable information on the dense matter 
under the extreme conditions such as a neutron rich 
environment in neutron stars. Hence, it is important 
to construct a many body framework, which is reliable 
even for unstable nuclei, and apply the same frame­
work to provide the equation of state (EOS), which is 
essential to clarify the mechanism of supernova explo­
sions and the evolution of neutron stars. 

We study the properties of unstable nuclei away 
from stability and the equation of state (EOS) for neu­
tron stars and supernovae in the relativistic mean field 
(RMF) theory.2-7) The lagrangian with the non-linear 
(7-W terms of the RMF theory5) is motivated by the re­
cent success of the relativistic Brueckner Hartree Fock 
theory. B) We use the parameter set TMI determined by 
the fitting to the experimental data of nuclei includ­
ing unstable ones. The RMF theory thus constructed 
reproduces successfully the binding energy of many nu­
clei other than used in the fitting. 2-5) 

. We show in Fig. 1 the calculated results of the root­
mean-square radii of the distribution of protons and 
neutrons of Sn isotopes in the RMF theory with TMl. 
We also show the results of the Skyrme Hartree-Fock 
calculations4) with the parameter set SIn for compar­
isons. The results of the RMF theory are in excellent 
agreement with experimental data for the radii for pro­
tons. The radii for neutrons are significantly different 
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Fig. 1. The root-mean-square radii R of Sn isotopes as 
a function of the neutron number. The experimental 
data are shown by dots. 
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between the two calculations depending on the symme­
try energy. This difference in the neutron rich region 
will be examined in more detail by future experimental 
studies. 

We then apply the EOS calculated in the same RMF 
theory6,7) to the numerical simulation of the cooling 
of a protoneutron star just born in the supernova 
explosion.9) We show in Fig. 2 the calculated time pro­
file of the mean energy of neutrinos emitted from the 
protoneutron star during the cooling. Here we com­
pare it with the case with the EOS having the reduced 
symmetry energy. 

5 10 15 20 
time [sec] 

Fig. 2. The time profiles of the mean energy of supernova 
neutrinos in the two cases with different symmetry en­
ergies. 

We found that the symmetry energy, which is essen­
tial to describe unstable nuclei, influences the thermal 
evolution of protoneutron stars and supernova neutri­
nos emitted in the supernova explosion. It would be 
interesting if we could examine the properties of su­
pernova neutrinos by comparisons with the detection 
of the neutrino burst in future supernova explosions in 
terms of the EOS constrained by the unstable nuclei. 
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Study of the Triaxial Deformation in the Relativistic 
Mean Field Theory 

D. Hirata, K. Sumiyoshi, B. V. Carlson, H. Toki, and I. Tanihata 

[Nuclear Structure, binding energy, gamma deformation, relativistic mean field theory.] 

The use of the radioative beam facilities has allowed 
us to study the nuclear structure of nuclei far from 
the stability line.1 ,2) The studies of exotic nuclei dis­
play a large diversity of phenomena which could not 
be observed in the stable ones. 3) 

The relativistic theories have been extensively ap­
plied in the last few years to nuclei and nuclear 
matter with remarkable success. The description of 
the ground state properties of the stable and un­
stable nuclei including the axial deformation, using 
the relativistic mean field theory (RMF) is extremely 
successful. 4-6) 

Recently, the RMF theory has been applied to study 
the ground state properties of unst able nuclei such 
as Sr, Xe, Cs and Ba isotopes, under the axial sym­
metry assumption.6,7) The results of the calculat ion 
were in good agreement with the experimental data 
for the neutron rich nuclei. However, in the proton 
rich side, the description was not as good and it was 
attributed to a transitional character in that region.3 ) 

The non-relativistic calculations seem able to describe 
these isotopes when the triaxial deformation assump­
tion is taken. 

Recently, the RMF theory with the axial symmetry 
assumption, has been also applied to study the ground 
state properties of very rich neutron sulfur nuclei.8) 
The results of the RMF calculation were compared 
with those obtained from the non-relativistic Hartree­
Fock (HF) with Skyrme forces. However, the HF cal­
culations were performed under the triaxial symmetry. 
It is therefore a challenge to extend the RMF theory to 
non-axially-symmetric configurations, that is the triax­
ial deformation, and to apply it to these nuclei. 

The extension of the RMF theory from the axial 
symmetry to non-axially symmetric configurations is 
rather difficult. In order to simplify the calculations, 
we expanded the meson fields and the Dirac spinors 
in deformed basis. With those expansions, the Dirac 
equations were reduced to a complex hermitian ma­
trix diagonalization problem and the meson fields to 
an inhomogeneous set of linear equations. 

Due to the size of memory and cpu limit we had 
to truncate the expansion at N = 8 major shells for 
fermions and bosons. With this procedure we had to 
restrict our calculations to light systems. 

Here, we present the results of the RMF theory with 
the triaxial symmetry for the 160, 24Mg and 46-48S us­
ing the TMI parameter set.9) We performed constraint 
calculations with the quadrupole moments in order to 
obtain the energy surface on the (f3,'"Y) plane. The de­
formation parameters f3 and '"Y were determined from 
the expectation values of the intrinsic quadrupole mo-
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ments (Qj.L) = (r2Y2j.L) , where 

f3 = 3: (1.2A' /
2)2J(QO)2 + (Q2)2 and'Y = v'2~~:~:. 

Figure 1 shows the energy surfaces of these nuclei in 
the (f3(y ) plane, where '"Y runs from 0° to 60°. The hor­
izontal axis corresponds to the prolate solution while 
'"Y = 60° corresponds to the oblate solution. 

L· L<i> 24Mg 
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• y;O' 

Mj£M~' 
. ' )'"D ' 
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Fig. 1. The energy surfaces for 160, 24Mg and 46-488 in 
the plane. (/3,'"'(). The absolute minimum of the binding 
energy is denoted by a black dot. 

In summary, we have applied the RMF theory under 
the triaxial symmetry on 160 and 24Mg nuclei in order 
to test the performace of the code for spherical and 
axial deformed nuclei. The results obtained with the 
new code are quite similar to those obtained using the 
axial and spherical codes and are in good agreement 
with the experimental data of charge rms radii , binding 
energies, and the quadrupole moment of Mg. 

We have also performed the RMF theory calcula­
tions with the same assumption as the HF8 for the very 
rich 46-488 isotopes and found that both are gamma 
soft deformed. The RMF calculations give '"Y = 2.8° 
for 46S and '"Y = 28.7° for 48 8 while the HF calculation 
gives '"Y = 10° for 488. 
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Effective Interaction in Asymmetric Nuclear Matter 

N. Fukunishi 

[Asymmetric nuclear matter.] 

Properties of asymmetric nuclear matter play cru­
cial roles in many branches of physics. Asymmetric 
nuclear matter is a virtual system which is composed of 
different number of protons and neutrons without the 
Coulomb interaction. Bulk properties of neutron-rich 
nuclei strongly relate to asymmetric nuclear matter. 
The equation of state for asymmetric nuclear matter 
is also important in the physics of neutron stars1) and 
type-II supernova.2) 

We employ the non-relativistic Brueckner-Hartree­
Fock (NRBHF) approach. It is well known that the 
NRBHF theory does not reproduce correct satura­
tion properties for symmetric nuclear matter. Thus, 
some other approaches, for examples, the relativis­
tic Brueckner-Hartree-Fock (RBHF) theory, have been 
proposed. However, studies of asymmetric nuclear 
matter in the NRBHF theory is meaningful because 
of the following three reasons. 

(1) We are mainly interested in how properties of a 
many-nucleon system change according to the asym­
metry ratio a = PN +-PP . Note that about 90% of the 

PN PP 
potential energy is reproduced in the NRBHF theory. 

(2) More elaborated calculation within the non­
relativistic framework given by Jiang et al. ,3) improves 
the discrepancy between theories and experiments. 

(3) The predicted properties of asymmetric nuclear 
matter, for example, the density dependence of the 
symmetry energy, are different between the NRBHF 
and the RBHF theories. 4) 

In the NRBHF theory, the G-matrix interaction, 
which is an effective interaction in the nuclear media, 
is calculated from the realistic nuclear forces as follows, 

G(w) = V + V QJi G(w). 
w - 0 

V implies a nuclear force. The Reid Soft Core inter­
action is used in this calculation. Q means the Pauli 
operator which is the origin of the density-dependence 
of the G-matrix interaction. w is the starting en­
ergy, i.e. , the energy of the two nucleons in asymmet­
ric nuclear matter. The starting energy is determined 
self-consistently in this framework and may change in 
asymmetric nuclear matter compared with the sym­
metric case. Ho is an energy of the intermediate states. 
We employ the BBP prescription5) for Ho. Similar cal­
culations have been performed. 6 , 7) The main difference 
is that the present calculation treats the Pauli opera­
tor exactly. We calculated various quantities in this 
framework. We find that the correct treatment of the 
Pauli operator changes properties of asymmetric nu­
clear matter little. 

We further examine the a-dependence of the effec­
tive interaction (G-matrix interaction) . Figure 1 shows 
the G-matrix interaction for the 381 channel in which 
the strongest a-dependence is seen. The G-matrix in­
teractions are illustrated with the solid line (a = 0) 
and the dashed line (a = 0.32). Note that a = l cor­
responds to N = 2Z. (N is a neutron number and Z 
is a proton number.) Near the saturation density, the 
density-dependence of the G-matrix is very weak. This 
is one of the origins of this weak a-dependence. The 
starting energy dependence of the G-matrix is rather 
strong for the 3 S1 channel. For a = 0.32, the energy 
of a proton or a neutron changes significantly. How­
ever, the starting energy which is a sum of the proton 
and the neutron energy changes little. This is another 
origin of the observed weak a-dependence. This calcu­
lation implies that the G-matrix interaction calculated 
in symmetric nuclear matter can be used for the asym­
metric case. 
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Fig. 1. G-matrix interactions for the 3 S1 channel (kF 
= 1.45 fm -1). The solid line shows the symmetric case 
and the dashes line indicates the asymmetric (0: = 0.32) 
case. 
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Stationary Solution of Time Dependent Density 
Matrix Formalism 

M. Tohyama 

[density matrix formalism, ground state correlations, Lipkin model.] 

We have recently reported realistic calculations for 
the damping of giant resonances!) and for low-energy 
heavy-ion collisions,2) based on the time dependent 
density matrix theory (TDDM). Although the ob­
tained results are quite encouraging, these numerical 
calculations contain inconsistency in the treatment of 
the ground state: the Hartree-Fock (HF) ground state, 
which clearly is not a stationary solution of TDDM, is 
used as the initial ground state. An attempt to find a 
stationary solution of TDDM was made in Ref. 3 but 
was not quite successful. In this report we demonstrate 
that a better stationary solution of TDDM can be ob­
tained through an adiabatic treatment of two-body in­
teractions. We use the Lipkin model hamiltonian4

) 

which consists of N fermions occupying two N-fold 
degenerate levels with energies f./2 and -f./2, respec­
tively. The states in the upper level are labeled by 
quantum number p = 1,2, ... N, while those in the 
lower level are labeled by -po We solve the TDDM 
equations of motion for the Lipkin model, starting from 
the HF ground state and adiabatically turning on the 
two-body interaction: 

V(t) = V(l - e- t / T
). (1) 
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Fig. 1. Time evolution of E, np and C_P_P' pp' in TDDM 
for an N = 4 system. 
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In Fig. 1 the occupation probability of the upper level 
np , the two-body correlation matrix C_P_P'pp' and the 
total energy E are shown as a function of time for an 
N = 4 system with IVl/f. = 0.3. Each of np , C_p_ p'PP' 

and E approaches a constant value at large t. We 
found that as long as 7 » hi f., the solution at large t 
becomes stationary and does not depend on 7. 5) The 
obtained results of E for various values of IVII f. are 
compared with the exact ones in Fig. 2. The total 
energy E in TDDM has the IVl/f. dependence similar 
to the exact one. 
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Fig. 2. Total energy as a function of IVI /E for the N = 4 
system. Solid line denotes the results of the TDDM cal­
culation and dotted line the exact solution. Dot-dashed 
line indicates the HF result. 
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Strength for Isoscalar Modes in Diabatic Picture 

S. Yamaji and H. Hofmann* 

[Large Scale Collective Motion, Linear Response Theory, Diabatic Motion.] 

We studied the collective response function as a 
function of the excitation energy for typical isoscalar 
modes. 1) We found that the strength function exhibits 
the usual low energy and giant resonance peaks at low 
temperatures whereas all the strength is concentrated 
in a low energy mode at temperatures higher than a 
temperature of around 1.5 MeV. Thus the vibrational 
inertia of slow motion turns into that of irrotational 
flow at high temperatures. According to the study in 
Ref. 2 this is largely due to the fact that the vibrations 
looked at are the ones about thermal equilibrium in 
true sense. It is described by the many-particle many­
hole configurations which come into play through the 
cou pIing constant k expressed by 

_ k_ 1 =8
2
E(Q, S) (0) 
8Q2 + X , 

where E( Q, S) is the lowest possible energy specified 
by the collective variable Q and the entropy S in the 
quasi-static picture, and X(O) is the static response. 1) 

In t his sense the E(Q, S) represents what in nuclear 
physics often has been associated to "adiabatic dynam­
ics" . 

Still according to Ref. 2 completely different be­
haviour is to be expected if the coupling constant 
is evaluated in the "diabatic" picture with all occu­
pation numbers frozen. For vibrations of this type 
the previous formulas in Ref. 1 can be taken over. 
The only change necessary is to replace k by a dia­
batic coupling constant kdi whose value is given by 
the above expression with the quasi-static energy be­
ing replaced by the diabatic one Edi(Q,S). The cor-

Department of Physics, Technical University of Munich, 
Germany 

responding coupling constant kdi stays constant with 
excitation, rather than decreases as in the case of "adi­
abatic" motion (see Fig. 5 of Ref. 2). 

In Fig. 1 we present a numerical computation, again 
for the same situation as in Ref. 1, but with k replaced 
by kdi . No shift of strength is seen. Only the gi­
ant peaks get broader at higher temperatures. This 
is traced back to the increasing single particle width 
with temperature. 
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Fig. 1. Strength distribution for diabatic quadrupole vi­
brations. 
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Possible Interpretation of Extremely Low Energy 
Odd Spin States 

T. Horibata and N. Onishi 

[r-deformation, Tilted rotation, Wobbling motion.] 

The dynamics of nuclear rotation including preces­
sion and wobbling is studied in order to make clear 
the mechanism dominating collective motions in nu­
clei, especially in the ,-unstable region, e.g., isotopes 
of tungsten or osmium. The wobbling motion is associ­
ated with triaxiality of nuclear deformation, and hence 
is likely to be strongly coupled with the fluctuation of 
,-degrees of freedom. In fact, classical motions for a 
macroscopic model of the ,-soft rotor exhibit remark­
able dynamics interweaving the ,-vibration and the 
wobbling motion, and are shown to possess a typical 
feature of nonlinear mechanical systems. I) We inves­
tigated how these mechanisms manifest themselves in 
the collective state in the microscopic nuclear system. 

Mikhailov and Janssen2) suggested that the nu­
clear wobbling motion occurs as a result of Coriolis 
interaction pushing down odd spin states of the ,­
vibrational band till it becomes close to the even spin 
yrast line. Following this idea, Matsuzaki discussed 
possible exsistence of the motion in 182 Os based on the 
RPA calculation.3) However those works are restricted 
within a linear vibration theory of the wobbling motion 
being slightly off from the stationary rotation along the 
principal axis of quadrupole deformation. 

Recently we proceed a self-consistent three­
dimensional cranking calculation,4) and report the ex­
sistence of tilted axis rotating states (TAR-states) in 
the crossing yrast band of the nucleus. 5) Figure 1 shows 
energy minima in the three dimensional potential sur­
face for 1820s. Based on the symmetry properties, 
there are two minimum points at the mirror image 
positions with respect to the equator on the prime 
meridian. These minima represent the axes of station­
ary rotation in which wavefunction the symmetry of 
signature is broken down. The tunneling back and 
forth motion between the two points recovers a defi­
nite signature. Two solutions are obtained from the 
double-well model. The lowest solution corresponds to 
the Gerade state which is an even signature state and 
the other one is the next lowest Ungerade state which 
is an odd signature state. Namely, 

'lis = i: f'f,(4))WT(4>)d4> U'f,(-4» = ±f'f,(4))). (1) 
2 
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Fig. 1. Energy contour map of J = 15 sphere. 

Therefore the Gerade and Ungerade solutions rep­
resent even and odd angular momentum yrast states, 
respectively. The energy defference gives the signature 
splitting. This result may have a different feature in 
contrast with the prediction by Mikhailov and Janssen. 
The existence of TAR solutions in yrast implies a possi­
ble new interpretation for the backbending phenomena 
in nuclei of ,-unstable region, and serves an explana­
tion of abnormal spectra observed in the the odd-spin 
yrast-band in 1820s nucleus. 
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The Ml Ttransitions and the New SU(3) 
in Superdeformed Nuclei 

K. Sugawara-Tanabe, A. Arima, and N. Yoshida 

[M1 transitions, Superdeformation.] 

We have already proposed the idea that the quan­
tization of alignment in superdeformation comes from 
the parity doublet (P-D) levels l

) by the addition of 
the pure "s" instead of the pseudo-spin "s". The P -D 
levels are the two different parity single particle levels 
with the asymptotic quantum number representation, 
[N,N,OH and [N - 1,N - 2, 1H, which are almost 
degenerated in a deformed axially symmetric Nilsson 
potential around superdeformation, and the Fermi sur­
face for Z = 66 or 80 and N = 86 or 112 locates near 
this degeneracy. Both of the P-D levels belong to the 
same supershell with Nsh = N. We found that the 
L - S coupling scheme is restored in superdeforma­
tion not only for the P-D levels but also for all the 
other levels belonging to the same N sh . This is caused 
by the strong coupling between the spin-orbit partners 
with small R. like p1/2 and p3/2, which influences the 
large R. spin-orbit partners through the strong coupling 
among the same spin-orbit coupled R.±2Ievels. We also 
found that the effect of the unique-parity level, which 
is not taken into account in the pseudo-spin scheme, 
should not be neglected in superdeformed states. A 
good physical quantity to check this idea is the M1 
transision rate, as M1 operator is proportional to spin. 
The M1 transition rate between the superdeformed 
bands in 193Hg was observed and the gK factor was 

extrapolated.2) We calculated the M1 transition rate 
and found the several candidate levels which explain 
this experimental value of gK factor. Since we can 
neglect the effect of the spin-orbit interaction at su­
perdeformation, we can construct a new SU(3) group 
introducing the new boson operators in the z-axis. We 
constructed 8 generators that fulfill the commutation 
relation of SU(3) from the byproduct of this set of 
boson operators in analogy to Elliot's SU(3) mode1.3) 
This new SU(3) group corresponds to the space ne­
glecting !:::,. Nsh f= 0 in contrast to Elliot's SU(3) where 
!:::,. N f= 0 is neglected. In Nsh both positive and neg­
ative parity levels are degenerated and even Nsh and 
Nsh + 1 have the same Casimir operator, and subse­
quently the new SU(3) is duplicate. Similarly we can 
construct a new SU(3) scheme in the hyperdeforma­
tion and the superdeformation in 132Ce region. In the 
former case SU(3) is triplicate and in the latter case it 
has six-degeneracy. 
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Systematics of Alpha Q-values: Alpha Decay 
Life Times of Unstable Nuclei 

H. Sato 

[a-decay Life.] 

In the previous work,l) we found that the a decay 
half life in a wide region of even-even nuclei can be 
reproducible with the method employed by Arima and 
Yoshida,2) if a reliable theoretical S-factor and a realis­
tic potential for the relative motion of the a and resid­
ual nucleus are taken into account. Here we extend 
the study to the systematics of a decay half lives of all 
the a decayable nuclei by applying the same method 
to the unstable nuclear system with the employment 
of a double folding potential for the relative motion 
of the a and residual nucleus, whose potential depth is 
obtained by solving the eigenvalue problem for the a Q 
value given by Tachibana, Uno, Yamada, and Yamada 

z 
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co 

o <0 
f-. o 
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mass formula. 3) The density distributions of unstable 
nucleus are evaluated with a DDHF type variational 
calculation. Employing the node quantum number Nr 

consistent with the single particle level scheme of a sim­
ple shell model, we calculate the a decay half life T 1/2 
by In211,jr Q for all the a decayable nuclei by assuming 
the angular momentum L = 0, and summarize those in 
Fig. 1 as a function of Z and N. Figure 1 corresponds 
to the contour plots of the logarithms loglQ(Tl/2) at 
every 2 order difference in the a decay half life times 
T 1/2 in units of seconds. The dark area at the border 
in the contour plot of Fig. 1 shows the degeneracy of 
contour lines due to a drastic change of decay half life 
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Fig. 1. The contour plots of the logIQ(T1/ 2 ) of Q:' decay half lives with S = 1 in units of seconds. 

times. The cliffs can be seen at the border (i.e. the a 
drip line in nuclear chart) and also at magic numbers. 
The a decay half life times are drastically changed at 
magic numbers N = 50, 82, and 126. We compare the 
results with the (3 deacy half life times predicted. 

The author would like to thank Professor M. Ishi­
hara for his encouragement. 
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Shell Model on a Random Gaussian Basis 

K. Varga 

[shell model, alpha decay, stochastic variational model.] 

A realistic study of alpha decay or cluster-decay pro­
cess demands a reliable description of the motion of 
nucleons at the nuclear surface. The representation of 
a decaying state in the shell model requires handling 
of huge bases that is often beyond the capability of the 
computers. 1) This problem was recently circumvented 
by complementing the shell model with a cluster-model 
basis.2,3) This cluster-configuration shell model, how­
ever, is difficult to apply. We therefore developed a 
new model, which is closer to the conventional shell 
model but in practical applications may be superior. 

The new model4} is essentially a shell model, in 
which the valence orbits are replaced by combinations 
of Gaussian functions of different size parameters, with 
exact Pauli projection off the core orbits. These gaus­
sians are more flexible than the harmonic oscillator 
single-particle (s.p.) functions because their width pa­
rameters are free. A variational background can guar­
antee that they will be automatically chosen so as to 
suit to the problem considered. In particular, the gaus­
sians can produce a more realistic fall-off in the sur­
face , which is important for the description of decay 
processes. Moreover, in the interior the gaussians are 
able to simulate the effects of several oscillator shells. 
Note that the Pauli projection provides the gaussians 
with some, say no , nodes, so that n gaussians in the 
expansion of a s.p. function will involve s.p. orbits of 
no," . ,no + n - 1 nodes. In spite of the , inclusion of 
such high-lying shells, the problem may still remain 
tractable if the basis elements are carefully selected. 
We admit states in the basis depending on their con­
tribution to the g.s. energy. This method of choosing 
random states as candidates for the basis is called the 
"stochastic variational method" .5) 

To test this new model we applied for the description 
of the alpha decay of 212po and compared the results to 
those of the previous model. The energy of the decay 
has been reproduced succesfully, the absolute decay 
width is slightly underestimated. 

In summary, with the help of the stochastic varia­
tional method, a flexible shell-model wave function has 
been constructed for the ground state of 212po using 

combinations of Gaussian functions as single particle 
orbits. The present model gives nearly as good a result 
for the alpha decay width as our former model, which 
is sharpened just to describe the alpha decay. The 
chief merit of the model presented here is its technical 
simplicity, which makes it easily applicable to other 
alpha or even to heavy-cluster decays. 
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Fig. 1. The formation amplitude as a function of the 
distance between the alpha particle and the daughter 
nucleus. The solid line represents the cluster configu­
ration shell model,2 ,3) and the dashed line the result of 
the present model.4
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:E-Hypernuclear Production Spectra on a 9Be Target 

T. Harada and H. Kitagawa 

[ L:-hypernuclei, narrow width, (K- ,11"-) reaction, DWIA, shell-model.] 

The aim of this study is to understand theoretically 
the L:-hypernuclear production by the 9Be(K- ,11"-) re­
action with the distorted-wave impulse approximation 
(DWIA) . In this note, we discuss the structure of ~Be­
hypernucleus within the shell-model approach, in or­
der to determine the characteristic behavior of a L:­
hyperon in light nuclei. 

The discovery of the long-lived L:-hypernuclear state 
(T ::; 8 MeV) by the 9Be(K- ,11"-) reactions at CERN 
made us excited about a narrow width puzzle, 1) be­
cause its L:N -+ AN conversion width was expected to 
be r rv25 MeV in nuclear matter. 2) Many efforts were 
made so as to understand narrow peaks. However, 
there had been such poor statistics in this data that we 
could not solve the puzzle. Recently, L:-hypernuclear 
spectra measurements on a 9Be target at BNL were 
reported in better statistics3 ): There appears a broad 
(not narrow) peak at BEorv12 MeV in the continuum 
regions. In order to investigate theoretically the struc­
ture of ~Be-hypernucleus , we construct the nucleus-~ 
optical potential by the folding model. The optical 
potential is obtained as 

UJ(R) = ([pIO(8 Z) 0 ~l:1 
efliEN (r -R; p W ~ R I)) 1 [p'J:(8 Z') 0 ~{) 

where 4>Ic (8Z) is the Cohen-Kurath wave function of 
the A = 8 core-nucleus and R is the relative coor­
dinate between the core-nucleus and the L:-hyperon. 
eff tEN (r; p) denotes the effective ~N interaction with 
density (p) dependence, which is derived from the 
Brueckner g-matrix calculation with Sigma-nucleon 
absorptive potential (SAP)4) in a nuclear medium. 
Note that the real part of the optical potential is shal­
low and has a peculiar shape with a repulsive core near 
the nuclear center. 

Let's consider the L:-hypernuclear inclusive 11" - spec­
trum in 9Be(K- ,11"- ) reaction. We calculate the 
double-differential cross section within the DWIA 
framework by using the Green function method.5) 

Figure 1 displays the calculated spectrum at PK - = 
720 MeV Ic within L: single-particle description by the 
shell-model approach, together with the experimen­
tal data at CERN. 1) We find two peaks in the spec­
trum: The peak near BEOrv7 MeV, above the L:0_ 

emission threshold, comes from continuum states of 
8B(T = 0; J7T = 0+ , 2+)0 L:°. The second peak near 
BEo rv20 MeV also originates from main configurations 
of 8Li-8B-8Be(T = 1; J7T = 2+, 1+, 3+) and L:+ _L:0 _ 

L: - in the continuum states. The calculated spectrum 
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seems to be similar to the earlier CERN data, rather 
than the recent BNL data. 
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Fig. 1. The calculated 7r - spectrum by the 9Be(K- ,71" - ) 
reaction at PK- = 720 MeV Ie is shown together with 
the experimental data at CERN. 1) 

On the other hand, performing the microscopic clus­
ter calculation6) of a+3N+L: in ~Be (~Li) , we showed 
that there appears a cluster phenomenon of a+~He 
(a+~H) as if it were the well-known di-molecular a+a 
structure of the 8Be ground state. It is far from the 
structure of ~Be (~Li) , where a A-hyperon plays a role 
of glue between a and 3N due to no 1I"-P exchange in the 
AN interaction. It should be noted that no clustering 
effect is taken into account in this shell-model calcu­
lation. Thus it is suggested that there should exist a 
cluster configuration of a+~He+n in ~Be. We might 
obtain a large enhancement near BEOrv12 MeV in the 
9Be(K- ,11"-) reaction if such a cluster phenomenon is 
switched on. 

In conclusion, we cannot reproduce the 9Be(K- ,11" - ) 
spectrum in the recent BNL data within the shell­
model approach. The spectra shape might provide so 
valuable information for us to determine the behavior 
of the L:-hyperon in light nuclei. 
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Nuclear Mesonic Exchange Currents 

C.-L. Lin and S. Yamaji 

[One-photon exchange approximation, ~-isobar, Nuclear exchange currents.] 

The well known electrodynamic theory and its 
weaker interaction compared with that of strong inter­
action bring us one of the powerful methods, the elec­
tron scattering, to investigate electromagnetic proper­
ties as well as nuclear structures. At low energy the 
constituents of nucleus are hadrons, and the meson 
exchange takes responsibility of mutual interactions so 
as to form the nucleus. On the other hand, the kinds 
of mesons and isobars increase with increasing trans­
ferred energy and momentum. Among those particles, 
the dynamics of the ~-isobar in the nucleus is one of 
the interesting problems in electronuclear physics. We 
stand on the framework of quantum hadrodynamics, 1) 

and investigate the roles of ~-isobar in the mesonic 
exchange currents and their related electromagnetic 
properties. Both nuclear exchange currents and nu­
clear wave functions are derived from a Lagrangian 
which can bring the gauge invariance on our obtained 
exchange currents. 

First of all , we have to look for an appropriate La­
grangian. The two important symmetry principles, the 
Lorentz invariance and the gauge invariance, show the 
way of how to reach our goal. And the differential cross 
section of the electron scattering which can be factor­
ized into lepton and nuclear response tensors helps us 
to be able to tackle the target nucleus independent 
of the projectile. Furt her , in a position of quantum 
hadrodynamics, one can interpret the hadronic theory 
as an effective theory2) of QCD so as to shelve the 
renormalization problem in the hadronic sector. 3) In 
addition, we treat both ~-isobar and nucleon on equal 
footing, that is, the ~-isobar is an independent parti­
cle inside the nucleus. Since the coupling between ~­
isobar and pion is stronger than that of ~-isobar and 
p-meson, we consider only the pion, a and w mesons 
this time. The model Lagrangian is as follows: 

L =,p { (i9' - er~ A~ - gt''Y~V" 
+ f;::"N 'Y~'Y5 (TiD~7rj)) - (mN - g':4»}'" 
+ ~ (i)"4>8~4> - m~4>2) - GG~"G"" - ~m~v" V") 
+ 1 {(Dij ) (Df-L k) 2 -2} 2' f-L 7rj ik7r - m7r7r 

+ i3. a {aa/3 [(i~ - er~ Af-L - g~'Yf-LVf-L) 
- (m6. - g~c/»]} ~/3 

+ g;::,,6. {3.aBa/3(~) [fi(D~7rj)] 'l/J+h.c.} 

1 f-LV - 4Ff-LvF . 

The related physical quantities are defined as the 

following: 

Ff-Lv :::::: of-LAv - ovAv, 
Af-L = electromagnetic field, 

Gf-Lv :::::: 8f-LVv - 8vVv, 
Vf-L = neutral vector meson w field, 

rj.r,6. ~ 'Yf-L(Fi, N,~ + T3FrN,~), 
F;'N 6. = electric form factor, 
upp~r-script{ s = isoscalar, V = isovector} 
lower-script { N = nucleon, ~ = ~-isobar} 

Df-L = 8· ·of-L + ec · '3 A f-L 1J - 1J t), 

Ba/3(~) :::::: ga/3 - ~'Ya'Y/3' 

and 'l/J, 7ri, c/> and ~a represent nucleon, pion, a-meson 
and ~-isobar field, respectively. The quantities Ti and 
fi express respectively the spinor and vector-spinor 
isospins. Then we can easily get the nuclear electro­
magnetic currents in the one-photon exchange approx­
imation. The parts generated by the ~-isobar are: 

J!;. = e {if.aaai9r~ll.i9 
- g;::"" [f.ao~({)(f xffja'" + h.c.]} , 

where B~(~) = g~ - ~rarf-L, aa/3 = iba, r/3l!2, and 
~ is a parameter. The first term on the right hand 
side gives the one-body current, and the second term 
is the ~-isobar exchange current. And the conserva­
tion of the whole electromagnetic currents is ensured 
with a couple of assumptions that each coupling is up 
to the first order, and the same isospin operators are 
used for all baryons. As to the nucleon wave functions , 
we have to solve the coupled equations obtained from 
the Lagrangian for all cooperated hadrons. Since, at 
this stage, the r-representation is better than the p­
representation,4) the electromagnetic currents should 
also have the same representation. For this purpose, 
we use the Rarita-Schwingers wave functions5) for the 
~-isobar. 

In order to study the role of ~-isobar in electro­
nuclear physics, we are calculating nuclear response 
functions using both nuclear wave functions and nu­
clear electromagnetic currents described above. 
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QeD Phase Transition in the Dual Ginzburg-Landau Theory 

H. Suganuma, H. Ichie, * and H. Toki 

[QCD phase transition, color confinement , dual Ginzburg-Landau theory.] 

Color confinement is one of the most striking fea­
tures of the nonperturbative QCD, and has been stud­
ied with much interest in the hadron physics. As for 
the confinement mechanism, 't Hooft proposed an in­
teresting conjecture of monopole condensation under 
the abelian gauge fixing.1) In this scheme, color con­
finement is realized by condensation of monopole-like 
objects, which naturally appear in QCD by the abelian 
gauge fixing.1) This conjecture was strongly supported 
by recent studies based on the lattice gauge theory.2,3) 
The dual Ginzburg-Landau (DGL) theory4-6) is formu­
lated as the infrared effective theory of QCD in terms 
of the QCD-monopole condensation. We have studied 
relevant nonperturbative features as color confinement, 
quark pair creation and dynamical chiral-symmetry 
breaking using the DGL theory.4,5) 

We investigate here the QCD phase transition at fi­
nite temperature in the DGL theory,6) where the QCD­
monopole condensate is an order parameter of color 
confinement. Although we include the dynamical ef­
fect of quarks in our framework, we concentrate in the 
pure gauge case because our main interest is color con­
finement property. In this case, the DGL theory is 
simply reduced to the ordinary Ginzburg-Landau the­
ory in the superconductivity, so that we can easily de­
rive its partition functional at finite temperature.6) By 
investigating the effective potential at finite tempera­
ture (thermodynamical potential), we find the reduc­
tion of the QCD-monopole condensate at high tem­
perature. We also consider a possible reduction of 
the self-interaction -\ between QCD-monopoles at high 
temperature according to the asymptotic freedom of 
QCD, and use a simple ansatz, -\( T) = -\(T-aTc)/Tc, 
where a is chosen to reproduce Tc = 0.2 GeV. As the 
semi-empirical quantity, we also calculate the string 
tension k(T) at finite temperature.4,6) We show in Fig. 
1 the string tension k(T). We find the reduction of the 
string tension at high temperature, which means the 
decrease of the confining force there. Quantitatively, 
our results with the variable -\(T) almost reproduce 
the lattice QCD data shown by the black dots. 7) 

In the DGL theory, there appear two important glue­
balls responsible for color confinement. One is the 
scalar QCD-monopole field, and the other is the axial­
vector dual-gauge field. 4) They correspond to the Higgs 
field and the weak boson fields in the electro-weak stan­
dard theory, respectively. We show in Fig. 2 the masses 
of the two glueballs in the DGL theory.6) One finds the 
large glueball-mass reduction near the critical temper-
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ature Tc.6) It would be interesting to check our pre­
diction by the lattice QCD and also by experiments. 

k(T) [GeV/fm] 

0.5 

0.0 0.2 0.4 0.6 
T[GeV] 

Fig. 1. The string tension k(T) as functions of temperature 
T for a constant>. and a variable >'(T). The lattice QeD 
data in the pure gauge are shown by the black dots. 

[GeV] 

Fig. 2. The masses of glueballs at finite temperature. 
mB(T) and mx(T) denote the masses of the dual gauge 
gauge field and the QeD-monopole field, respectively. 
The dotted line denotes m = T. The phase transition 
occurs at the temperature where mB,mX = T. 
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Measurement of Fusion Cross Section 
with Neutron Halo Nucleus IlBe 

A. Yoshida, T. Fukuda, Y. Watanabe, C. Signorini, 1. Mueller, F. Scarlassala, Y. Pu, Y. Mizoi, N. Aoi, 
M. Hirai, J. Nakano, H. Kobinata, Y. Nagashima, T. Nomura, and M. Ishihara 

[sub-barrier fusion, neutron halo nucleus 11 Be.] 

The main motivation of this research is concerned 
with a possibility to observe the fusion cross sections of 
neutron halo nuclei (such as 11 Be, 11 Li) considerably 
larger or smaller than the one induced by the corre­
sponding stable isotopes, due to the excitation of the 
soft dipole mode, neutron breakup, etc. These effects, 
in the case of the 11 Li halo nucleus, have been recently 
discussed in various theoretical papers l - 3) with rather 
different predictions. As the beam intensity of 11 Be 
is larger than that of 11 Li by more than one order of 
magnitude, we first measured the excitation function 
of the fusion cross section in the systems 11,10,9Be + 
209Bi with the same experimental setup. The fusion 
process has been identified via the detection of the de­
layed a-particles emitted by the decay of the ground 
state of the evaporation residues populated after neu­
tron evaporation. This technique has an advantage of 
clear identification of the fusion comparing with the 
measurement of fission in the same systems. 

The beams of Be isotopes were produced by the 
fragmentation process of 13C primary beam with 100 
MeV /u energy and 100 pnA intensity on a Be produc­
tion target with 12 mm thickness. They were then 
separated by the RIPS projectile fragment separator, 
resulting in a purity of almost 100%. After the separa­
tion, an Al degrader plate was inserted in the beam 
line to reduce the secondary beam energy down to 
around the Coulomb barrier. A typical beam intensity 
of 11Be was 140 kcps with the energy of 50 MeV±37% 
(in fwhm) and with the beam size of around 5 cm in 
diameter. With this simple deceleration method, the 
distribution of the beam energy became wide, so that 
a TOF measurement was done event by event to de­
termine the beam energy. 

At the experimental target position, four 209Bi tar­
gets (500- 700 J..Lg/cm2) evaporated onto a Mylar back­
ing foil (70 J..Lg/cm2), were surrounded by 9 Si surface 
barrier detectors (SSD). Each detector had a size of 
48 x 48 mm and a thickens of 300 J..Lm and they cov­
ered a solid angle of about 30% of 47r . The time gate 
for the delayed a-decay coincidence was 2 J..Ls after the 
arrival of each beam particle. The neutron detector 
walls surrounded the target chamber in order to mea­
sure neutrons originating from breakup fusion events 
if any. 

The a-decays from 216Fr (Ea = 9.01 MeV, T 1/2 = 
700 ns), which originate from 4n,3n evaporation with 

11 ,lO Be beam respectively, and those from 215Fr (Ea = 

9.34 MeV, T1/2 = 120 ns), which originate from 
5n,4n,3n evaporation with 11,10,9Be beam respectively, 
were clearly observed with enough statistics to argue 
the fusion excitation function around the barrier re­
gion. 

Figure 1 shows the measured fusion excitation func­
tion in the system of 11 Be + 209Bi comparing with 
simple theoretical calculation. Both data and theory 
seem to agree well except for higher energy regions. 
It is also found that the measured fusion cross section 
of lOBe shows almost the same magnitude as 11 Be, in 
paticular, near the barrier region. From these results , 
we can say that there is no strong indication of halo 
neutron effect (e.g. enhancement/suppression) for a fu­
sion reaction near the barrier region which has been 
predicted by many theoretical calculations. Further 
detailed analysis is now in progress by using the data 
of neutron detectors in order to get information about 
the breakup fusion reaction. 
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Fig. 1. The measured fusion excitation function. The x 
error bars indicate an energy binning size in the analy­
sis which corresponds to the TOF energy resolution of 
around 1.5 MeV, and y error bars indicate only statis­
tical errors. The solid lines indicate a theoretical calcu­
lation by the PACE2 evaporation code using a simple 
parameter set, in which the halo neutron effect of 11 Be 
is not considered. 
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Spectroscopy of 13Be Using 12Be Radioactive Beam 

A. A. Korsheninnikov, E. Yu. Nikolskii, T . Kobayashi, D. V. Aleksandrov, M. Fujimaki, H. Kumagai, 
A. A. Ogloblin, A. Ozawa, 1. Tanihata, Y. Watanabe, and K. Yoshida 

[NUCLEAR REACTIONS, radioactive nuclear beam, CD2, Ce2Be,p), E/ A = 55 MeV.] 

We have performed spectroscopic studies of the 
heaviest known unstable beryllium isotope 13Be, which 
was observed for the first time in Ref. 1 and recently 
investigated in Refs. 2 and 3. 

We have studied4) under inverse kinematics the neu­
tron transfer reaction de2Be,p) at E = 55 A MeV 
using the 12Be beam produced by the RIPS. Mea­
surements were performed by the proton telescopes 
at backward angles (Obab 

rv 115°-145°) with targets 
CD2 and C. The experimental setup is shown in Fig. 
1. The proton spectrum from the CD2 target is pre­
sented as a function of relative energy in the n+12Be 
system, En-12Be, by a solid histogram in Fig. 2. The 
dashed histogram shows the contribution from carbon. 
This background corresponds to a low energy proton 
spectrum from the target-like source (fragmentation 
of the target or evaporation from the target-like sys­
tern). The background does not allow to investigate in 
a reliable way the low-energy region in 13Be, where an 
intruder s-shell state can be expected from the extrap­
olation 170 ~ 15C ~ 13Be (inversion of 5/2+- and 
1/2+ -states). Figure 2 shows the known 13Be state at 
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Fig. 1. Experimental setup. 
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Fig. 2. Proton spectra from the reactions CD2 C2Be,p) 
(solid line) and CC 2Be,p) (dashed line). 

2 MeV above the n+12 Be threshold. In addition, three 
states of 13Be at 5, 7 and 10 MeV above the n+12Be 
threshold were assigned tentatively. The 5 Me V state 
confirms the result of Ref. 2. The 7 MeV state differs 
from the tentative level, given in Ref. 2, at 8.5 MeV 
above the threshold. 
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Excited States of 12Be in the Vicinity of He-Thresholds 
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A. A. Ogloblin, A. Ozawa, 1. Tanihata, Y. Watanabe, and K. Yoshida 

[
NUCLEAR REACTIONS, radioactive nuclear beam, pe2Be,p), pe2Be,p12,1l,10Be), 1 
pe2Be,p8,6,4He), pe2Be,pXHeXHe) , E/A = 55 MeV, p(8He,p), E/A = 33 MeV. 

Previously excited levels in the neutron rich nucleus 
12Be were investigated at excitation energies < 6 MeV. 
On the other hand, the region of thresholds for decay to 
helium isotopes attracts special attention (,.....,10 MeV). 
In the vicinity of these thresholds, 12Be states can ex­
ist with an exotic cluster structure with He-like sub­
systems. 

We have studied1) the elastic and inelastic scatter­
ing 12Be+ p at E = 55 A MeV using the 12Be beam 
produced by the RIPS. To provide a proton target , we 
used CH2. Protons were measured by two telescopes of 
solid state detectors at laboratory angles B~ab ,....., 50°-
80°. We also investigated the coincidence between pro­
tons and particles from t he dissociation of 12Be (beryl­
lium and helium isotopes as well as neutrons) , which 
were measured using a charge fragment detection sys­
tem (dipole magnet , drift chamber, hodoscope of plas­
tic scintillators) and neutron walls (plastic scintilla­
tors). 

A measured inclusive spectrum of protons is shown 
in Fig. 1. A strong peak from the elastic scattering is 
seen as well as the known state at 2.1 MeV. We also 
marked the other known states at 4.6 and 5.7 MeV, 

200 
g.s. 

40 
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Fig. 1. Proton spectrum from pC2Be,p). Curves show 
possible backgrounds from the phase space p+llBe+n 
and the n-n final state interaction in the channel 
p+lOBe+n+n. 

where some structure exists in the spectrum. In ad­
dition, there are new states at 8.6 and 10 MeV. It is 
stressed by the insert in Fig. 1 (summing over chan­
nels), where these states are clearly seen (note also 
the structure at ,....., 13- 14 MeV). The states are quite 
narrow, r ::; 0.5 MeV. Figure 2 shows that the 8.6 
MeV state lies slightly below the first helium threshold, 
while the 10 MeV state is located above this threshold 
and close to the second helium threshold. Measuring 
proton spectra in coincidence with beryllium and he­
lium isotopes , we obtained data, which show that the 
10 MeV state has low partial width for decay to beryl­
liums, ftotal/re2Be* --+ XBe) = 3.6 ± 1.6. One more 
state at ,.....,14 MeV was observed, which also decays into 
heliums. Since the decay energy to berylliums is much 
higher than the decay energy to heliums (Fig. 2), a 
difference in the penetration factors should be large, 
and thus the helium reduced width should be predom­
inant in the states at 10 and ,.....,14 MeV. So these levels 
likely have a cluster structure He+He. Since 6He and 
8He consist of an a-core plus weakly bound neutrons, 
these 12Be states can actually have an exotic structure 
a + a + 4n. 
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Fig. 2. Levels of 12Be. 
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Systematic Behavior of Ejectile Spin Polarization in the 
Projectile Fragmentation Reaction 

H. Okuno, K. Asahi , M. Ishihara, H. Deno, H. Sato, J. Nakamura, T. Nakamura, F. Ambe, T. Ichihara, 
N. Inabe, M. Iwamoto, Y. Ohkubo, T. Kubo, Y. Kobayashi , A. Yoshida, M. Adachi, T. Shimoda, 

N. Takahashi, H. Miyatake, D. Beaume,*1 D. Morrissey,*2 and W.-D. Schmidt-Ott*3 

[
NUCLEAR REACTIONS Xe5 N, 12Be3B))Y, E/A = 70, 112 MeV/u; deduced 1 
spin polarization of 12B e 3B) nuclei from {3-ray asymmetry. 

Ejectile spin polarization P in intermediate-energy 
projectile fragmentation has been measured for dif­
ferent targets and incident energies using RIPS frag­
ment separator. In this report , we present the 
recent progress of the study on the polarization 
mechanisms. 1) 
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Some representative results are shown in Fig. 1. 
The behavior of the polarization spectrum is mostly 
compatible with the prediction of the kinematical 
model of Ref. 2. In more quantitative discussions, how­
ever, we note that some aspects deviate from the model 
predication. In particular the model infers that the 
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Fig. 1. Yield (upper part) and spin polarization (lower part) spectra as functions of fragment 
momentum p. for (a) 14N (39.4 MeV lu) + 197 Au ~ 12B (BL = 5.0°) + X, (b) 15N (68.0 
MeV lu) + 197 Au ~ 13B ((1£ = 4.0°) + X, (c) 15N (109.6 MeV lu) + 197 Au ~ 13B ((1£ = 2.0°) 
+ X, (d) 15N (67.3 MeV lu) + 93Nb ~ 13B ((1£ = 2.5°) + X, (e) 15N (68.0 MeV lu) + 27 Al 
~ 12B ((h = 1 0) + x. 

yield weighted average of the polarization (P) should 
be zero and the zero-crossing of P should occur at the 
momentum corresponding to the velocity of the pro­
jectile, Po. These features are missing in many of the 
observed spectra, indicating a need for a modified the­
ory. 

A closer inspection of the angular momentum trans­
fer mechanism clarified that the general feature that 
(P) tends to be negative can be accounted for if the 
removal of the nulceons occurs in a position away 
from the line connecting the center of the two nuclei. 
Solid curves in Fig. 1 show results calculated including 
such effects, reproducing gross behavior of the spectra 
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rather well. 
The appearance of large polarization around Po is 

particularly useful when the reaction is applied to pro­
duce spin polarized nuclear beams since one can em­
ploy a thick target and relatively wide momentum win­
dow to gain in the beam intensity. In fact , the phe­
nomenon is exploited for the efficient measurements of 
nuclear moments of neutron-rich nuclei.3) 
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Interaction Cross Sections and Radii of IIC and 12N 

A. Ozawa, T. Kobayashi, D. Hirata, 1. Tanihata, O. Yamakawa,*1 K. Ornata, K. Sugimoto,*2 N. Takahashi, 
T. Shimoda, D. 0Ison,*3 W. Christie,*3 and H. Wieman*3 

[
NUCLEAR REACTIONS Be,C,AI(llC,llC)X, Be,C,AI(12N,12N)X, E/A = 730 MeV; measured interaction 1 
cross sections a I, deduced root mean square radii and effective deformation parameters. 

The recent development of radioactive beams pro­
vides the new measurement of the radii of unstable 
light nuclei. On the other hand, a recent development 
of the detection technique of quadrupole moments pro­
vides the new measurement of quadrupole moments 
(Q) of light mirror nuclei. Some of the isospin depen­
dence of matter radii were measured for A = 6-12, 
17.1,2) In the present experiment, we have measured 
the interaction cross sections and radii of llC and 12N 
on target nuclei Be, C, and Al around 730A MeV. From 
the present experiment, we can obtain a complete set of 
radii and Q of mirror nuclei in the mass number A = 8, 
11, 12, and 17. Thus, it becomes possible to compare 
the systematics between the radii and quadrupole mo­
ments for thease mirror nuclei. The systematics sug­
gest the solution of the proton-halo problem of 8B, 
where the relatively large quadrupole moment , that 
suggests the proton-halo in the shell-model analysis,3) 
conflicts no enhancement of the matter radius. 1) 

The secondary beams of llC and 12N were produced 
through projectile fragrrientation of 180 and 20Ne pri­
mary beams (800A MeV), respectively, that were accel­
erated by the Bevalac at the Lawrence Berkeley Lab­
oratory. The secondary isotopes were produced in a 
production target of Be and were separated by their 
rigidity using the beam-line as described in a previous 
paper.4) The interaction cross section was measured 
by a transmission method and the effective root-mean­
square (RMS) radii are derived by the same manner as 
a previous paper.4) The effective RMS matter radii are 
determined as, 2.12 ± 0.06 fm for llC and 2.47 ± 0.07 
fm for 12N. 

Effective deformation parameters (f3eff) are derived 
from the equation, Q = Qo[1(21 -1)]/[(1 + 1)(21 + 3)] 
and Qo = 0.7569ZRo 2f3eff(1 + 0.1577f3eff), where 1 is 
the intrinsic spin and Ro is the radius obtained from 
effective RMS charge radius. Isoscalar and isovector 
parts for f3eff are derived by f3eff IS = f3eff + + f3eff -, 
and f3eff IV = f3eff + - f3eff -, where + and - mean the 
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signs of Tz . Obtained f3eff IS and f3eff IV are shown in 
Fig. 1. f3eff IV is almost zero in the present mass range, 
but f3eff IS shows the strong mass number dependence. 
f3eff IV 

rv 0 suggests that deformation is almost equal 
within a mirror pair. The relatively large deformation 
has .been observed for A = 8. This suggests that the 
relatively large quadrupole moment of 8B is due not 
to the proton-halo but to the relatively large defor­
mation of the nucleus. In the shell model description, 
deformation can be described by effective charges for 
proton and neutron. Present results also suggest that 
the strong mass dependence of effective charges is nec­
essary among such light nuclei. 
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Fig. 1. The mass dependence of the effective deformation 
parameters. The Isoscalar part is shown by the open 
circle. The Isovector part is shown by the closed circle. 
The parts in the mass 11 and 12 are obtained from the 
present experiment. 
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Radii of Na Isotopes and the First Direct Evidence of 
Neutron Skin 

T. Suzuki, K.-H. Behr,*! O. Bochkarev,*2 A. Briinle,*! K. Burkard,*! L. Chulkov,*2 P. Egelhof,*! H. Geissel,*! 
M. Golovkov,*2 D. Hirata, H. Irnich,*! Z. Janas,*! H. Keller,*! T. Kobayashi, G. Kraus,*! 

G. Miinzenberg,*! F. Nickel,*! S. Neumaier,*3 A. Ozawa, A. Piechazek,*! E. Roeckl,*! 
W. Schwab,*! K. Siimmerer,*! K. Yoshida, and 1. Tanihata 

[Nuclear Structure, Neutron skins, Radioactive beams.] 

From a series of experiment, it is suggested that 
thick neutron skins are formed in unstable neutron rich 
nuclei. Because no stable nucleus shows any of the de­
coupling phenomena, it is essential to find and study 
the decoupling for understanding the nuclear interac­
tions as well as the nuclear matter of an asymmetric 
mixture of proton and neutron. Also a nucleus with 
neutron skin or halo is expected to show a variety of 
new collective excitations that are not expected in the 
stable nuclei. 

Evidence of a neutron skin of thickness about 1 fm 
was presented by Tanihata et al. in 6He and 8He nuclei 
from the measurements of interaction cross sections 
and the two/four neutron removal cross sections.!) Al­
though it is not unreasonable, yet they had to assume 
that the correlation between valence neutrons in these 
nuclei is small or not very much different from that 
expected from a simple shell model. 

We have measured the interaction cross sections of 
N a isotopes from A = 20 to 32. Sodium isotopes 
provide a unique opportunity, because the root-mean­
square charge radii of N a isotopes were determined by 
the isotope shift measurement, and thus direct com­
parison of the charge and the neutron radii can be 
made. 

The measurements are made at the FRS facility of 
the GSI in Germany. Beams of 20-23 Na and 25-32Na at 
900A MeV were produced from Ar beam accelerated 
by the heavy-ion synchrotron SIS. The first half of the 
FRS is used to separate and identify the incident N a 
beams. The reaction targets ofC with 7 and 4 g/cm2 in 
thickness were used. Then the last half of the FRS was 
used to identify and to count the non-reacted nuclei in 
the target. This method provided the transmission 
measurement of the interaction cross sections. 

The solid circles in Fig. 1 show the preliminary 

*1 GSI, Darmstadt, Germany 
*2 Kurchatov Institute, Russia 
*3 TH Darmstadt, Germany 
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results of the determined interaction cross sections. 
The solid line in the figure shows the expected cross 
sections assuming the matter density distribution to 
be the same as the proton distribution except for the 
normalization scaled by A/ Z. The proton distribu­
tions are calculated by a relativistic mean field (RMF) 
model that reproduces the isotope shifts very well. 2) 
The dotted line shows the cross section calculated with 
the matter density distribution obtained by the same 
RMF model. This model gives gradual growth of the 
neutron skin for neutron rich Na isotopes. It is seen 
that the observed interaction cross sections are much 
larger than the ones predicted from the proton density 
distribution and close to the RMF matter density dis­
tribution that has large neutron skins. The thickness 
of the neutron skin (Rn rms - RPrms ) reaches 0.6 fm for 
32Na. 

:0 1500 r--r-----.--~r_~',---.--.-----.--r-...--,~-r-...-, 
g #N~ + C reaction at 900A MeV l 

~ :: I I /f+i'i'1 

r~:~ 
~ 
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Fig. 1. Interaction cross section of Na isotopes. 
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Coulomb Excitation of 32Mg 

T. Motobayashi, Y. Ikeda, Y. Ando, K. Ieki, M. Inoue, N. Iwasa, T. Kikuchi, M. Kurokawa, S. Moriya, 
S. Ogawa, H. Murakami, S. Shimoura, Y. Yanagisawa, T. Nakamura, Y. Watanabe, M. Ishihara, 

T. Teranishi, H. Okuno, and R. F. Casten* 

[208Pbe2Mg,32Mg ,),)208Pb; Coulomb excitation, deduced B(E2).] 

The Coulomb excitation of a very neutron-rich nu­
cleus 32Mg to its 2+ state was studied using a radioac­
tive beam of 32Mg at 49.2 MeV/nucleon on a 208Pb 
target. 1) The RIPS facility of the RIKEN Ring Cy­
clotron provided a 32Mg beam. A 208Pb target of 
350 mg/cm2 thickness was placed at the focal point 
of the RIPS system. 

Scattered 32Mg nuclei were detected by a counter 
telescope placed 35 cm from the target in the air after 
passing through a 25 J.Lm thick mylar window. The 
telescope consisted of five ion-implanted silicon detec­
tors of 40x40 mm2 effective area and 400 J.Lm thickness. 
The particle was identified by the ~E-E method, and 
was good enough for the present purpose of selecting 
32Mg among other Mg-isotopes. The excitation to the 
2+ state was identified by measuring the')' ray deexci­
tation of the 2+ state in coincidence with the scattered 
32Mg ions. 

Sixty NaI(TI) scintillators surrounded the target to 
detect the ')'-rays. Each scintillator crystal is of rect­
angular shape with size 6 x 6 x 12 cm3. The high gran­
ularity of the setup allows one to measure the angle of 
the')' ray emission, which is useful in correcting large 
Doppler shifts of the')' rays from the excited 32Mg that 
was moving with v / c ~ 0.3. 

Figure 1 shows the ')'-ray energy spectrum associ­
ated with the 32Mg + 208Pb inelastic scattering. It is 
obtained by a sum of spectra for all the NaI(TI) scin­
tillators after the Doppler shift correction. Accidental 
coincid,ence yield is subtracted in the energy spectrum 
shown in Fig. 1 by using the data obtained by setting a 
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Fig. 1. Energy spectrum of , rays emitted from the 
32Mg+208Pb inelastic scattering at 49.2 MeV lu inci­
dent energy. The Doppler shift is corrected for. 

Physics Department, Brookhaven National Laboratory, 
U.S.A. 

gate at the region beside the true-coincidence peak in 
the 32Mg_, time-difference spectrum. As clearly seen 
in the figure, only one photo-peak at 0.89 MeV corre­
sponding to the 2+ ~ 0+ transition was observed. 

An experimental deformation parameter f3 = 0.512± 
0.044 was extracted by comparing the predicted effec­
tive cross section with the experimental value obtained 
from the photo-peak yield. The theoretical effective 
cross section was obtained by a coupled channel calcu­
lation with a Monte Carlo simulation taking into ac­
cout the finite solid angle of the particle detector, ')' ray 
detection efficiency, multiple scattering in the target, 
and finite energy and angular spread of the incident 
beam. The error contains a possible uncertainty re­
garding the choice of the optical potential and that in 
the estimation of nuclear excitation amplitude, besides 
experimental uncertainties. This deformation param­
eter corresponds to B(E2) = 454 ± 78 e2fm4 . 

The present result agrees with 450 e2fm4 predicted 
in a shell model of Fukunishi, Otsuka and Sebe.2) The 
prediction exhibits this large B(E2) value for 32Mg if 
the model space is extended to the p-f shell, and it 
reproduces the present data. On the other hand, no 
such large value is predicted with a limited model space 
where the valence nucleons are only in the s-d shell or­
bitals. This suggests a large mixture of the p-f shell or­
bitals for 32Mg and vanishing of the N = 20 shell gap, 
which result in large deformation. The same conclu­
sion is obtained by comparing the present result with 
the B(E2) values calculated by the NpNp scheme.3) A 
good agreement is obtained for 32Mg (369 e2fm4 ) if the 
neutron number of 20 is not treated as a magic num­
ber, in contrast to the prediction with an N = 20 shell 
closure (68 e2fm4) that much underestimates the data. 

The present result demonstrates the usefulness of 
Coulomb excitation at several tens MeV/nucleon, 
where large cross sections and availability of thick tar­
gets enable experiments with unstable ' nuclear beams 
of low intensity. 
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Beta-decay of Neutron Rich Nucleus 14Be 

N. Aoi, M. D. Belbot, M. Hirai, E. Ideguchi, M. Ishihara, T. Kishida, J. J. Kolata, G. Liu, H. Miyatake, 
T. Nakamura, H. Okuno, H. Sakurai, S. Shimoura, T. Shirakura, T. Teranishi, Y. Watanabe, 

S. Yamamoto, A. Yoshida, and M. Zahar 

[RADIOACTIVITY 14Be(,B-), measured ,B-delayed neutron deduced logft. 14B deduced level.] 

A nucleus very far from the stability line often has a 
large Q/3 and decays into excited states of the daughter 
nucleus over a wide energy range, affording a rich do­
main of nuclear spectroscopy. In the case of extremely 
neutron rich nuclei, most of the final states are un­
stable with respect to neutron emission. Hence, neu­
tron measurement provides a useful means to study 
the properties of ,B-decay. 

We measured the energy spectrum of ,B-delayed neu­
tron and ,-ray of very neutron rich nucleus 14Be.1) 
A 14Be beam was provided by the RIPS (Riken 
Projectile-fragment Separator) at the RIKEN Ring 
Cyclotron using projectile fragmentation of 100A MeV 
180. The 14Be nuclei were implanted to five thin (300 
Mm) Si- detectors located at the final focal point with a 
typical intensity of 3 x 102 counts/sec. Emitted ,B-rays 
were detected by plastic scintillation counters placed 
on both sides of the Si-detectors. Energies of the de­
layed neutrons were measured by means of a time-of­
flight method. The neutron flight path was set about 2 
m so that the energy resolution of neutron was 1 MeV 
at 15 MeV. The energy threshold of the neutron de­
tector was set at 200 keY. Delayed ,-ray energies were 
measured by two Ge detectors located at about 13 cm 
from Si-detectors. 

In the measured neutron TOF spectrum shown in 
Fig. 1, we observed a strong peak at the energy of 
282.7 ± 1.7 keY. 
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Fig. 1. TOF spectrum of neutron from 14Be. The sharp 
peak of approximately 7 ns is due t the prompt ')'-ray. 
The peak at 280 ns corresponds to the neutron with 
energy of 283 ke V. 
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The branching ratio corresponding to this strong 
peak is determined tentatively to be 63 ± 15%. The 
detection efficiency for neutrons was obtained from the 
separated run using 17N beam whose neutron energies 
and neutron emission rate are well studied.2) 

The strong peak in the neutron spectrum may be 
related to two alternative possibilities of the decay 
scheme. The one candidate is the decay to a level 
just above the neutron threshold which is followed by 
neutron emission leading to the ground state of 13B 
without accompanying any g-emission (Fig. 2 case 1). 
The logft value correspond to this decay is 3.7 ± 0.1 
which indicate that this decay is due to a allowed tran­
sition. 
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Fig. 2. Two candidates of the decay scheme of 14Be related 
to the 283 ke V neutron. See text for further details. 

The other possibility is the decay to a higher excited 
state of 14B, which decays to an excited state of 13B 
by emitting a neutron. In this case, ,-emission should 
take place successively (Fig. 2 case). 2) If we assume this 
scheme, the decay is ascribed to an allowed transition 
of logft = 3.2 ± 0.1. 

The analysis for the ,-ray energy-spectrum is now in 
progress, in expectation of information to distinguish 
between the alternative possibilities. 
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Beta-delayed Neutron Decay of 19C and Its 
Astrophysical Implications 

A. Ozawa, R. N. Boyd, J. Kolata, F. Chloupek, G. Raimann, K. Yoshida, M. Fujimaki, T. Kobayashi, 
Y. Watanabe, 1. Tanihata, S. Kubono, and K. Kimura 

[RADIOACTIVITY 19CCB+ n); measured ,a-delayed En and deduced Ex in 19N.] 

The ,a-delayed neutron decay of 19C has been studied 
mainly from the astrophysical interest using the time­
of-flight (TOF) technique. In the previous report,l) 
the motivation and the experimental setup for the 
present experiment were described in detail. 

A typical ,a-delayed neutron spectrum is shown in 
Fig. 1. Several peaks have been identified as ,a-delayed 
neutrons from 17B and 16C, which are, respectively, a 
contaminant in the 19C beam and its daughter nucleus, 
by the independent experiment to study the ,a-delayed 
neutron decay of 17B. One ,a-delayed neutron peak 
from 19N, which is the daughter nucleus of 19C, has also 
been identified, since the neutron energy matches the 
energy difference between one of known excited states 
in 190 and the 180 + n threshold, and the peak shows 
the different time dependence from other peaks. Fi­
nally, three lines with energies of En (lab) = 1.49, 1.01, 
and 0.45 MeV belong to the ,a-delayed neutron decay 
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Fig. 1. Time of flight neutron spectrum following the 
,a-decay of 19C. The neutron energies (in MeV) are given 
in the laboratory system. 

of 19C. Half-lives obtained by the time spectra gated 
by the three lines (Tl/2 = 46 ± 4 ms) show the good 
consistency with the previous measurement (Tl/2 = 

49 ± 4 ms).2) All three lines in TOF are coincident 
with the "'I-ray from the level with Ex = 115 keY in 
18N. And the line with En = 0.45 MeV is coincident 
with the 'Y-ray from the level with Ex = 587 keV in 
18N. Using the information, we assign newly obtained 
levels in 19N, as shown in Fig. 2. The closest level to 
the neutron emission threshold in 19N lies above t'V 1 
MeV from the threshold. Thus, in the temperature 
range of interest,3) these newly obtained levels do not 
affect the big bang nucleosynthesis in imhomogeneous 
models. 
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Fig. 2. Decay scheme of 19C. 
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Magnetic Moment of Proton Drip-Line Nucleus 9C 

K. Matsuta, M. Fukuda, M. Tanigaki, T. Minamisono, Y. Nojiri, M. Mihara, T. Onishi, T. Yamaguchi, 
A. Harada, M. Sasaki, T. Miyake, S. Fukuda, K. Yoshida, A. Ozawa, T. Kobayashi, 

1. Tanihata, J. R. Alonso,* G. F. Krebs,* and T. J. M. Symons* 

[
NUCLEAR REACTION 12C + 12C, E = 67A MeV; measured (3-ray asymmetry of 1 
9C, nuclear magnetic resonance; deduced magnetic moment of 9C ground state. 

The technique of polarized radioactive nuclear 
beams has been applied to the (3-NMR study of the 
proton drip-line nucleus 9C(11T = 3/2-, Tl/2 = 126 
ms). The magnetic moment of 9 C was measured for the 
first time. With the known magnetic moment of 9Li, 
the present result gives us a pair of nuclear magnetic 
moments in the A = 9 isospin quartet (11T = 3/2- , 
T = 3/2) , which is the first example of such pair mag­
netic moments for T = 3/2. 

Polarized 9C nuclei were produced through the 67 A 
MeV 12C + 12C collision at RIKEN's K540 cyclotron 
and separated by the RIPS (RIKEN Projectile Frag­
ment Separator). The purified 9C nuclei were slowed 
down by an energy degrader and were implanted in a 
cooled Pt foil (30K) placed in a strong magnetic field 
Ho = 4.000 kOe to maintain the polarization obtained 
through the reaction. The NMR of 9C was observed 
by means of the asymmetric beta-ray emission. 

The NMR spectrum obtained by the polarization 
destruction method is shown in Fig. 1. By fitting a 
Lorenzian to the NMR spectrum, the resonance fre­
quency was obtained as VL = 2827.3 ± 0.4 kHz. From 
the result , a preliminary value for the magnetic mo­
ment of 9C was obtained as iJ.L i = 1.3914 ± 0.0005 J.LN. 
The sign of J.L(9C) can be reasonably assumed to be 
negative for the further discussion. The obtained mag­
netic moment is very much quenched from the Schmidt 
value -1.91 J.LN. Using the iso-scalar moment analysis 
summarized by the relation; J.L(Tz = -3/2) + J.L(Tz = 

+3/2) = J + 0.380(a), with the known magnetic 

LBL, Berkeley, U. S. A. 

40 

moment J.L(9Li) = 3.4391 ± 0.0006 J.LN,l) the spin ex­
pectation value is obtained as (a) = 1.44. This value 
is unusually large compared with other even-odd nu­
clei and is very much deviated from the theoretical 
value (a) = 1.0 calculated using the Cohen-Kurath 
wave function with the free nucleon g-factors.2) This 
discrepancy may be attributed to unknown anomalous 
structures of the proton drip-line nucleus. 
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Fig. 1. NMR spectrum of 9 C in Pt . 
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Magnetic Moment of Very Neutron-rich Nucleus 17B 

H. Ueno, H. Izumi, K. Asahi, H. Okuno, K. Nagata, H. Ogawa, M. Adachi, H. Sato, Y. Hori, A. Yoshida, 
N. Aoi, G. Liu, M. Ishihara, W.-D. Schmidt-Ott, T. Shimoda, H. Miyatake, S. Mitsuoka, and N. Takahashi 

[
NUCLEAR REACTION 93Nb + 22Ne, E/A = 110 MeV/nucleon; measured (3-ray asymmetry 1 
of 17B, nuclear magnetic resonance; deduced magnetic moment of the ground state for 17B. 

In order to investigate the effect of a large neu­
tron excess on the nuclear tructure, we carried out 
the measurement of a magnetic moment for the very 
neutron-rich nucleus 17B which is supposed to be a 
neutron-halo nucleus. 1) The magnetic moment of 17B 
was determined by using a spin polarized radioactive 
beam from the projectile fragmentation reaction.2) 17B 
(J7r = ~-, t! = 5.08 ms, Q/3 = 24 MeV) was pro­

duced with a beam of 22Ne on a 1.07 g/cm2 thick 93Nb 
target at E / A = 110 MeV /u. Fragments emitted at 
(lL = 1.5±1.0° were analyzed in the projectile fragment 
separator RIPS, and were implanted in a Pt stopper, 
to which a static magnetic field of 1000 Gauss was 
applied. For the determination of the magnetic mo­
ment, we employed the adiabatic fast passage (3-NMR 
method: The up/down ratio of (3-ray yields from the 
implanted 17N was measured for several different fre­
quency bins, over which the frequency of an oscillating 
field Bl was swept. 

In the first measurement, we performed a number of 
runs by changing the positions and width of the bins 
run by run, each resulting in a low-statistics spectrum. 
In such a situation the conventional method of analysis 
did not allow us to gather the data into a spectrum of 
significant statistics for deduction of a conclusive re­
sult for the magnetic moment. In order to overcome 
this difficulty we developed a new method of analysis 
in which all data are analyzed in terms of a probabil­
ity distribution by respecting the characteristic feature 
of the adiabatic fast passage method. The probability 
distribution function derived by this method is shown 
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Fig. 1. Probability distribution function deduced by ap­
plying the newly developed method of analysis. See 
text. 

in Fig. 1. This result was confirmed in the second mea­
surement in which we concentrated on the frequency 
region suggested by the above result, as shown in Fig. 
2. From these results we could determine the absolute 
value of I-" within ±3.5% accuracy. We then carried out 
a precision measurement by dividing this region into 
seven pieces. The result is shown in Fig. 3. The result 
preliminarily derived from Fig. 3 is 

11-"1 = 2.540 ± 0.015 (n.m.). 
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Fig. 3. NMR spectrum obtained from the last meas­
urement. 
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Magnetic Moment of 17N 

H. Ueno, H. Izumi, K. Asahi, H. Okuno, K. Nagata, Y. Hori, H. Sato, A. Yoshida, 
G. Liu, N. Aoi, H. Ogawa, M. Adachi, and M. Ishihara 

[
NUCLEAR REACTION 93Nb+180, E/A = 70 MeV/nucleon; measured {3-ray asymmetry of 1 
I7N, nuclear magnetic resonance; deduced magnetic moment of the ground state for I7N. 

Nuclear magnetic moment of 17N was determined by 
using a spin polarized radioactive beam from the pro­
jectile fragmentation reaction. l ) I7N (J7r = ~ -, t~ = 
4.173s, Q/3 = 8.680 MeV) was produced with a beam 
of 180 at 70 MeV /u onto a 93Nb target of 428 mg/cm2 

thickness. Fragments emitted at ()L = 2.5 ± 1.0°, after 
being isotope-separated by RIPS, were implanted in 
a carbon graphite stopper to which a static magnetic 
field of 2475 Gauss was applied. Nuclear magnetic res­
onance was observed through a change in the up/down 
asymmetry of {3-rays emitted in the decay of 17N. The 
NMR spectrum obtained is shown in Fig. 1. The ex­
perimental magnetic moment J.L was deduced from the 
dip position in the spectrum as 

IJ.LI = 0.352 ± 0.002 (n.m.). 

No correction was made for the Knight shift and chem­
ical shift since their effects are considered to be smaller 
than the experimental error assigned to J.L (the Knight 
shift is estimated as K f"'V 10-4 from the Korringa con­
stant TI . T = 2.7 X 104 sec·K, and the chemical shift 
normally takes the order of 10-4 

f"'V 10-5 ). 
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Fig. 1. NMR spectrum obtained for 17N. The up/down 
ratio of f3-rays is plotted as a function of the frequency 
of an oscillating field. 

In Fig. 2 the experimental value is compared with 
shell model calculations2- 4) based on the OXBASH 
program.5) Here a negative sign is assumed for the 
I7N experimental value. The calculation with the p-sd 
cross shell interactions recently proposed by Warbur­
ton and Brown (referred to as WBP in Fig. 2)2) re­
produces the experimental value better than the one 
based on the Millener-Kurath interaction (MK).3) In 
order to clarify effects of the neutron excitation to 
the sd-shell, the calculation with Cohen-Kurath in­
teraction (CKPOT)4) in the p-model space is also 
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plotted. We note here the large outward deviation 
from the Schmidt value, representing the expected ab­
sence of the Ml core polarization for the p 1 orbit. 6) 

2 

Thus the magnetic moments, in particular their de-
viation from the Schmidt values, of I7N and other 
odd-mass N isotopes may afford a sensitive test of 
p-sd cross shell interactions. In fact in the case of 
17N the WBP model shows that the magnetic mo­
ment is largely determined by the admixture of the 
17r(p2)3(Pl)2 >J=~ ®lv(d 2 )2 >J=2 configuration, for 

~ . 2 2 

whiCh the expectation value for J.L amounts to 8 times 
that of the major components having proton configu­
rations of 17r (p 1) > J = ~ type. The contribution of such 

2 

a configuration, involving the excitation of the sd-shell 
neutrons by the p-shell protons through the cross-shell 
interactions, may play an increasingly important role 
in the ground state of heavier N isotopes, and well de­
serves of further experimental investigation. 

;rac Valu~ = +0.667 
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Fig. 2. Comparison of the experimental magnetic mo­
ments for N isotopes of odd mass with shell model calcu­
lations. MK: the Millener-Kurath p-sd cross shell effec­
tive interaction. WBP: the p-sd cross shell effective in­
teraction recently proposed by Warburton and Brown. 
CKPOT: the calculation within a p-model space using 
the Cohen-Kurath p-shell effective interaction. See text. 
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Asymmetry Parameter of 23Mg Beta Decay 

K. Matsuta, M. Fukuda, S. Fukuda, T. Minamisono, Y. Nojiri, T. Izumikawa, M. Tanigaki, M. Nakazato, 
M. Mihara, T. Onishi, T. Yamaguchi , T. Miyake, M. Sasaki, A. Harada, T. Ohtsubo, K. Yoshida, 

A. Ozawa, T. Kobayashi, 1. Tanihata, J. R. Alonso, * G. F. Krebs, * and T. J. M. Symons* 

[
NUCLEAR REACTION 197 Au + 24Mg, E = 91A MeV; measured {3-ray asymmetry of 23Mg, 1 
nuclear magnetic resonance; deduced asymmetry parameter of 23Mg ground state transition. 

Study of the weak vector coupling constant Gv for 
mixed transitions provides a sharp test for the CVC 
(Conserved Vector Current) theory. The Gv for a 
mixed transition is obtained from the beta-decay asym­
metry parameter in combination with the half life of 
the transition. In the present experiment, the asymme­
try parameter of 23 Mg beta decay has been measured 
for the first time at RIKEN's K540 cyclotron using the 
technique of polarized radioactive nuclear beams. 

The 23Mg nuclei were produced through projectile 
fragmentation of the 24Mg beam bombarding a Au tar­
get at 100A MeV. The 23Mg fragments produced at a 
deflection angle of 2° were separated using the RIPS 
(RIKEN Projectile Fragment Separator), and were mo­
mentum analyzed in the separator. Thus obtained po­
larized 23Mg nuclei were then implanted in a cooled 
thin Pt catcher foil placed in a strong magnetic field to 
maintain the polarization. The polarization effect was 
measured by means of asymmetric beta-ray emission 
for both the ground state transition and the transition 
to the first excited state. The transition to the excited 
state was tagged by the 440 ke V gamma rays. 

10 
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,I 
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Fig. 1. Beta-ray asymmetries. 

20 
Figure 1 shows the obtained beta-ray asymmetries 

AP (A: asymmetry parameter, P: polarization) for 
both beta-ray singles and beta-gamma coincidence 
events. Since the value Aex is known to be - 0.6, 
the ratio of two asymmetries, Aex/A~ = 0.90 ± 0.19, 
gives asymmetry parameter for the ground transition 
as Ao = -0.65(13), which is in good agreement with 
the value -0.55 predicted from the CVC. More precise 

measurements are being planned in order to obtain the 
coupling constant Gv with the accuracy of about 1%. 

LBL, Berkeley, U.S.A. 
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Nuclear Moments of 179Ta 

M. Wakasugi, W.-G. Jin, T. T. Inamura, T. Murayama, H. Katsuragawa, 
T. Ishizuka, J.-Z. Ruan, and I. Sugai 

[NUCLEAR MOMENTS (Static) 179Ta; measured a, b; deduced j,t, Q.] 

We measured the hyperfine structure of radioactive 
isotope 179Ta (T 1/2 = 1.8 y) with a laser spectroscopy 
system using an argon-ion sputtering atomic beam 
source. I) From the measurement, we determined mag­
netic dipole and electricquadrupole moments of the nu­
clear ground state. 

A sample of 179Ta isotope was prepared by bombard­
ing a natural Hf target (0.25 mm thick) with a 19 MeV 
deuteron beam from an AVF cyclotron. Reactions of 
180Hf(d,3n) and 179Hf(d,2n) were used. The number of 
produced 179Ta atoms was about 5 x 1014 atoms. The 
size of the d-beam spot on the Hf target was about 6 
mm2, and most of 179Ta atoms were mainly located 
at the depth shallower than 0.1 mm from the surface. 
That means the abundance of 179Ta in a volume of 0.6 
mm3 was about 20 ppm. 

After cooling of short lived isotopes such as 177Ta, 
we set the radioactive sample together with a natural 
Ta sample in the laser spectroscopy system. First, we 
observed a hyperfine spectrum of a 540.3 nm transi­
tion from 4F3/2 ground state to 18504.7 cm-1 4D1/2 
state of the stable isotope 181Ta to check wavelength 
of the laser and optimize geometrical conditions of the 
apparatus. The hyperfine spectrum is shown in Fig. 
1(a). Next, we moved the sample so that the argon­
ion beam hits the center of the d-beam spot on the 
radioactive sample. At this position, we measured the 
fluorescence spectrum at the same wavelength region 
as in Fig. l(a) , and it is shown in Fig. 1(b). 

To identify hyperfine transition lines of 179TaI, we 
measured a background spectrum with an argon-ion 
beam by hitting a point outside of the d-beam spot 
and the spectrum is shown in Fig. 1 (c). Then, hy­
perfine peaks of 179TaI have been identified as la­
beled by alphabets a to f in Fig. 1 (b). From these 
peaks, we could determine the hyperfine splitting of 
the ground state 4F3/2. Then hyperfine constants A 
and B of the ground state 4F3/2 were determined to 
be A179 = 492(1) MHz, and Bi79 = -1043(10) MHz. 
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Fig. 1. Measured spectra of the 540.3 nm transition in 
179Ta with reference spectra: The spectrum (a) was 
obtained when an argon-ion beam hits the natural Ta 
sample; the spectrum (b) was obtained for the center of 
d-beam spot on the radioactive sample; and the spec­
trum (c) for a point outside the d-beam spot on the 
radioactive sample. 

Since A factor is proportional to the nuclear magnetic 
moment j,t, we derived the moment of 179Ta to be 
j,tf19 = +2.289(9) j,tN using A 181 and j,tf81 previously 
known for 181Ta isotope.2,3) A ratio of B factor of two 
isotopes should be equal to the ratio of the nuclear 
quadrupole moment Qs. The moment Q;79 of 179Ta 
was also derived to be Q;79 = +3.37(4) b, using B181 

and Q;81 values.2,3) 
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Nuclear Moments of 180mTa by Laser-RF Double-Resonance 
Spectroscopy 

W.-G. Jin, M. Wakasugi, T. T. Inamura, T. Murayama, H. Katsuragawa, T. Ishizuka, and 1. Sugai 

[NUCLEAR MOMENTS (Static) 180mTaj measured a, b; deduced J-L, Q.] 

A typical refractory element Ta has a naturally oc­
curring long-lived (T1/ 2 > 1.2x 1015 y) spin (I = 9) iso­
mer 180mTa at 75.3 keY, whose abundance is 0.0123%. 
This exotic nuclide has attracted much interest in as­
trophysics as well as in nuclear structure physics. The 
nuclear magnetic dipole moment of 180mTa was ten­
tatively reported more than ten years ago1) but the 

. electric quadrupole moment is not known. 
We developed a laser-rf double-resonance (LRDR) 

spectroscopic technique2,3) using an innovative Ar-ion 
sputtering atomic beam source especially to study re­
fractory elements.4 ,5) In this paper we shall report 
a precise hyperfine structure (hfs) measurement of 
180mTa by means of LRDR. 

Figure 1 shows the laser-induced fluorescence spec­
trum of the 540.3 nm (ground state 4F3/2 - 18504.7 
cm-1 4D1/ 2 ) transition. Six strong peaks are hyper­
fine transitions in 181Taj two small peaks indicated by 
a and f3 are those in 180mTa. The other hyperfine 
transitions in 180mTa were masked by strong peaks of 
181Ta. 
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Fig. 1. Laser-induced fluorescence spectrum of the 540.3 
nm transition in Ta. 

For the LRDR measurement of 180mTa, the laser fre­
quency was fixed at one of hfs peaks, and change in 
the fluorescence intensity as a function of the rf was 
obtained by scanning the frequency applied to the rf 
loop. The measured LRDR spectra for the peaks a 
and f3 are shown in Fig. 2(a) and (b), respectively. 
From the LRDR spectra, two hyperfine splittings of 
/::..v(F-F' = 19/2-21/2) and /::..v(15/2-17/2) of 4 F3/2 
in 180mTa were determined and thus the hfs constants 
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Fig. 2. RF resonance spectrum (a) for F - F' = 19/2 
- 21/2 and (b) for F - F' = 15/2 - 17/2 in 180mTa. 
Spectrum (a) was measured for the optical transition Q: 

in Fig. 1, and (b) for (3. 

A and B were precisely derived for the ground state 
4 F3/ 2 : A = 402.9466(10) MHz and B = -1533.056(15) 
MHz. Using the known hfs constants A and B 6

) and 
nuclear moments J-L and Q7) for 181Ta, we have the 
magnetic dipole moment J-L180m = 4.825(11) J-LN and the 
spectroscopic quadrupole moment Q180m = 4.946(20) 
b for 180mTa. The present dipole moment is in agree­
ment with that given by Burghardt et al. within their 
experimental error; 1) the present accuracy is improved 
by a factor of five and the quadrupole moment was 
determined for the first time. 
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27 Al( d, 2He) Reaction Studied at Ed = 270 MeV 

T. Niizeki, H. Ohnuma, T. Yamamoto, K. Katoh, T. Yamashita, Y. Hara, H. Okamura, H. Sakai, S. Ishida, 
N. Sakamoto, H. Otsu, T. Wakasa, T. Uesaka, Y. Satou, S. Fujita, T. Ichihara, H. Orihara, 

H. Toyokawa, K. Hat an aka , S. Kato, S. Kubono, and M. Yosoi 

[NUCLEAR REACTION 27 AI(d,2He), Ed = 270 MeV.] 

We have been studying Gamow-Teller strength dis­
tributions in the T z = + 1 channel (G T +) for sd-shell 
nuclei by (d, 2He) reactions. 1 ,2) In this report we 
present the data on 27 AI. The experiment was car­
ried out using a 270 MeV deuteron beam from the 
RIKEN Ring Cyclotron and a large solid-angle, large 
momentum-acceptance magnetic spectrometer system 
SMART. The target was 39.4 mg/cm2 thick self­
supporting foil of aluminum. Details of the experiment 
were described in our previous reports. 1,2) Major mod­
ifications made since the report last year are the use 
of a helium gas-filled detector chamber and the use of 
improved optics to further reduce multiple scattering 
and to improve angular and energy resolutions. An 
overall energy resolution of about 600 ke V has been 
obtained so far. 

Figure l(a) shows a sample small-angle spectrum 
from the 27 AI(d,2He)27Mg reaction. This spectrum 
was obtained by dividing a spectrum measured at the 
spectrometer angle of 0° into smaller angular bins. The 
peaks indicated by triangles show forward rise, and are 
identified as being excited by GT transitions. In ad­
dition to those, there also seem to exist a number of 
very weak GT components in a high excitation energy 
region. States in 27Mg that can be excited by GT 
transitions should have J7r of 3/2+, 5/2+ and 7/2+. 
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Fig. 1. Excitation energy spectrum (a) obtained at 0° 
for the 27 AI(d,2He)27Mg reaction. Distribution of cal­
culated reduced GT transition probabilities B(GT) is 
shown in (b). 
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There is a 3/2+ state at 0.98 MeV in 27Mg, and 
two 5/2+ states at 1.70 and 1.94 MeV.3) The 0.98 
MeV state is strongly fed4) by the f3 decay of the 5/2+ 
ground state of 27Na with a log it value of 4.3. These 
low-lying states are only very weakly excited in the 
(d,2He) reaction. They are considered to be arising 
basically from higher-seniority (d5 / 2) 10 configurations 
coupled with an S1/2 neutron. They should not there­
fore be excited by L = 0 in charge exchange reactions 
on 27 AI, but should be strongly fed in the f3 decay of 
27N a. Such an interpretation agrees with the experi­
mental observation. 

Major portion of the GT strength is concentrated in 
two regions, one around 6 MeV and another around 9 
Me V in excitation. The experimentally observed peaks 
in these regions look like composite peaks containing 
several unresolved peaks. These peak shapes are a lit­
tle broader than, but very similar to, those observed in 
the 28Si(d,2He)28 Al reaction as discussed in a separate 
report. 5) 

Figure 1 (b) shows the GT strength distribution 
calculated for the full sd-shell configuration by the 
OXBASH.6) The B(GT) values are multiplied by 2J f + 
1, and the bin size is 200 ke V. Weak excitation of the 
low-lying states discussed above agrees with the shell­
model calculation. The calculated G T strength distri­
bution at least qualitatively reproduces the data: it 
gives two regions of concentrated strength separated 
by about 3 MeV. 

The A = 27 nuclei studied here are about the middle 
of the sd-shell, and expected to have numerous states 
with small GT components. Indeed there are 40 states 
so far reported3) between 4 and 8 Me V excitation en­
ergy in 27Mg, about three quarters of which have been 
assigned to be 3/2+, 5/2+ or 7/2+. According to the 
present data, however, the GT strength in 27Mg is not 
distributed over a wide region, but concentrated in nar­
row regions of excitation energy. Shell model calcula­
tions seem to be able to explain such concentration of 
the GT strength. Further analysis is in progress . 
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GT + Strength Distributions in N == 15 Isotones 

T. Niizeki, H. Ohnuma, T. Yamamoto, K. Katoh, T. Yamashita, Y. Hara, H. Okamura, H. Sakai, S. Ishida, 
N. Sakamoto, H. Otsu, T. Wakasa, T. Uesaka, Y. Satou, S. Fujita, T. Ichihara, H. Orihara, 

H. Toyokawa, K. Hatanaka, S. Kato, S. Kubono, and M. Yosoi 

[NUCLEAR REACTIONS: 26Mg, 27 AI, 28Si(d,2He), Ed = 270 MeV.] 

We have been studying Gamow-Teller strength dis­
tributions in the T z = + 1 channel (GT +) for sd-shell 
nuclei by (d, 2He) reactions. We have obtained, in par­
ticular, the (d,2He) spectra for the target nuclei 26Mg, 
27 AI, and 28Si, all of which have N = 14. The final nu­
clei 26Na, 27Mg, and 28 Al are N = 15 isotones. Figure 
1 shows spectra obtained at Blab = 0- 10

, the same as 
shown previously,I,2) except that those at Blab = 3- 40 

have been subtracted after suitable normalization. The 
L = 0 angular distributions are expected to decrease 
rapidly from 00 to 40

, while those with higher L stay 
roughly constant in this range. Therefore the spectra 
shown in Fig. 1 would be safely regarded as reasonable 
representations of the GT + strength distributions in 
final nuclei. 

~ 150 
~ 

d 100 

~ 50 
c 
:::l 

8 0 I-----II~ 

~150 
~ 

r-: 100 o 
........ 
~ 50 
c 
:::l 

8 0 W!N~"" 

- 18 3 

28Si(d,zHe) 

Fig. 1. Q-value spectra for the 26Mg, 27 AI, 28Si(d,2He) 
reactions at Ed = 270 Me V obtained for the angular 
range between 0 and 10. Those for 3- 40 have been 
subtracted. 

An interesting feature of these spectra is that all of 
them show quite similar distributions. There are only 
two strong peaks in each spectrum; the one at lower ex­
citation energy is the strongest, followed by a medium 
peak 2- 3 MeV higher in excitation. There possibly are 
several other weaker peaks. The strongest peak in 28 Al 

is known to have satellite peaks on both sides.2) The Q­
values for the strongest peaks are about 11, 10, and 8 
MeV for 26Na, 27Mg, and 28AI, respectively. The GT+ 
distribution observed in the 27 AI( d, 2He )27Mg reaction 
is broader than the others, because final states with J7r 
= 3/2+ , 5/2+, and 7/2+ can be excited by GT + transi­
tions in this case, while only the 1+ states are excited 
from even-even targets. An additional reason for a 
broader distribution in 27Mg may be the low neutron 
separation energy of 6.4 MeV for this nucleus. The 
strong GT peaks are well below the neutron thresh­
olds in the other two cases. 

Full sd-shell shell-model calculations have been suc­
cessful to describe various properties of nuclei over the 
entire region of sd-shell. 3) Indeed the GT + strength 
distribution in 26Na was found to be in reasonable 
agreement with the shell model prediction. 1) On the 
other hand, the GT _ distribution observed in the 
28Si(p,n)28p reaction4) could not be reproduced by the 
shell model: the experimental data show that major 
portion of the GT _ strength is concentrated in a few 
peaks while the GT _ strength is spread over a wide 
excitation energy region according to the shell model. 
The 28Si( d, 2He) data shown in Fig. 1 are almost iden­
tical to those for the mirror 28Si(p,n) reaction, and dis­
agree with the shell model calculation. Although the 
results for 27Mg are somewhat uncertain due to the 
fact that there are more GT + states than in 26Na and 
28 AI, the shell model calculations at least qualitatively 
reproduce the data giving two regions of concentrated 
GT strength.2) 

Wider spreading of the G T strength toward the mid­
dle of the sd-shell, as suggested by the shell model cal­
culation, seems more natural since there are more s-d 
particles and hence a wider configuration space avail­
able. However the present data combined with previ­
ous (p,n) data4) clearly show that this is not the case 
for 28Si. The GT strength is concentrated in a few 
peaks even at the middle of the shell. The reason for 
such failure of the shell model is not clear at present. 
More detailed analysis of the experimental data and 
further theoretical investigations are under way. 
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Excitation of Spin-dipole States by the 12C(12C,12N)12B 
Reaction at E / A = 135 Me V 

T. Ichihara, M. Ishihara, H. Ohnuma, T. Niizeki, T. Yamashita, K. Katoh, S. Kubono, 
M. Tanaka, Y. Fuchi, S. Takaku, H. Okamura, S. Ishida, and Y. Satou 

[NUCLEAR REACTION 12Ce2C,12N)12B, EjA = 135 MeV.] 

Giant resonances can be described as the collective 
motion of nucleons in a nucleus, or as coherent super­
positions of one-particle one-hole excitations in a mi­
croscopic picture. Recent progress in shell-model theo­
ries has made it possible to carry out large-space micro­
scopic calculations including 1 hw or even higher con­
figurations for giant resonances in light nuclei such as 
12C. Experimentally, charge-exchange reactions have 
been used extensively to reveal the isovector mode of 
giant resonances. However, very little information has 
been obtained about the spin-dipole resonances, which 
are characterized by the quantum numbers b..S = 1, 
b..T = 1 and b..L = 1. 

Two broad peaks were observed at 4.5 MeV and 7.5 
MeV in previous (p,n), (n,p) charge-exchange experi­
ments on 12C.1) DWBA analysis of their angular dis­
tributions indicated that these peaks were dominantly 
due to the J7r = 2- and 1- components, respectively. 
They were interpreted as the members of the isovec­
tor spin-dipole resonance built on the ground state of 
12C. In these reactions , however, both the spin-flip 
(b..S = 1) and non spin-flip (b..S = 0) components 
can be excited. 

The e 2C,12 N) reaction has a stringent selectivity of 
the spin and isospin transfer, i.e. b..S = 1 and b..T = 1, 
and can be utilized to pick up pure spin-flip compo­
nents. It has been suggested that the e 2C,12N) re­
action may become dominantly one-step in the region 
of EjA > 100 MeV. Indeed our recent study of the 
12Ce2C,12N)12B reaction leading to the 12B ground 
state (1 +) at E j A = 135 MeV has shown an encour­
aging result.2) In this paper we extend such a spectro­
scopic study to the region of giant resonances. 

The experiment was performed using an E j A = 
135 MeV 12C beam from the ring cyclotron at the 
RIKEN Accelerator Research Facility. Outgoing par­
ticles were analyzed with the high-resolution spectro­
graph SMART. Figure 1 shows sample spectra at two 
different angles. The 12B ground state (g.s.) as well 
as the bumps around Ex = 4.5 MeV and 7.5 MeV are 
strongly excited. 

The deduced differential cross sections are plotted in 
Fig. 2 together with the results of the microscopic one­
step DWBA analysis using the Franey-Love t-matrices 
and shell-model wave functions. 2) 
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Fig. 1. Typical energy spectrum of the reaction. 
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Fig. 2. Differential cross sections for each state. 

An intriguing feature observed here is that the 
strength around 7.5 MeV comes mainly from the 2-
states. The discrepancy between the present analysis 
and the previous (n,p) and (p,n) results1) can be con­
sidered to be due to the different selection mechanism 
of the react ion. The (12C,12N) reaction selects only the 
b..S = 1 excitation whereas the (n,p) and (p,n) reac­
tions involve both the b..S = 1 and b..S = 0 excitations. 
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Tensor Analyzing Power of the 12C(d,2He)12B Reaction 
at 270 MeV 

H. Okamura, S. Ishida, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, Y. Satou, S. Fujita, H. Sakai, 
T. Ichihara, K. Hatanaka, T. Niizeki, K. Katoh, T. Yamashita, Y. Hara, and H. Ohnuma 

[
NUCLEAR REACTION 12C(d, 2He), Ed=270 MeV, measured 1 
cross section and analyzing powers, DWBA analysis. 

It is theoretically shown that the tensor analyzing 
powers of the (d , 2He) reaction contain essentially the 
same nuclear information as the polarization-transfer 
observables of t he nucleon-nucleus scattering.1) Con­
sidering its unique selectivities, ~S=l, ~T=l, and 
~Tz=+l , the (d, 2He) reaction should be a powerful 
tool for the study of t he spin-flip dipole state, partic­
ularly in identifying J7r of the residual nucleus (2- , 
1- , and 0- for a 0+ target). It would be fascinating to 
know if the 0- collective states were enhanced through 
their coupling to the pionic degrees of freedom in the 

100 

10-1 

10-2 

10- 2 

~ 
en 10- 1 

"-..0 

510-2 

c:: 
"~.)Oo 
b 

'"d 
10-1 

100 

1 ~xO.6 . 
• 

4;:XO.~ .. 
(dol) .... 

... ;;~~:;!!. 
~ "~" 7 .5 .', 
2;+4+~xO.6 *.\. 
(dash) ", ' 

1 ;+4+6 x O.6 " ;~ 
(dot) .... >"" 

10-3~~~~~~~~ 

o 5 10 15 20 

Bern (deg) 

Fig. 1. Angular distributions of the cross section. The 
result of DWBA analysis is also presented normalized 
by the factor indicated for each state. 

nucleus. 
The usefulness of the tensor analyzing power, how­

ever, has not been experimentally established. We 
have measured Ayy and Axx of the (d, 2He) reaction 
at 270 MeV on the 12C target, the structure of which 
is well understood. The cross section and the vector 
analyzing power Ay have been also measured for the 
study of the reaction mechanism. Details of the ex­
perimental procedure2,3) and of the polarized deuteron 
beam4) are described elsewhere. 

The result is shown in Figs. 1 and 2. The data has 
been analy~ed according to the prior-formalism of the 
DWBA theory for the three-body reaction. The cal­
culation reproduces the data reasonably well. Details 
are discussed in Ref. 3. 
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Production of High-Spin Isomer Beam 

T. Kishida, S.-J. Chae, A. Ferragut, Y. Gono, E. Ideguchi, M. Ishihara, M. Kidera, J.-C. Kim, H. Kumagai, 
H. Kusakari, G. Liu, B.-J. Min, S. Mitarai, T. Morikawa, K. Morita, T. Murakami, M. Nakajima, A. Odahara, 

M. Ogawa, M. Oshima, M. Shibata, T. Shizuma, M. Sugawara, H. Tsuchida, A. Yoshida, and Y. Zhang 

[
NUCLEAR REACTIONS, I60(136Xe,7n)145Sm, 9Bee70Er,Sn)174Hf, 27 AI( 130Te,9n) I48Tb, 1 
Ep = 7-10 MeV /u, Recoil Separator, High-Spin Isomer Beams. 

The high spin isomer beam line of RIKEN Acceler­
ator Facility is a unique apparatus in the world. This 
beam line provides a high spin isomer as a secondary 
beam, which enables us to study the nuclear high spin 
state of exotic condition. One of the important sub­
jects is the search for off-yrast collective mode of the 
high spin isomer state by means of the Coulomb excita­
tion. And another important subject is the production 
of very high spin states by means of secondary fusion 
reactions between the high spin isomer and the target 
nucleus. 

The high spin isomer beams are produced via heavy­
ion-induced fusion reactions of inverse kinematics. The 
fusion products, thus produced, recoil out into the for­
ward direction and have large kinetic energies enough 
for the secondary reactions. In the first stage, a gas­
filled system was used to enhance the secondary beam 
intensity by the charge state equilibration of the beams 
in the gas. I,2) However, the effect of the multiple scat­
tering in the beam line materials was too large to get 
a well- focused beam spot, and the beam transmission 
was limited. In the second stage, in order to improve 
the transmission, we developed a new system with­
out filling gases and with the intermediate focal plane 
(F1) for the separation of the reaction products from 
the primary beam.3) (See Fig. 1) As reported in Ref. 
3, high spin isomer beams were produced via a Xe­
induced reaction with, or without, filling gases, and 

HP·Ge 

~7·SI.."" 
E1 C-COURSE at 
RRC 

Fig. 1. Schematic diagram of the high-spin isomer beam 
facility. 
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the transmission without gases was measured to be 
20-30% while that for the gas- filled system was about 
10%. 

In 1994, we produced three kinds of high spin iso­
mer beams. (A) The high spin isomer of I45Sm of pI" = 

(49/2)+ was produced by the I60e36Xe,7n)145Sm re­
action. A Si02 foil of about 2-3 mg/ cm2 was used 
as a production target. The primary beam intensity 
was 6-30 x 109 sec- I . And the isomer yield was fi­
nally obtained to be about S x 104 sec- I by measuring 
the known ,-ray yields. (B) The K-isomer of I74Hf 
of K7r = 8- was produced by the 9Be(170Er,Sn)174Hf 
reaction. A Be foil of 1.84 mg/cm2 was used as a pro­
duction target, and the primary beam intensity was 6-
12 x 109 sec-I. The isomer yield was, then, 1.5- 3 x 103 

sec-I. The Coulomb excitation of the K-isomer state 
was successfully observed with this beam. (C) The 
high spin isomer of I48Tb of I = 274) was produced 
by the 27 Ale30Te,9n)148Tb reaction. The data of this 
experiment is now in analysis. 

In the case of I45Sm, we encountered the difficulties 
that the production target would be destroyed by the 
heat emerged when the intensity of the primary beam 
was very large. We, therefore, have to use a target 
material like 9Be or 27 Al which has large heat conduc-

'tance. (For example, 145Sm can be produced by the 
9Be(142 Ce,6n)145Sm reaction.) 

Furthermore, we plan to use a gas target system as 
a production target for further increase of the primary 
beam intensity. This high intensity high spin isomer 
beam will be a powerful tool for secondary fusion ex­
periments to produce a cold high spin compound nu­
cleus. 
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Coulomb Excitation of 174Hf K-Isomer: ,-Ray Spectroscopy 
with High-Spin Isomer Beam 
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[
NUCLEAR REACTION, 9Bee70Er,5n)174Hf, Recoil Separator, High-Spin Isomer 1 
Beams, K-Isomer, Secondary Reaction, Coulomb Excitation, B(E2). 

By using the high-spin isomer beam (HSIB),l) a 
Coulomb excitation (COULEX) experiment of 174Hf 
K7r = 8- isomer was successfully carried out. This 
is the first application of the HSIB to the I'-ray spec­
troscopy in the secondary reaction. 

A 7.0 MeV /u 170Er primary beam was provided by 
RIKEN Ring Cyclotron, and was incident on the pro­
duction target of a 1.84 mg/cm2 9Be foil with an inten­
sity of 1- 2 pnA. The HSIB of 174Hf K-isomer was pro­
duced by the recoil separator system at E1C course,2) 
and was delivered to the second target of a 208Pb foil of 
2 mg/ cm 2. Due to the small difference of the magnetic 
rigidity between the primary and secondary beams, the 
intensity of HSIB with reasonable purity was limited 
to 1.5- 3 x 103 pps on the second target . Eight HP 
Ge detectors at ()-y = 135° and four PPAC's cover­
ing 15° :::; ()p :::; 65° were used to detect COULEX 
I'-rays and the scattered projectile, respectively, and 
the coincidence signal between them triggered the data 
acquisition system. Twenty-four NaI(Tl) scintillators 
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Fig. 1. Doppler-corrected ,-ray spectra gated by 174Hf 
(a) and 170Er (b) components in the TOF (PPAC-RF) 
distribution. The spectrum (c) is made by subtracting 
(b) from (a) with appropriate normalization. 

were also placed surrounding the PPAC chamber to de­
tect the delayed I'-rays deexciting the isomer following 
the prompt COULEX reaction. 

The list-mode data were off-line sorted to extract the 
COULEX events of 174Hfisomers. Figure l(a) shows a 
I'-ray spectrum obtained by the TOF (PPAC-RF) gate 
for the reaction products. As a background, the 170Er 
(primary beam) COULEX spectrum was also made by 
a different TOF-gate as shown in Fig. l(b). The pure 
,-ray spectrum of 174Hf COULEX in Fig. l(c) was 
finally obtained after the background subtraction. In 
the I'-ray spectrum in Fig. l(c), the prominent peak of 
g- -+ 8- transition was observed at 232 keY, as well 
as the rotational sequence of the ground state band 
(GSB) following the multiple-step excitation up to 8+ 
state. By gating on the NaI(TI) delayed signals, the 
232 keY transition was confirmed to feed the isomer. In 
contrast, the 10- -+ 8- transition of fl.! = 2 was not 
observed, which is consistent with the expectation for a 
rotational band of a large K quantum number. Figure 
2 summarizes the levels and transitions observed in the 
present experiment. 

In order to estimate the B(E2 : 8- -+ 9-) value, we 
used the ratio of cross sections, 0-(8- -+ g-)/o-(ot -+ 

Klt=8-, 2.4118 

2028.0 9-

Klt=6+, 133 n8 212 
1737.4 7+ 1797.5 i 8-

I ! 

1549.3, 6+ 

* 
K It=o+, Gsa 

941 
1009.6 8+ 

I 1251 

_21 6+ + 
3 1 

297.517 4+ ; 
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Fig. 2. A partial level scheme of 174Hf with the observed 
transitions indicated by solid lines. Dashed arrows are 
the transitions following the 174Hf K7T = 8- isomer 
decay. 
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2t). The experimental value of this ratio was 0.57 ± 
0.50, and is consistent with the theoretical value 0.51 
which is calculated by assuming the K7r = 8- band as 
a rigid rotor with Qo = 7.3 b,3) the same value as the 
ground state. From the present analysis, B(E2 : 8- ---+ 

9-) value was extracted to be 2 ± 1 e2b2 . Although the 
uncertainty is large, still it may be concluded that the 
K7r = 8- band has a collectivity as large as that of the 
GSB. The goodness of the K-quantum number is also 
suggested by the absence of the 1::::.1 = 2 transition. 

In the hafnium and tungsten region, some K-isomers 
were recently reported4 ,5) to severely violate the K­
selection rule in their decay mode. In the case of 176W, 

the K7r = 14+ isomer is reported5) to decay directly to 
the K7r = 0+ GSB member with a branching ratio of 
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>30%, which clearly challenges our understanding for 
the high-K isomers. It is, therefore, very important 
to directly measure the B(E2) values and Q-moments 
of the isomer bands by HSIB COULEX. Although the 
quality of the present data is not sufficient for such 
an analysis, it is possible to improve it in the future 
experiments. 
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High-Spin States in 148Tb 
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[NUCLEAR REACTIONS, 141 Pr(13C,6n) 148Tb, High-Spin Isomer Beams.] 

The recent progress of the experimental teqniques 
using unstable nuclear beams has made it possible to 
study nuclear structures in the extreme state which 
was not attainable experimentally in the past. In order 
to investigate extremely high-spin states of nuclei, the 
development of high-spin isomer beams1) is going on at 
RIKEN Ring Cyclotron. For the time being the avail­
able isomers as secondary beams are high-spin yrast 
traps in N = 83 isotones2- 7 ) and high-K isomers8) in 
the Hf region. 

In the N = 83 region the high-spin isomers were 
found systematically. Figure 1 shows the systematics 
of the high-spin isomer of N = 83 isotones. The excita­
tion energies and half-lives of these high-spin isomers 
are almost the same, i.e. ",,8 MeV and "" 1 J.Ls respec­
tively. This suggests the resembling structure of these 
yrast traps in the isotones. In these isotones 148Tb 
is one of the candidates as a high-spin isomer beam 
which can be produced by the 27 AI( 130Te,9n) 148Tb re­
action. The 27 Al target is easy to handle and resistant 
to heat up. In this reaction good separation of the reac­
tion products from the primary beam is obtained since 
the magnetic rigidity of their optimum charge states is 
much different. Therefore a detailed study to get the 
information of the yrast trap of 148Tb was performed. 
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Fig. 1. The systematics of high-spin isomers of N = 83 
isotones. 

Broda et al. 9) reported the low lying level scheme of 
148Tb and a half life of the high-spin isomer as 1.1 J.LS. 
But the decay scheme of the high-spin isomer was not 
established yet. The level structure above the high­
spin isomer was not studied either. 

In order to clarify the level structure of 148Tb an 
in-beam, experiment was carried out at the JAERI 
tandem accelerater facility. The high-spin states of 
148Tb were populated by the 141 Pr(13C,6n) 148Tb reac­
tion. The 13C beams of 95,98, 100 and 108 MeV were 

Japan Atomic Energy Research Institute 

provided by the JAERI tandem accelerator. The self­
supporting 141 Pr foil target with the thickness of 4.7 
mg/cm2 was used. Six HPGe detectors with RIKEN 
BGOACS's were used. The detectors were placed at 
4 different angles with respect to the beam axis, so 
that the information of the angular distribution and di­
rectional correlation (DCO) ratios could be obtained. 
From the analysis of the excitation function and the 
,-, coincidence data a tentative level scheme was con­
structed up to the excitation energy of 11.8 MeV. And 
the spin of each state was assigned by the analysis of 
angular distribution of ,-rays. The half life of the high­
spin isomer was confirmed to be 1.1 J.LS by the analysis 
of the time spectrum between ,-rays. Figure 2 shows 
the tentative level scheme so far constructed. The data 
analysis is still in progress. 
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[NUCLEAR REACTIONS 9Be(170Er, 5n)174Hf, 7.0 MeV lu, Measured E1" 11" ,,-coin.] 

The N f"-.J 106, Z f"-.J 72 region is known to have 
many multi-quasiparticle isomers. 1) Take the Z = 72 
(Hafnium) isotopic chain as an example, the isomeric 
state with spin and parity as 22- in 176Hf, which cor­
responds to the 6 quasi-particle excitation, has been 
observed. For 174Hf, however, only the isomer of 
14+ has been obeserved; although the states built on 
the 14+ isomer have been reported, they still remain 
uncertain.2) More experimental data are required to 
understand the high spin isomer states of 174 Hf. 

The experiment was performed on the E 1 C high­
spin isomer beam (HSIB) course3) of the RIKEN Ring 
Cyclotron. The 174Hf was produced by the inverse­
kinematic fusion reaction 9Be(170Er, 5n) 174Hf at the 
FO target chamber, with the energy of 170Er beam be­
ing 7.0 MeV lu and the 9Be target thickness being 1.84 
mgl cm 2. The 174 Hf was selected and then transported 
to the F2 focal plane for measurement. The primary 
beam and other reaction products were eliminated by 
adjusting the slit at the F1 focal plane. The ,-, coin­
cidence measurement of 174Hf was carried out by using 
two portable Ge detectors and one clover-type Ge with 
4 units.4) All the Ge detectors were calibrated with 
152Eu and 133Ba ,-ray source. 

The states built on the 14+ isomer have been re­
ported with the first transition energy of 234 kev.1,2) 
But such transition is not observed in our experiment. 
Figure 1 shows the delayed, spectrum with time­
difference condition of T 1-T 2 > 500 ns subtracted by 
the spectrum with T1-T2 < -500 ns, and gated on 
the transitions of K7r = 6+ band, which come from 
the decay of the 14+ isomer. There is no peak at 234 
ke V; the inconsistency indicates that the band built on 
the 14+ isomer still needs experimental data to con­
firm. Because the clover-type Ge detector was used in 
the ,-, coincidence measurement , the Compton effect 
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becomes so serious that the background has many pos­
itive and negative bumps, and the real peak can be 
concealed in the background. Further analysis of the 
experimental data will be performed to eliminate such 
effect. 
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Fig. 1. The delayed, spectrum gated by the transitions 
of K7r = 6+ band, including 231 keY, 269 keY, 443 keY, 
520 keY, 552 keY, and 569 keY (see for details in the 
text). The positive peaks in the spectrum should be 
attributed to the transitions above K7r = 14+ isomer 
and the negative peaks to the transitions below K7r = 
6+ isomer. 
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Excitation Energy of Hot Nuclei Produced in 40 Ar + 116Sn 
Reaction at E/ A == 30 and 37 MeV /u 
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[
NUCLEAR REACTIONS: 40 Ar + 116Sn at E/A = 30,36.4 MeV /u; measured neutron, proton 1 
and a particle energy spectra and angular distributions; moving source analysis. 

To determine excitation energies of hot nuclei 
formed in heavy-ion fusion reaction and to study their 
properties, neutrons, protons and a particles emitted 
in 40 Ar + 116Sn reactions at E/ A = 30 and 37 MeV /u 
were measured in coincidence with heavy evaporation 
residues (ER). 

Self-supporting foil of 116Sn (about Img/cm2) was 
irradiated with 30 and 36.4 MeV /u 40 Ar beams of 
about 15 enA served from the RIKEN Ring Cyclotron. 
Neutrons were detected with 22 liquid scintillation 
detectors placed between 30 and 155 deg. with re­
spect to the beam axis and their energies were mea­
sured through the Time-of-flight (TOF) method. TOF 
lengths ranged from 0.8 m to 2.4 m. Overall time res­
olution was about 1.5 ns (FWHM) for prompt '"'( rays. 
Protons and a particles were measured with BaF 2-
plastic phoswich detectors,1) in separate runs. Heavy 
residues were detected with 4 stacks of MCP-MCP-Si 
detector array placed !'VI0° with respect to the beam 
axis and mass AER and velocity VER of evaporation 
residues were deduced. 

Events were divided into 4 bins according to VER 

and examined separately. To deduce multiplicity Mi 
and temperature parameter Ti , obtained spectra were 
analyzed using a Moving Source Model, in which 
isotropic Maxwellian volume (surface) emission of neu­
trons (protons and a particles) was assumed. Two 
emission sources were needed to reproduce the spec­
tra: on,e is a pre-equilibrium-like source moving with 
roughly a half the beam velocity. The other is an equi­
librium source moving with a similar velocity to VER . 

From the obtained multiplicities and temperature 
parameters for the equilibrium source, thermal excita­
tion energy Eth was deduced using the following re­
lation: Eth = Li=n,p,Q M i ( (Ei) + EC,i + B i ) + E"p 
where M i , (Ei ), EC,i, Bi are multiplicity, average 
energy, Coulomb energy and binding energy, respec­
tively. E-y is the energy removed through '"'(-ray emis­
sion. (Ei) = 3/2Ti for neutrons, while for protons and 
a particles (Ei) = 2Ti' 

In Fig. 1 the obtained excitation energies were plot­
ted against R = Vobs/VFMT (bottom-up) together with 
energies obtained by using a usual kinematical rela­
tion based on the massive transfer model2-4) (top­
down), where VFMT is the velocity corresponding to 

*1 Toshiba Electric, Co. 
*2 Mitsubishi Electric, Co. 

full momentum transfer. As can be seen in the figure, 
the energy extracted by the present method is always 
smaller than that calculated from the massive transfer 
model, suggesting that in this incident energy region a 
simple massive transfer picture is no more valid. 
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Angular Momentum Dependence of the Giant Dipole 
Resonance in Hot Nuclei 
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K. Yoshida, T . Nakagawa, and T. Suomijarvi* 

[
Heavy ion fusion reaction, Finite temperature nuclei, 

,. Giant dipole resonance, ,-ray multiplicity. 

Our previous studies on the GDR in very hot nuclei1) 

show that there exists a limiting temperature of nuclei 
for presence of GDR decay. In order to clarify the 
mechanism of the disappearance of G D R in hot nu­
clei, information on the GDR in the excitaion energy 
region between 150 and 200 MeV, especially on the 
angular momentum and excitation energy dependence 
of the resonance width, is very important. We have 
investigated properties of decay ,-rays emitted from 
nuclei at the excitation energy of about 150 MeV in 
the Ni, 92Mo, 116Sn + 40 Ar reactions. Experiments 
were performed at the RIKEN Ring Cyclotron. Self­
supporting foils were bombarded with 40 Ar beams at 
E / A = 7 MeV. High energy ,-rays from the fused 
compound nuclei were detected with two sets of high 
energy , -ray detector consisting of 7 BaF 2 scintilla­
tors which were placed at 90° and 1350 with respect to 
the beam direction at the distances of 15 cm from the 
target. In order to obtain a better detector response 
for high energy ,-rays, a lead collimator was placed in 
front of each detector, so that only the center scintilla­
tor was directly irradiated by the ,-rays from the tar­
get. The detector was covered by plastic scintillators 
to reject events due to cosmic-rays. A BaF2 ball cov­
ering about 1/3 of 47r with 62 plastic-BaF2 phoswich 
detectors2) was used to measure low energy ,-rays and 
was served as a ,-ray multiplicity filter to select the an­
gular momentum brought into the fused nuclei. Since 
light charged particles as well as ,-rays can be mea­
sured by the ball detectors, all the detectors are placed 
in a large scattering chamber (ASHRA), in order to ob­
tain the correlation between the charged particle and 
the high energy ,-ray emissions. 

Events due to neutrons and charged particles were 
rejected by the time-of-flight method together with a 
pulse shape analysis. High energy ,-rays were mea­
sured in coincidence with as many as 14 low energy 
,-rays firing the ball detector. Spectra of high energy 
,-rays corresponding to the different spin regions were 
obtained by setting a gate on observed distributions 
of the number of detectors fired by ,-rays (M-y ). In 
Fig. 1, 2, and 3, we show such spectra obtained in 
the Ni + 40 Ar, 92Mo + 40 Ar, and 116Sn + 40 Ar reac­
tions, respectively; open circles are data for M-y = 4 
and 5, triangles for M-y = 6 and 7, and squares for M-y 
~ 8. As shown, all the spectra show a bump on an 
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Fig. 1. Gamma-ray spectra obtained in the Ni + 40 Ar reac­
tion at E / A = 7 MeV. Open circles show the spectrum 
for M')' = 4 and 5, triangles for M')' = 6 and 7, and 
squares for M')' ~ 8. 
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Fig. 2. Same as Fig. 1, except for spectra obtained in the 
92Mo + 40 Ar reaction. 
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Fig. 3. Same as Fig. 1, except for spectra obtained in the 
116Sn + 40 Ar reaction. 

exponentially fall-off curve for E'Y > 10 MeV, which is 
interpreted as arising from the decay of highly excited 
nuclei via GDR 'Y-ray emission. The high energy tail 
of the bump is less steep for the Ni + 40 Ar reaction 
than for the other reactions. This observation is consi­
tent with our understanding that the resonance energy 
becomes larger as the mass number decreases. The res­
onance energy depends on spin as well; it seems to de­
crease as M'Y increases. In order to obtain the spin de­
pendence of the resonance parameters quantitatively, 
the analysis with a statistical decay calculation is now 
in progress. 
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Development of Quasi-Monoenergetic Neutron Field with the Use 
of 80 to 135 MeV Protons Injected on Lithium 
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S. Fujita, S. Nakajima, T. Ichihara, and T. T. Inamura 

quasi-monoenergetic neutrons, p-Li reaction, TOF method, organic liquid scintillator, 
spallation cross section measurement. 

Monoenergetic neutron fields are strongly needed for 
the measurement of neutron reaction cross sections, 
neutron penetration through matter, neutron detector 
efficiency and so on, since these data in the energy 
range above 20 Me V are quite poor. We developed 
a quasi-monoenergetic neutron field in the E4 beam 
line of RRC. Ht -ions of 80, 90, 100, llO, 120, and 135 
MeV /nudeon energies were injected on a 1-cm thick 
7Li target to produce quasi-monoenergetic neutrons 
at ° degrees with respect to the proton beam axis. 
The neutron spectra were measured with a 12.7-cm­
diam by 12.7-cm-long BC501A organic liquid scintil­
lator placed 20 m away from the target. The spectra 
given by the TOF method are shown for 90, 100, 110, 
and 120 MeV proton energies in Fig. 1 and the lower 
energy parts of the spectra in Fig. 1 were analyzed 
by the unfolding method with the measured response 
function. 1) The peak neutron energies and FWHMs are 
86.3,96.5, 106.6, 116.7 MeV and 3.6, 3.3, 3.1 , 2.9 MeV, 
respectively, for these four proton energies. 

By irradiating these quasi-monoenergetic neu­
tron beams, we measured the spallation cross sec­
tions of 12C(n,2nQ)7Be, 27 Al(n,spal)22Na, 7Be and 
209Bi(n,xn)210-xBi. The peak neutron fluence during 
sample irradiation was determined from the 7Be yield 
produced in the target by 7Li(p,n) reaction. The ac­
tivities induced in the samples were measured with 
an HP-Ge detector. We found many radioisotopes of 
207Bi , which were produced by 209Bi(n,3n) reaction 
down to 198Bi by 209Bi(n,12n), from the gamma-ray 
spectra and are now analyzing the measured spectra in 
order to get these cross section values from the reaction 
rates of identified isotopes and the neutron fluence. 
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Muon Catalyzed Fusion in Thin Deuterium Films and Slow 
Negative Muon Production 

P. Strasser , K. Ishida, S. Sakamoto,* K. Shimomura,* N. Kawamura,* and K. Nagamine 

[Muon Catalyzed Fusion, Thin Solid Hydrogen Films, Slow Negative Muon Production.] 

Muon catalyzed fusion of deuteron/deuteron reac­
tion (dd-j1CF) in thin deuterium films and slow neg­
ative muon emission l ) were investigated more inten­
sively during the last experiment performed at the 
TRIUMF superconducting muon channel. 

Two different contributions to the total fusion yield, 
i.e., one resulting from dJ.L atoms emitted from the pri­
mary H2/D2 layer via Ramsauer-Townsend effect and 
the other through "direct" muon stopping in the D2 
layer itself, were clearly distinguished in this last run. 
This was realized by comparing results with a thin 
deuterium layer (~0.8 mg/cm2) deposited directly on 
the cold plate, and with those using the same deu­
terium layer thickness added to an ~8 mg/cm2 H2/D2 
layer (Cd ~10-3) (see Fig. 1). The ratio of "direct" 
fusion versus fusion via emitted dJ.L was found to be 
0.19(4) at this target thickness, for a total fusion yield 
of 3.5(5) x 10-4 per incident muons. 
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Fig. 1. 88B energy spectra: (a) with only ~0.82 mg/cm2 

D2, and (b) with ~8 mg/cm2 H2/D2 (Cd ~ 0.001) EB 
~0.82 mg/cm2 D2 . 

The fusion proton time spectrum obtained with the 
pure deuterium target (see Fig. 2) shows a similar reso­
nance behavior to that observed with warmer targets, 
and suggests that the quartet state is still resonant. 
However, the thermal energy of the target (3/2kT ~ 
0.4 meV) is far too low to reach the lowest resonance 
energy of rv3 me V. An effective rate of molecular for­
mation from F = 3/2 hyperfine state of 3.1(1.8) J.LS- l 

and an effective hyperfine conversion rate of 36(15) 
J.LS- l were extracted. The statistics being not sufficient 
enough, it is nearly impossible to discuss quantitatively 
these values. It is however close to the preliminary val­
ues obtained by Marshall et al. 2) with fusion neutrons 
in a similar experiment. The interpretation of the re­
sults is at present not clear, and the analysis, which has 

Meson Science Laboratory, University of Tokyo 

been so successful at higher temperatures in terms of 
hyperfine effects and muon molecular formation from 
thermalized dj1, may be no longer adequate. 
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Fig. 2. Fusion proton time spectra with ~8 mg/cm2 H2/D2 
(Cd ~ 0.001) EB ~0.82 mg/cm2 D2 (open circles) and 
with only ~0.82 mg/cm2 D2 (closed circles). 

Slow negative muon emission was also examined us­
ing an MCP detector. ~10-keV muons collected by 
a large-acceptance spectrometer were successfully de­
tected at the expected time-of-flight depending on the 
magnetic field settings (see Fig. 3). These slow muons 
are mainly produced by incident muons which are de­
graded through the target materials. The fusion yield 
in the D2 layer being not sufficient enough, muons re­
leased after fusion can not yet be distinguished. It 
seems that nearly one order of magnitude is needed to 
identify the first slow muon re-emitted after dd-J.LCF. 
This can be realized by increasing the incident muon 
stopping number in the H2/D2 target, and by opti­
mizing the D2 layer thickness to maximize the yield of 
slow muons released from this layer. 
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Fig. 3. Measured MCP time spectra with ~8 mg/cm2 

H2/D2 (Cd ~ 0.001) EB ~0.34 mg/cm2 D2: (a) 300 
Gauss and (b) 400 Gauss. 
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Low-energy Electron Impact Ionization of Atomic Hydrogen 

S. Watanabe and D. Kato* 

Electron-impact ionization of hydrogen is one of the 
most fundamental processes involving one heavy and 
two light particles in disintegration without charge 
transfer. Theory has been considered largely in­
complete because theoretical methods could evaluate 
cross sections with a far less precision than can the 
experiment. 1) Recently Bray and Stelbovics2) have suc­
ceeded in bridging this long-standing gap from inter­
mediate to high energies, however they left some gap 
on the low-energy side unresolved. It is our purpose 
to investigate the low-energy region rather close to the 
threshold. 

It has been found that the Hyper-Spherical Close­
Coupling method (HSCC), developed by J. Z. Tang 
et aI., 3) is applicable to the strongly correlated two­
electron atomic system. However the HSCC suffers 
from a fundamental problem, that is, its incapability 
to represent the disintegration of the three-body sys­
tem. In order to overcome this problem, we introduce 
a matching procedure as follows. 

Suppose we enclose the internal region with a large 
enough box so as to contain all the dynamical informa­
tion therein, and then project out the internal HSCC 
solutions to the delimited asymptotic solutions which 
satisfy the approximate Schrodinger equation, 

(
12121 ) - -v\--\l2 --- E W~O 
2 2 r 2 

where the effect beyond the monopole term is pre­
sumed negligible. Here let this box be a hypersphere of 
radius Rm. At R > Rm we exclude the region where r2 

is greater than r m = Rm / J2. This does not mean that 
the excluded region is entirely out of our consideration. 
It would mean instead we construct wave packets by 
integrating over suitable energy (or momentum) inter­
vals so that the wave packets localized near the proton 
are formed. 

Figure 1 shows the total ionization cross section (j 

as well as (j / E, which is a more sensitive function 
of correlations, calculated in the combination of the 
HSCC with the matching procedure at energies up to 
0.4 a.u. from the ionization threshold. The result is 
compared with the other theoretical results2,4) and the 
Shah-Elliot-Gilbody experimental data. 1) The relative 
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Fig. 1. (a) Total ionization cross sections. Solid line 
represents present work, and open circles experimen­
tal data from Shah-Elliot-Gilbody,l) crosses the con­
vergent close-coupling method,2) and filled triangles the 
pseudo-state expansion method.4

) (b) a / E , a function 
that reveals the details near the threshold. Filled cir­
cles represent present work, and the other symbols are 
as in (a) . 

difference in (j between our result and the experiment 
is within a few % from E = 0.1 to 0.4 a.u. As for 
the function (j / E , our result is smooth whereas the 
Convergent Close-Coupling (CCC) result of Bray and 
Stelbovics2) shows a noticeable fluctuation. 

To conclude, we have succeeded in evaluating the 
low-energy ionization cross section with a precision 
comparable to that of the Shah-Elliot-Gilbody experi­
ment down to I"VO.l a.u. The adiabatic basis functions 
adaptive to strong correlations should become progres- . 
sively important for exploring even lower energy re­
gions. 
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Mechanism of Enhancement of Some High-lying Resonance Series 
in Photoionization Spectra of Excited Helium 

J .-Z. Tang and 1. Shimamura 

The study of high-lying doubly excited resonances 
of two-electron atoms is of fundamental and crucial 
importance for our understanding of strong electron­
electron correlations in atoms in general. Experiments 
on photoionization have advanced to the stage of re­
solving these resonances of helium up to the manifold 
converging to the principal quantum number n = 6 
of the inner electron'!) Doubly excited states may be 
grouped into Rydberg series and these series may be 
characterized in terms of a set of approximate quantum 
numbers K, T, and A. Here, K and T are the quantum 
numbers pertaining to the angular correlation, while A 
(= +1, -1, or 0, which are often abbreviated as +, -, 
or 0) pertains to the radial correlation.2) Each mem­
ber of these series may be specified by the notation 
n(K, T)~, with n' the principal quantum number of 
the outer electron. Another often used quantum num­
ber is v = (1/2)(n - 1 - K - T), which is the bending 
vibrational quantum number of the three-body system 
or the number of nodes in the angle (}12 between the 
position vectors rl and r2 of the two electrons. 

There exist nine (eleven) different 1 po Rydberg se­
ries of He below the n = 5(6) threshold, of which 
only one series with the ground angular mode, i.e., 
v = 0, and with A = + was observed in the photoion­
ization experiment. 1) To elucidate this experimental 
finding, propensity rules, .6.v = 0 and .6.A = 0, were 
proposed on the basis of the nodal structure of the 
wave functions,3) which affects significantly the dipole 
matrix elements. According to these rules, only Ryd­
berg series of ground angular mode, v = 0, and with 
A = + are populated dominantly for photoabsorption 
by He(11S). However, the rules .6.v = 0 and .6.A = 0 
have never been tested experimentally on photoioniza­
tion from excited states of helium. 

In the present work, the hyperspherical close­
coupling (HSCC) method4) is used to compare the 
detailed structures in the photoionization spectra of 
He(11S) and He*(21S) between the He+(n = 4) and 
He+(n = 6) thresholds; both the total photoionization 
cross section and partial cross sections for the produc­
tion of He+ (n) are studied. Recall that the propen­
sity rules were proposed on the basis of the correla­
tion patterns or the nodal structures of the adiabatic 
wave functions. The two initial states, He(11 S) and 
He*(21S), have the same quantum numbers K = 0, 
T = 0, n = 1, and v = 0 and the same property 
A = +. Therefore the final states that are strongly 
excited must be common to both processes according 
to the propensity rule.3) However, some doubly excited 
resonance series of excited angular modes that are ei­
ther weak or unobservable in the ground-state spec­
trum are found to be greatly enhanced in the He* (21 S) 
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spectrum. This corroborates that previously derived 
propensity rules do not apply, in fact, to photoioniza­
tion of He*(21S). 

. The physical reason of this result lies in the depen­
dence of the electron-electron correlation pattern on 
the hyperradius R, which measures the size of the elec­
tron pair and is defined as R = vi ri + r~. The ground 
state, He(11S), is deeply bound. Thus its wave func­
tion concentrates in the small R region, where the cor­
relation pattern favors the dominant population of the 
final state of the ground angular mode. This is consis­
tent with the experimental findingl) and the propen­
sity rule of Ref. 3. The metastable state, He*(21S), 
on the other hand, is loosely bound and a significant 
portion of its wave function is concentrated in a larger­
R region, where the correlation pattern is so different 
from that in the small-R region that the wave func­
tion may have a significant overlap with final Rydberg 
states with v = 1 as well as those with v = O. This 
interpretation also suggests the generality of the en­
hancement of some resonance series in excited-state 
spectra. 

Another effect of the electron-electron correlation in 
the initial state on the photoionization process has 
been observed in the partial cross sections 0"( n) for 
the production of He+(n) ions. The calculated results 
show that for photoionization of the ground-state he­
lium, the n = 1 partial cross section 0"(1) is dominantly 
large; while for photoionization of the metastable state 
helium, the n = 2 and 3 partial cross sections are dom­
inantly large. The large 0"(3) implies that the electron­
electron correlation is important for the metastable 
state He* (21 S) and that the independent-electron con­
figuration 1828 is inadequate. 

An interesting feature of high-lying doubly excited 
resonance states is that the lowest one or more of 
those belonging to a series that converges to a thresh­
old He+(n) may lie below the threshold He+(n - 1). 
Thus, as perturbers, these resonance states may in­
terfere strongly with doubly excited resonance states 
belonging to the series that converge to the threshold 
He+ (n - 1), resulting in overlapping resonances. Over­
lapping resonances near the n = 5 and 6 thresholds of 
He + are studied and some resonances that are over­
looked in the literature are uncovered. Details of this 
work have been published.5) 
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High-lying Doubly Excited Resonances 
in the Photodetachment of H-

J .-Z. Tang and I. Shimamura 

Doubly excited states of two-electron atomic sys­
tems, such as H-, He, and Li+, serve as prototypes 
for unraveling the nature of strong electron-electron 
correlations. Especially, those doubly excited states in 
which both electrons are highly excited exhibit their 
characteristic features. Recent high-resolution pho­
toabsorption experiments have resolved clearly these 
high-lying doubly excited states of both Hel ) and H- .2) 

Among the several computational methods for ana­
lyzing the detailed structures of these photoabsorp­
tion spectra, a hyperspherical close-coupling (HSCC) 
method3 ) has been particularly successful in reproduc­
ing the experimental photoionization spectra of He. 4 ) 

A similar HSCC method combined with an analytic de­
scription of the wave function for the detached electron 
in the dipole field of excited hydrogen has been applied 
to the photodetachment of H- in the energy region 
of low-lying doubly excited resonances;5) the source of 
the discrepancy among previously calculated resonance 
spectra just above the threshold for the production of 
the H atom in the n = 2 states has been clarified. 

For a given total orbital angular momentum L , the 
total spin S, and parity 7r , each doubly excited state 
may be labeled by a set of quantum numbers n{ v }~/, 
or simply v;{/ when n is evident. The principal quan­
tum number n is for the inner electron and n' is for 
the outer electron. A pertains to the radial correlation 
and may be represented by +, - , or O. The bending vi­
brational quantum number v, representing the number 
of nodes in the angle (h2 between the position vectors 
rl and r2 of the two electrons, pertains to the angular 
correlation. 

We extend the work of Ref. 5 for application to the 
photo detachment spectra of H- involving high-lying 
doubly excited states up to the H( n = 7) threshold. 
In Fig. l(a), we show the calculated total cross sec­
tion between the H(n = 5) and H(n = 6) thresholds. 
We see that some resonances with A = - have also 
clear presence in the spectra with relatively large am­
plitudes but very narrow widths. Thus the modifica­
tion of the propensity rule of Ref. 6 that we found for 
excited helium4) is necessary also for the ground state 
of H- because it is only loosely bound. 

The experimental partial cross sections2) are com­
pared in Fig. 1 (b) with the calculated ones for the pro­
duction of H(n = 5) convoluted with the experimental 
energy resolution of 8.3 meV; a good agreement is seen 
over the whole spectrum. The narrow resonance 6{O}7" 
has a sizable cross section even after the convolution 
and is indeed observed in the experimental spectrum 
of Fig. 1 (b). Narrower resonances with A = - could 
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Fig. 1. Photodetachment spectra of H- between the n = 5 
and 6 thresholds. (a) The total cross section. The nar­
row high peaks are resonances with A = - . (b) The 
partial one for the H(n = 5) production (solid curve: 
convoluted with the experimental resolution of 8.3 meVj 
circles: experiment.2

) The states are labelled by v~/. 

be resolved clearly if the total photodetachment cross 
sections were measured with the same energy resolu­
tion. 

Of particular interest among the calculated reso­
nances are the Wannier ridge states n{O};t, whose en­
ergies with respect to the double-electron-ionization 
threshold may be represented by the formula 

E(n, n) = -(Z - 0")2 j(n - J.l)2, (1) 

where Z is the nuclear charge and the screening pa­
rameter 0" and the quantum defect J.l are parameters 
characteristic of the collective motion of the two elec­
trons. We calculated and fitted the resonance energies 
for H-, He, and Li+ to Eq. (1). The results show that 
the screening parameter 0" is independent of Z. The 
quantum defect J.l is found to be approximately propor­
tional to Z-l even though the Z values covered here 
are as small as Z :::; 3. 
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The Energy Relaxation of Subexcitation Electrons in H2 Gas 

K. Kowari 

Electrons with energies below the lowest electronic 
excitation threshold energy of the constituent molecule 
of a gas relax owing to elastic collisions, vibrationally 
inelastic collisions, rotationally inelastic collisions, and 
chemically reactive processes such as the electron at­
tachment. These electrons are termed subexcitation 
electrons. The constituent molecules of a gas are taken 
to be in large excess. In previous papers,1,2) we have 
carried out the time-dependent studies on the degra­
dation and thermalization of the subexcitation elec­
trons in CH41) and SiH42) with the method developed 
by Kowari et al.l) The method is based on the Boltz­
mann equation with the Fokker-Planck operator for 
elastic collisions and a difference operator for inelastic 
collisions. 

Thermalization and degradation of subexcitation 
electrons with initial energies of 1 e V, 3 e V and 5 e V 
in H2 gas at a pressure of 1 atm and temperature of 
300 K are studied with the numerical solutions of the 
Boltzmann equation. The collision term of the Boltz­
mann equation has the elastic term and inelastic term 
involving rotationally inelastic collisions as well as vi­
brationally inelastic collisions. 

Figure 1 shows thermalization time with the initial 
energies of 1 eV. The solid curve represents the ther­
malization time which shows a change of the average 
energy of electrons obtained from the Boltzmann equa­
tion, and the dotted curve expresses the continuous­
slowing-down approximation (CSDA) time. The ther­
malization time and CSDA time show a moderate 
agreement as a whole, and they agree very well in a 
short time range and deviate in a long time range. 

The details of the present study will be described 
in Ref. 3. We give the summary on the details of 
the study as follows. Time evolution of the elec­
tron density distribution function , that of the cu­
mulative degradation spectrum, and thermalization 
times are obtained. Time-dependent yields or col-
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Fig. 1. The thermalization of the average electron en­
ergy in H2 at 300 K; the initial electron energy in elec­
tron-volts is equal to 1. The dashed curve is the CSDA 
time. 

lision numbers for rotationally and vibrationally in­
elastic processes are calculated by using the cumula­
tive degradation spectrum. We extensively discuss the 
present thermalization times in comparison with ex­
perimental thermalization' times and other theoretical 
values. 
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Single and Double Ionization of Helium 
by Slow Protons and Antiprotons 

M. Kimura, I. Shimamura, and M. Inokuti* 

The first series of atomic collision experiments using 
an antiproton (p) beam of energy above 0.5 MeV was 
carried out in the low-energy antiproton ring (LEAR) 
at CERN. I

) In these experiments, the ratio Ra(P) = 
(]"++ / (]"+ between double- and single-ionization cross 
sections (]"++ and (]"+ of He for P impact was found 
to be larger by a factor of two than that for proton 
(p) impact, Ra (P). Some theoretical attempts have 
been made to understand the conspicuous difference 
between p-impact and p-impact double ionization. 2- 5) 

The studies have shed light on the limitations of the 
independent-particle model and on the importance of 
electron correlation in these processes. 

The recent upgrade in the LEAR facility has led 
to experiments by Hvelplund et a1. 6) in a much lower 
energy regime down to 10 keV; see Fig. 1. The ra­
tio Ra (p) decreased sharply as the energy decreased, 
while Ra (p) increased nearly monotonically. At 20 
ke V, Ra (p) was larger than Ra (p) by an order of mag­
nitude. 

rP 
o ~ o 00 0 

o 0: 0 0 ° 0 00 ° o 0 to 
o 

• ji : Theory 

• p: Theory 

10. 4 • D p: Hvelplund et ai, 

E (keV) 

Fig. 1. Ratio of double to single ionization cross sections 
due to rr and p..impact. Theoretical results are from 
the present work. The experimental results are taken 
from Ref. 7 for p impact and from Ref. 6 for jj impact. 

Here we report the results of our investigation of 
double and single ionization for p and p impact on 
the basis of a semiclassical molecular-state expan­
sion method. In this method, the electronic motion 
is described quantum mechanically as a two-center 
molecular-state problem, and the relative motion be­
tween the two heavy particles is described classical me­
chanically. Discrete molecular electronic states were 
determined by the configuration-interaction method 
with the use of Slater-type orbitals as basis functions. 
Singly ionized continuum electronic states were ob­
tained in the fixed-nuclei static-exchange approxima-

Argonne National Lab., U.S.A. 

tion for elastic electron scattering from the neutral 
molecule pHe+ or the molecular ion (HeH)++. Those 
for doubly ionized states were constructed by using 
a perturbation method in which the interelectronic 
Coulomb potential is the perturbation and the terms 
up to the first order in the wave function are retained. 
The adiabatic wave-packet approach, which spans elec­
tronic continuum locally, was taken. A discretized 
sampling procedure, based on the Gauss quadrature, 
was used to select continuum states for the molecular­
state expansion method. The number of channels in­
cluded in the calculations was 150-250. 

Figure 1 displays the present results for Ra along 
with the measurements for j5 impact by Hvelplund et 
al. 6) and for p impact by Shah and Gilbody.7) Good 
qualitative agreement between the theoretical and ex­
perimental results is seen. The present results clearly 
exhibit characteristic features of the increase and de­
crease in the ratios Ra for p and p impact with de­
creasing energies. We examined details of each ioniza­
tion probability (as a function of the impact parameter 
and the energy of the ejected electons), obtained from 
various test calculations. The presence of the positive 
charge deforms the electron cloud of He toward the 
incoming proton for charge transfer, and on further 
approach of the proton, some fractions of these elec­
tron distributions subsequently lead to single or double 
ionization by ladder-climbing the molecular states. For 
p impact, in contrast, the deformation of the electron 
cloud is in the opposite direction and the electronic 
binding energies decrease, which is the main mecha­
nism for single ionization. The electron-electron inter­
action in the presence of p is of primary importance 
in the emission of another electron, leading to double 
ionization. 

Details of this work were published elsewhere. 8) 
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Ionization and Charge Transfer of Atomic Hydrogen in Collision 
with Multiply Charged Ions 

N. Toshima 

The close-coupling method has been widely used in 
various fields of atomic collision physics with the recog­
nition that it is one of the most reliable and powerful 
theoretical approaches. It is mostly applied to scatter­
ing processes in the intermediate or low energy region, 
where the multiple scattering effect is so significant 
that perturbative approaches are not applicable. Al­
though good agreement has been achieved with exper­
imental data for various excitation and electron cap­
ture processes, extensive study of ionization processes 
has not been performed so far. The contribution of the 
continuum states is usually taken into account through 
discretized continuum states constructed by the diag­
onalization of the target and projectile Hamiltonians 
in terms of a set of square integrable basis functions. 
The purpose of inclusion of pseudo continuum states 
has been in most cases to improve the description of 
the two-center nature of the electronic wave functions , 
and hence a sufficiently large number of positive-energy 
pseudostates have not been employed for the calcula­
tion of ionization cross sections. 

Though the Slater-type orbitals have been mostly 
used for the construction of basis functions of the 
expansion, the existence of the electron translation 
factor (ETF), which accounts for the different trans­
lational motion of the two nuclei, makes impossible 
the analytic evaluation of the two-center matrix ele­
ments. Accurate numerical evaluation of the matrix 
elements becomes rather difficult when the collision 
energy is high owing to the rapid oscillation of ETF 
or when the states have many nodal structures. In 
the study of the Thomas mechanism, Toshima and 
Eichler1) have avoided the difficulty in the numerical 
integration of the matrix elements by the introduction 
of the Gaussian-type orbitals (GTO) for the expan­
sion. The GTO representation enables all the two­
center matrix elements to be evaluated analytically 
with any desired accuracy regardless of the collision 
energy. It was demonstrated that the GTO represen­
tation is a very powerful method for the treatment of 
the processes in which continuum states playa deci­
sive role. Most of the existing theoretical calculations 
of ionization cross sections of atomic hydrogen in colli­
sion with multiply-charged ions are based on perturba­
tive approaches and their agreement with experimental 
data is not satisfactory at intermediate and low en­
ergy regions. 2) Toshima3) investigated the ionization 
process in C6+ + H collisions by the above-mentioned 
close-coupling method and he found that deep bound 
states of the projectile ion have a significant contri-
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but ion to the ionization and excitation cross sections 
below 10 keY and the neglect of those states causes 
serious overestimation of the cross sections. 

In this report we calculate ionization and electron 
capture cross sections for the collisions of atomic hy­
drogen with multiply-charged naked ions of the nuclear 
charges Z = 2- 8, 

AZ+ + H(ls) --+ AZ+ + p + e 
--+ A(Z- l )++p 

by means of the close-coupling method based on the 
Gaussian-type-orbital expansion. The numbers of 
Gaussian-type orbitals and the ranges of the non-linear 
parameters are determined and optimized so as to pro­
duce the wave functions of all the bound states suffi­
ciently accurately. With increasing the Gaussian or­
bitals still further, the eigenvalues of the pseudocon­
tinuum states shift to lower energies as a whole and 
the spacings among them become smaller but the cal­
culated ionization cross sections change little. The cap­
ture cross sections show more rapid convergence with 
increasing the number of Gaussian orbitals. 

The contribution of the projectile continuum to the 
ionization is generally smaller than that of the target 
continuum and they show different dependence on the 
impact parameter. The impact parameter dependence 
of the ionization to the target continuum has resem­
blance to that of the excitation regardless of the colli­
sion energy while the ionization to the projectile con­
tinuum shows rather different behavior from that of the 
electron capture at low energies. The present calcula­
tions give ionization cross sections of atomic hydrogen 
systematically in good agreement with experimental 
data for various projectile charges in a wide energy 
range covering from the adiabatic transition region to 
the perturbative high-energy region. Simultaneously 
they produce highly reliable cross sections for excita­
tion and electron capture. The details of the results 
are presented in a separate paper.4) 
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Magnetization of Ferromagnetic Clusters 

G. Bertsch,* N. Onishi, and K. Yabana** 

Dynamics of small clusters, composed of a ferromag­
netic material like iron, in the magnetic field of a Stern­
Gerlach magnet (SG) has been studied experimentally 
through observations of the deflection profile. 1- 4) The 
angular momentum of clusters is dominantly carried 
by nuclei constituting clusters. The relative motion of 
nuclei occuring in shape oscillation, is not expected to 
be important, and hence clusters may be considered to 
behave as a rigid-body. On the other hand, the mag­
netic moment of clusters coupled with the magnetic 
field, is due to the electron spin polarized to a certain 
direction. The coupling of the total electron spin with 
a rigid body is assumed to be so strong that the direc­
tion of spin polarization of electrons is frozen along an 
axis of the rigid-body.5-7) 

The dynamics is studied in classical mechanics. It 
is justified that, because the moment of inertia is ex­
tremely large, highly excited states of large angular 
momentum are populated at temperature of the beam 
source. Therefore the unit of angular momentum 1i is 
vanishingly small. An advantage of the analysis of the 
motion in terms of classical mechanics is to understand 
the associated dynamics more clearly and intuitively. 
We treat a simple case of an axially symmetric rotor 
in which the direction of magnetization is along the 
symmetry axis. The density of clusters in the beam is 
considered to be also small enough that they are iso­
lated. For an isolated system of the simple model, the 
dynamical variables are separated into rotation, pre­
cession and nutation, and the motion is solved com­
pletely in analytic form.8) 

The variation of magnetic field, which takes place 
in entering into a SG magnet, is assumed to be small 
enough. in comparison with a typical period of the mo­
tions; this is called the adiabatic assumption. In the 
assumption, an adiabatic invariance for the nutation 
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is found, which relates the total angular momentum 
conserved outside of the magnet to the total energy in 
the magnet through adiabatic continuation. We derive 
a scaling law in which the magnetization and the de­
flection profile are functions of the magnetic field and 
the temperature only through the ratio of the mag­
netic field strength to the temperature /-LoB / kBT like 
in the Langevin formula of magnetization in the canon­
ical ensemble. This scaling law implies that the model 
has not any structure giving a characteristic scale for 
energy and angular momentum. We also discuss two 
limits of weak-field and/or high-temperature and vice 
versa. 

Our results reveal that a simple model such as a 
rigid-body with frozen electron spin is not able to ex­
plain the experimental data; the magnetization curve 
versus magnetic field strength has a dip at high tem­
perature. Now we are working on an intermediate cou­
pling model of electron spin with a rigid-rotor. The 
strength of coupling gives a certain temperature at 
which the structure change takes place in magnetiza­
tion, and the scaling law may be violated. 
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Lifetimes of the 3p 2p Levels of Na-like Nb 

R. Hutton, S. Huldt , B. Nystrom, I. Martinson, K. Ando, 
T. Kambara, Y. Kanai , Y. Nakai, and Y. Awaya 

We have used the techniques of beam-foil spec­
troscopy to investigate the atomic structure of Na-like 
Nb. The lifetimes of the 3p 2p levels have been inves­
tigated using the ANDC (Arbitrary Normalized Decay 
Curve) method of cascade correction. This was shown 
to be essential in a previous beam-foil study1) of 3p 2p 
lifetimes for Na-like Ti, Fe, Ni, and Cu. The measure­
ments presented here bridge the gap between the old 
work up to Na-like Cu and newer data from Trabert 
et al. for Na-like Xe and Au.2) 

The experiments were done using a beam of 183 MeV 
Nb ions provided by the RILAC. Details of the experi­
mental setup can be found in Ando et al. 3) The beam­
foil spectra of Nb showed the 3s 2S - 3p 2P1/2,3/2 res­
onance doublets, at 135.1 A and 182.7 A, as well as 
the 3p 2p - 3d 2D lines at 109.57 A and 131.69 A. 
A section of the spectrum is shown in Fig. 1. The 
decay curves of the four Nb lines were measured care­
fully. Examples of the decay curves are shown in Fig. 
2. As demonstrated earlier,l) cascading from 3d levels 
to 3p levels must be corrected for , to avoid system­
atic errors in the 3p lifetime values. This was accom­
plished by using the ANDC method of Curtis et al. 4) 

which is based on joint analysis of the decay curves of 
the primary level (the lifetime which is to be deter-
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Fig. 1. This figure shows a small wavelength region of a 
beam-foil spectrum recorded for 183 MeV Nb. 

68 

o 10 12 

Di s tance (m m ) 

Fig. 2. Decay curves for the 3s 2S 1/2 - 3p 2P3/ 2 and 
3p 2P3/2 - 3d 2Ds/2 transitions in Na-like Nb. 

mined) and of the levels t hat feed it. In the present 
work the ANDC analysis was performed by means of 
the CANDY computer code. 5) The lifet ime values ob­
tained in this way are t = 29 ± 2 ps for the 3p 2P3/2 
level and t = 70±5 ps for the 3p 2P1/2. These data are 
in excellent agreement with the theoretical values ,6) 

which are 28.55 ps and 68.77 ps for these levels. 
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Mg-like Intercombination Lifetimes for Zr and Nb 

R. Hutton, S. Huldt, B. Nystrom, I. Martinson, K. Ando, 
T. Kambara, Y. Kanai, Y. Nakai, and Y. Awaya 

Intercombination (spin-forbidden) transitions such 
as the 3s2 ISo-3s3p 3Pl line in Mg-like ions are of con­
siderable interest in plasma diagnostics. For instance, 
the ratio of the intensities of close-lying allowed and 
spin-forbidden lines can be used to determine electron 
densities in plasmas. Also, calculation of these inter­
combination rates requires careful treatment of several 
factors, e.g., configuration mixing, spin-orbit interac­
tion and relativistic effects. 

In this work beam-foil studies were made for Mg­
like Nb and also for the neighboring element Zr. In 
the latter case two isotopes, 90Zr and 9l Zr , were inves­
tigated with the aim of searching for possible nuclear­
spin induced effects on the decay of the 3s3p 3P1 level. 
The beam-foil setup is described in Ando et al. l ) Be­
cause of their comparatively long lifetimes the inter­
combination lines are often weak features in complex 
spectra or even masked by stronger, allowed transi­
tions. One of the unique properties of the beam-foil 
method is that time-delayed spectra2) (recorded at a 
certain distance downstream from the foil) can be ob­
tained. This feature can be used to enhance lines from 
long-lived levels. We used this property to identify 
the 3s2 ISO - 3s3p 3P1 line in the Zr and Nb spectra. 
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Fig. 1. Delayed spectrum for 2 MeV/nucleon Nb ions after 
foil excitation. The 3s2 

ISO -3s3p 3P1 intercombination 
line is at 197.68 A. 

Such a spectrum for Nb is depicted in Fig. 1. The 
Mg-like intercombination line can be seen at 197.7 A. 
Figure 2 shows decay curves measured for this transi­
tion both with and without a small (6 gauss) magnetic 
field to diverge beam related electrons; see Hutton et 
a1. 3 ) The values we find for the lifetime of the 3s3p 3Pl 

levels in both Zr and Nb are about 20% shorter than 
current theoretical values (e.g., Huang and Johnson4») 
This discrepancy is the subject of further experimental 
and theoretical investigation. 
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Fig. 2. Decay curve for the 3s2 
ISO - 3s3p 3P1 transition 

for Mg-like Nb recorded at a beam energy of 183 MeV. 
(a) Background decay (i.e., a decay curve taken in the 
position of no apparent line), (b) a decay curve taken 
with no magnetic field, and (c) a decay curve taken with 
a magnetic field to remove beam-related electrons. 
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Beam-Foil Spectra of Highly Charged Neon 

K. Ishii, Y. Kimura, T. Nishida, and K. Ando 

In this report we present the results of a beam­
foil study of the spectra of highly charged neon ions 
in the visible and near UV regions. The spectra of 
NeVI-NeIX have been thus far studied in the VUV 
region. 1-5) The beam-foil method is efficient for pop­
ulating states with high nand l quantum numbers in 
highly charged ions. The excited states thus created 
decay radiatively with emission of visible and near UV 
photons as well as VUV ones. The observation of the 
transition makes it possible to establish the high lying 
energy levels and to estimate the ionization potentials. 
This method has been used extensively; see e.g. Ref. 6 
for chlorine, Ref. 7 for oxygen, and Ref. 8 for fluorine. 
Neon beams at the energy of 10 MeV from RILAC were 
sent through a thin carbon foil with a thickness of 10 
f..tg/cm2 . The photon emission of the post foil beams 
was observed in perpendicular direction to the beam, 
by use of a monochromator (NIKON G-250) and a pho­
tomultiplier (Hamamatsu R585) in conjunction with 
the standard NIM modules. The photoelectron pulses 
were stored in a microcomputer together with the inte­
grated beam current and the clock signals. The whole 
spectrum was recorded between 3000A and 6000A with 
a slit width of 0.5 mm. The partial spectrum recorded 
with higher resolution by refocusing the monochroma­
tor and by narrowing the slit width, is displayed in 
Fig. 1, 
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Fig. 1. Neon spectrum taken at 10 MeV. 

The resolution is however not high enough to iden­
tify the individual lines of 2p3p-2p3d transition. In 
Table 1, the tentative assignment is listed. FUrther 
study is now in progress with emphasis on the higher 
resolution. 

Table 1. Tentative assignment of observed lines. 

Wavelength Transition Ion(Sequence) 
(nm) 
567 n=8-9 VII (Be) 
529 7-8 VI (B) 
480 9-10 IX (He) 
466 10-12 VIII (Li) 
456 9-11 VII (Be) 
450 11-14 VIII (Li) 
434 8-9 VIII (Li) 
389 7i-8k VII (Be) 
386 7h-8i VII (Be) 
377 

I 2p3p-2p3d VII (Be) 
367 
331 8-10 VII (Be) 
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Binary Encounter Electron Peaks for 0° Electrons 
in Collisions of Biq+ 

Y. Kanai, T. Kambara, M. Oura, Y. Nakai, T. M. Kojima, S. Kravis, and Y. Awaya 

Previously, we studied the binary encounter electron 
(BEe) peaks in collisions of Biq+ on H2, He, and Ar at 
0° electron emission angle with varying incident charge 
states (q) and incident energies. 1- 3) The BEe has been 
known as the electron emitted from the target essen­
tially by the binary encounter collisions between the 
projectile ions and the target electron in the high en­
ergy ion-atom collisions. Recently, the shift ~Eb in the 
peak energy from the value for pure binary collisions 
and the double differential cross sections of the BEe 
have been measured by many other groups to study 
the production mechanism of the BEe, and compared 
with the theoretical works quantitatively.4) Theoretical 
calculations can explain the q dependence of the double 
differential cross sections of the BEe in the simple colli­
sion system (bare and H-like ions on H2 , He). However, 
it is rather difficult to calculate them for complex col­
lision systems involving the projectile ions with many 
electrons . We have measured the q dependence of the 
double differential cross sections of the BEe in the col­
lisions of Biq+ with H2, He, and Ar, and compared it 
with that for simple collision systems to get the infor­
mation of the production mechanism of the BEe. We 
have also measured the q dependence of the BEe peak 
shift in the same collision systems in a wide range of 
q(10 :::; q :::; 34). From the previous experiments, 1-3) 

we can say, qualitatively, that the features of the BEe 
peaks in the Biq+ collisions are as follows: (1) The 
peak intensity depends on the incident charge, (2) the 
peak shift depends on the incident charge, and (3) the 
peak width depends on the Compton profile of the tar­
get electrons. These features are almost the same as 
those of the BEe peaks in the simple collision systems. 
The presence of many orbital electrons of the projec­
tile ions does not seem to affect the main features of 
the BEe peaks. 

In this report, we present the q dependence of the 
BEe peak shift for 0.8 MeV jnucleon Biq+ on H2 and He 
collisions and compare it with a simple model, quanti­
tatively. 

The beams of Biq+ from the RILAC were magneti­
cally analyzed, collimated by two sets of four-jaw slits 
system and focused on the target gas cell. Single col­
lision conditions have been verified experimentally. 

Figure 1 shows the q dependence of the BEe peak 
shifts ~Eb, i.e. , the difference between 4Epmj M and 
the observed peak energy, where Ep is the projectile en­
ergy, m the electron mass, and M the projectile mass. 
Here, we compare our results with the peak shift given 
by a simple model (the adiabatic tunneling model).5) 
In this model, there is a characteristic distance Rc , 

called the tunneling distance. When the projectile ion 
comes to this distance from the target, the target elec-
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Fig. 1. Binary encounter peak shift in the collisions be­
tween 0.8 MeV/nucleon Biq+(q = 10-34) and H2, He. 
Circles: observed values. Solid line: adiabatic tunneling 
model. (a) Biq+ - H2 system, (b) Biq+ - He system. 

trons tunnel to a projectile continuum state. After 
that, the tunneled electrons collide with the projectile 
ion as free electrons having effective collision velocity 
Vel I = (4v 2 - ~Eb) 1/2. This model gives the energy 
shifts ~Eb and Rc as follows: 

qi 2 2J 2It 2qi ~Eb = It + - + v - v 1 - - - -- (a. u.) (1) 
Rc . v 2 RcV2 

(a.u.). (2) 

Here, It is the ionization potential of the target, Z2 
the target (effective) atomic number, and v the colli­
sion velocity. Our results are shown in Fig. 1. The 
calculated peak shift values are also shown in Fig. 1 
as the solid line. Our results are in good agreement 
with the prediction of the adiabatic tunneling model. 
In order to get the q dependence of the double differ­
ential cross section of the BEe in this model, we need 
to calculate the double differential cross section of the 
binary encounter collisions between the free electron 
having Vel I and the Bi ions. 

By using heavy projectile ions with many electrons, 
we could observe clearly the incident charge state de­
pendence of the BEe peak energy. 
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Binary Encounter Electron Production at 
Relativistic Collision Velocities 

B. D. DePaola, Y. Kanai, P. Richard, Y. Awaya, T. Kambara, and Y. Nakai 

Recently, there has been much interest in binary en­
counter electrons (BEe). These are electrons which are 
ejected from a target, generally in gas or vapor phase, 
following a "binary" collision with a fast projectile. 
That is, in a classical model, these are electrons which 
suffer an impulsive billiard-balI-like collision and are 
ejected with some distribution centered about a ve­
locity which is (non-relativistically) twice that of the 
incoming projectile. The distribution in this simple 
model is just the initial momentum distribution of the 
target electron, projected onto the collision axis, i.e. 
the Compton profile. In this simple model, the cross 
section for BEe production is given by the Rutherford 
scattering formula. 

This model, with some refinements, has been re­
markably accurate in predicting BEe peak locations, 
shapes, and absolute, differential (in angle) cross sec­
tions. All experimental tests , of this simple impulse 
model have been done at non-relativistic projectile en­
ergies. In the experiments described here, a highly 
charged ion beam was used to investigate BEe produc­
tion, differential in angle, and at relativistic velocities, 
using solid targets. Thus, the experiments discussed 
here differ from those done previously in several sig­
nificant ways. Specifically, it was desired to measure 
relative cross sections for BEe production as a func­
tion of electron emission angle. Also, it was desired to 
measure the shape of the BEe emission peak (within 
the resolution of the electron spectrometer) and the 
location of the BEe peak. 

The apparatus used in these experiments consists 
of an ultra-high vacuum chamber, a remote-controlled 
foil positioner, and an electron spectrometer, whose 
entrance angle with respect to the projectile axis 
was remote-controlled. The projectile beam, 93 
MeV /nucleon Arq+ (q = 17,18) was passed through 
a thin carbon foil, followed by the electron spectrom­
eter, and finally into a Faraday cup. Foils of various 
thickness, from 22 to 83 J,Lg/ cm2

, were used with no 
apparent difference observed in either the BEe peak 
width or position. 

The electron spectrometer has been used at RIKEN 
in the past. It consists of a simple solenoid attached to 
specially shaped pole pieces. The electrons are made to 
pass between the pole pieces and are deflected through 
an angle related to their momenta before being de­
tected in an electron multiplier (EM). The spectrome­
ter has a momentum resolution of 3%. The spectrom­
eter is scanned using an NEC pc-controlled power sup­
ply which sources a current through the solenoid. In 
scanning the spectrometer, counts from the EM are ac-
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cumulated for a time proportional to the accumulated 
charge in the Faraday cup. 

In Fig. 1 two typical electron spectra are shown. 
These are plots of accumulated electron counts versus 
spectrometer current (in Amperes). The spectra were 
taken at 0°, or along the projectile axis. The curve 
composed of circles is for Ar17+ projectiles, while the 
curve composed of triangles is for Ar18+ projectiles. 
In the Ar17+ curve the sharp structure at about 0.25 
Amps is the so-called cusp peak, corresponding to elec­
trons captured or lost to the continuum of the projec­
tile. At these velocities the cusp is almost entirely due 
to electron loss to the continuum, as evidenced by the 
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Fig. 1. Typical electron momentum spectra at 00. The 
projectile is 93 MeV/nucleon Arq+. The circles are data 
for q = 17, while the triangles are for q = 18. 
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Fig. 2. The momentum of the peak of the binary en­
counter structure as a function of laboratory frame elec­
tron emission angle. The projectile is 93 MeV/nucleon 
Arq+. The circles are data for q = 17, while the trian­
gles are for q = 18. The calculation is from a simple 
relativistic "billiard-ball" model. 



almost complete lack of a cusp in the Ar18+ data. Both 
curves show a structure at about 0.5 Amps. This is the 
so-called binary encounter electron peak, and was the 
focus of attention in this series of experiments. 

In order to study the properties of the BEe peak as a 
function of emission angle, a series of spectra like those 
shown in Fig. 1 were taken over a range of emission an­
gles from 0° to 60° (lab frame). Figure 2 shows a plot 
of the momentum of the peak of the BEe structure as a 
function of electron emission angle. Also shown in Fig. 
2 as a solid line is the predicted location of the momen­
tum of a free electron after suffering a billiard-balI-like 
collision with a 93 MeV/nucleon Ar projectile. The 
agreement is striking, indicating that the simple rel-

ativistic impulsive model· is an accurate predictor of 
the final momentum of the scattered electron. 

Analysis is currently underway to determine if the 
cross sections, differential in angle, are adequately de­
scribed by Rutherford scattering, as is the case for 
lower velocity collision systems. It will also be inter­
esting to see if the cross sections scale with projectile 
charge in the same way as in the lower velocity regime. 
It is well known that at lower velocities screening and 
interference effects are important in the BEe produc­
tion cross sections. No relativistic theory for BEe cur­
rently exists, but it is thought that screening and inter­
ference effects should not be important at the velocities 
investigated here. 
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Charge Distribution of Kr Ion Passing through 
Thin Carbon Foil at 36 MeV/nucleon 

Y. Nakai, T. Kambara, Y. Kanai, T. M. Kojima, and Y. Awaya 

We have measured the charge state distribution of 
Kr ion passing through a thin C foil for radiative elec­
tron capture (REC) X-ray experiments using Kr36+ at 
36 MeV/nucleon from RIKEN Ring Cyclotron. The 
charge state of Kr ion passing through the C foil was 
analyzed by the dipole magnet on the downstream of 
the C foil. A 2-dimensional position sensitive gas de­
tector was located at the exit of the dipole magnet and 
used to count the Kr ions. The gas detector has a 1 mm 
spacing stripe electrode and a 2 mm spacing wire elec­
trode for determination of horizontal and vertical po­
sition respectively, and has a cathode plane of conduc­
tive polymer foil. All the strips and wires on each elec­
trode were connected each other with resistors. The 
position detection was accomplished by a charge divi­
sion method. Its active area was 170 mm x 80 mm. 
The horizontal position spectrum is shown in Fig. 1. 

104 

101 

Channel 

Fig. 1. The horizontal position spectrum. Kr36+ and 
Kr35+ peaks are shown. 
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The C foils of 10 J.Lg/cm2 and 20 J.Lg/cm2 were used. 
Moreover, the effective thickness along the beam axis 
was changed by tilting the 20 J.Lg/cm2 foil at 35°. 

The number ratios between Kr36+ and Kr35+ and 
between Kr35+ and Kr34+ were measured. In the 
Kr35+ _Kr34+ case, the fitting procedure was used for 
reduction of the yield of two charge states. The frac­
tion of charge states less than 34+ was so small and we 
assumed the total number of incident particles was the 
sum of the numbers of Kr34+, Kr35+, and Kr36+. The 
errors is only derived from the statistical one and the 
fitting procedure. The uncertainties of C-foil thickness 
and the absolute tilted angle are not exactly estimated 
yet. The fraction of charge state from 34+ to 36+ is 
shown in Fig. 2. 
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Fig. 2. The fraction of each charge state. The vertical 
error bars are smaller than symbol size. Two values 
at the thickness 10 J-Lg/cm2 are corresponding to the 
different runs. The uncertainties of foil thickness and 
absolute tilted angle of foils are not included in this 
figure. 
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Momentum Distribution of Recoil Ions from 8. 7 MeV 
0 7+ -He Collisions 

T. Kambara, Y. Awaya, Y. Kanai, Y. Nakai, T. M. Kojima, O. Jagutzki, and H. Schmidt-Bocking 

We have measured the three-dimensional momen­
tum distributions of the recoil ions from collisions be­
tween 8.7 MeV 0 7+ ions and a target of He atoms in 
cases of pure ionization 0 7+ + He ~ 0 7+ + He + and 
one-electron capture 0 7+ + He ~ 0 6+ + He+,2+ to 
study the dynamical processes between highly-charged 
heavy ions and few-electron atoms. 

The longitudinal (parallel to the projectile) compo­
nent of the recoil ion momentum from an ion-atom 
collision with velocity vp is expressed as: 

p 

PIIR = -Q/vp - nevp/2 - LPIlei (1) 
i=l 

where Q is the Q value, ne is the number of the trans­
ferred electrons in the process, and Pile is the longitudi­
nal momentum of the ionized electrons. Therefore this 
component reflects the transfer of electrons and change 
of the total kinetic energy of the ions. The transverse 
components are expressed as: 

p 

Pl..R = -Pl..P - LP.l..ei 
i=l 

(2) 

and reflect the momentum transfer due to the projec­
tile scattering and emitted electrons'!) 

In the experiments, an 0 3+ beam from RILAC 
passed a carbon foil to strip the electrons and the 
hydrogen-like 0 7+ ions were selected. Then the mo­
mentum of the ions was analyzed by a bending mag­
net. The energy of the ions was about 8. 7 MeV which 
corresponds to the velocity of 4.7 atomic unit (au) and 
momentum of 1.4 x 105 au. It was estimated that about 
99.8% of the metastable ions decay before the target. 
The ion beam was collimated by a pair of slits and was 
led to a target chamber where it crossed a target of He 
gas. The target was a cooled gas jet which crosses the 
ion beam at about 90°. The momenta of the He+ and 
He2+ ions were analyzed by an electrostatic recoil-ion 
analyzer. The recoil ion analyzer with the gas jet tar­
get and an electrostatic recoil ion spectrometer are de­
scribed elsewhere in this report. 2) After the target, the 
oxygen ions in a charge state of 6+ or 7+ were selected 
by a dipole magnet and were counted by a parallel­
plate avalanche counter (PPAC) with two-dimensional 
position sensitivity in coincidence with the three di­
mensional momentum of the recoil ions. 

The transverse momentum Pl.. distributions of He+ 

ions for pure single ionization 0 7+ + He ~ 0 7+ + He + 
are shown in Fig. 1. Figure l(a) shows the Pl.. dis­
tribution in the horizontal component obtained from 
the TOF measurement and (b) the vertical component 
from the detection position on the recoil ion detector. 
The centroid of the vertical distribution shifts upward 
by about 1.6 au due to mass motion of the target He 
atom in the jet with velocity of 450 m/s. The FWHM 
of the distribution is about 1 au for both the compo­
nents. The momentum distribution of He2+ is wider 
than that of He+, but the yield of He2+ was too small 
to determine the momentum distribution. 
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Fig. 1. Momentum distribution of recoil He + ions from 
pure ionization by 8.7 MeV 0 7+: (a) is the horizontal 
component obtained from the time of flight measure­
ment and (b) is the vertical component obtained from 
the vertical position of the ions at the MCP of the recoil 
ion analyzer. A curve in (a) shows the Compton pro­
file of He atom experimentally obtained by Eisenberger. 
The abscissa is the momentum in atomic unit. 
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Single Event Effect in Power MOSFETs 
by High-Energy Heavy Ion 

S. Matsuda, S. Kuboyama, T. Akutsu, T. Hada, J. Aoki, T. Hirose, H. Ohira, T . Kohno, 
N. Inabe, T. Nakagawa, M. Kase, A. Goto, and Y. Yano 

Power MOSFETs (Metal-Oxide-Semiconductor 
Field Effect Transistors) perform excellently as power 
switching devices. However, power MOSFETs have 
a possible catastrophic failure mode known as Single 
Event Burnout (SEB) phenomenon which is important 
to consider in space electronic applications. 

The detailed mechanism for SEB was observed ex­
perimentally by the EPICS (Energetic Particle In­
duced Charge Spectroscopy) measurement system in 
previous work. 1) The experimental results were also 
confirmed with numerical simulation technique. 

To prove the effect of a nuclear reaction on SEBs, 
SEBs were measured l?y EPICS with heavy ions which 
have the same LET but different energy. The se­
lected ions were Kr and Xe and their characteristics 
are shown in Table 1. 

Table 1. Characteristics of the ions used in this study. 

Ions Energy LET Range 
[MeV] [MeV /(mg/c~2)] [JLm(Si)] 

924 
3536 

27.5 
33.7 

127 
363 

RIKEN Ring Cyclotron was used for the heavy ions 
irradiation. To avoid contaminant ions, a defocused 
direct beam without a scatterer such as Au foil was 
used. The incident beam was monitored by an SSD 
just adjacent to the sample device. 

The sample device used in this study was 2SK725 
manufactured by Fuji ElectriC Corp. The device has 
a maximum drain-source voltage rating (VDs) of 500 
V. The high voltage rating requires a relatively thick 
active layer (~40 J.Lm of epi-Iayer). However, both ions 
have sufficient ranges to penetrate throughout the ac­
tive region of the sample device. 

Figures 1 and 2 show the EPICS spectra for Kr and 
Xe ions, respectively. At 50 V of V DS, the first peak is 
in the same position. This fact comes from that the Kr 
and Xe ions have the same LET value. However, the 
observed SEB thresholds for Kr and Xe ions were 250 
V and 95 V, respectively. Obviously the threshold volt­
age is not solely determined by LET of incident ions. 
For Kr ions, the V DS dependence of the EPICS spectra 
is normal as compared with another typical case. In 
previous work on Power MOSFETs, it was suggested 
that SEB was triggered when a collected charge ex­
ceeded a certain threshold charge QTH. 1) In contrast 
with the Kr ions, SEBs in Xe case are triggered al­
though the second peak still remains below QTH. The 
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fact will be explained by the nuclear reaction which 
deposits excess charges in the active layer of a semi­
conductor. 

The effect of the nuclear reaction was experimentally 
proved. 2) The results suggest that a usual SEB im­
munity test as a function of LET should be carefully 
considered to simulate the actual space environment 
for high voltage devices which have a thicker sensitive 
layer. 
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Fig. 1. EPICS spectra for 924 MeV Kr ions. 
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Fig. 2. EPICS spectra for 3536 MeV Xe ions. 
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Laser Spectroscopy of Atoms in Superfluid Helium 

M. Nakamura, Q. Hui, J. L. Persson, and M. Takami 

Neutral atoms in superfluid helium (Hell) are known 
to be trapped in bubble-like cavities formed by a strong 
repulsive force between the atoms and surrounding he­
lium atoms. The excitation and emission spectra of 
such bubble atoms exhibit peculiar spectra due to the 
coupling of atomic electronic states with the vibra­
tional motion of the bubble. Almost all the bubble 
spectra have a very broad and largely blue-shifted ex­
citation (absorption) band and emission lines close to 
free atomic lines with a typical width of 1-2 nm. l ) 

On the other hand, magnetic resonance and hyperfine 
transitions in the ground electronic states are known 
to have widths and resonance frequencies very close 
to those in free space.2) One of the objectives of the 
present work is to develop an experimental technique 
to study the fine structure and magnetic moments of 
atoms with unstable nuclei in Hell. 

We are currently studying optical properties of neu­
tral atoms in Hell with lasers. A schematic diagram 
of the experimental set up is shown in Fig. 1. Neutral 
atoms are dispersed in Hell by laser ablation of solid 
metal samples immersed in Hell.3 ,4) A pulsed YAG 
laser beam (355 or 532 nm, ",30 mJ / pulse) ablated 
the metal sample and produced a large number of small 
particles of the sample material. A second YAG laser 

Dissociation 
laser 

Probe 
laser 

Hell 

Focusing 
lens 

Glass 
dewar 

Fig. 1. Experimental set up. 

beam (355 or 266 nm wavelength, ",10 mJ/pulse) with 
a few ms delay after ablation dissociated the particles 
to disperse neutral atoms in Hell. A pulsed dye laser 
was used to excite the atoms with a 50 ns-l0 ms delay 
time after dissociation. The emission from the bubble 
atoms was detected by a photomultiplier through a 25 
cm monochromator. 

So far we observed bubble spectra for a number of 
neutral atoms. A part of the experimental data in­
cluding the group IlIa atoms are listed in Table 1. For 
the dynamics of bubble atoms, we measured radiative 
lifetimes for a number of atoms and found that most 
neutral bubble atoms have radiative lifetimes close to 
those in free space, but atoms in highly excited states 
or in an unidentified free-atom-like state show complex 
behavior.5) The efficient quenching of the excited state 
by resonant radiation observed in Yb confirmed the 
rapid relaxation of bubble modes.6) We also succeeded 
in the observation of highly excited states in Ca and 
Sr where the Coulomb potential is severely distorted 
by the existence of a bubble. 

Table 1. New bubble transitions. 

Atom Transition Excitationa
) Emission Free space 

(nm) (nm) (nm) 

Yb 7s 3S1--6p 3P2 670 770 769.9 
Ag 5p 2Pl/2- 5s 2S1/2 320 338 338.3 
Al 4s 2S1/2-3p 2P1/ 2 358 394 394.4 
Ga 5s 2Pl/2-4p 2P1/2 368 403 403.3 
In 6s 2P1/2-5p 2P1 / 2 364 410 410.2 

a) Center of broad absorption band. 
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Muonium Centers in Crystalline Si and Ge under Illumination 

R. Kadono, A. Matsushita, R. M. Macra~, K. Nishiyama,* and K. Nagamine 

An isolated hydrogen atom is the simplest intersti­
tial impurity in crystalline semiconductors and there­
fore serves as a testing field for the basic understand­
ing of atomic defects in these materials. Moreover, the 
recent revelation that atomic hydrogen can form chem­
ical complexes with shallow impurities and thereby 
passivate their electrical activity (i.e., hydrogen pas­
sivation) , of crucial importance in the processing of 
semiconductor devices, has prompted wider interest in 
the structure and kinetics of hydrogen isotopes and 
their complexes with other defect impurities. U nfortu­
nately, compared with hydrogen complexes relatively 
little is known about isolated hydrogen in semiconduc­
tors. This is in marked contrast to the case of muo­
nium (Mu, a bound state of J.L+ and e-) where it is 
widely investigated as an isolated center. Thus, the 
study of Mu centers serves as a complementary source 
of information on hydrogen isotopes in semiconduc­
tors. However, a standing issue of Mu study is that a 
considerable fraction of muons implanted into intrinsic 
Si/Ge at low temperatures are found as Mu~ centers, 
i.e., those at the tetrahedral interstitial (T) site, while 
most calculations predict the bond-center (BC) site to 
be the adiabatic potential minimum for neutral muo­
nium and hydrogen. 1) 

In order to get an insight into this problem we con­
ducted a time-differential J.LSR experiment upon Si 
and Ge under illumination. A xenon fiashlamp (0.5 
mJ/cm2 per pulse, synchronized with the muon pulse) 
was used to illuminate the specimen with minimal heat 
load and conventional J.LSR measurements were per­
formed under longitudinal field (LF) or transverse field 
(TF) conditions. The electronic state of the muon is 
determined through the magnetic field dependence of 
the (time dependent) positron decay asymmetry, 

A(t) = Ao[f± + fTPT(t, B) + fBCPBC(t, B)], (1) 

where Ao is the experimental asymmetry, fa is the 
relative yield of the charged state (Mu±), Mu~ , and 
Mu~c centers (a = ±, T, BC, satisfying La fa = 1), 
and Po.(t, B) is the corresponding polarization func­
tion dependent on the time t and external field B. 
The muon depolarization due to cyclic charge exchange 
(e.g., Mu±~Mu~), which turns out to be the pre­
dominant process under illumination, is qualitatively 
the same as that due to spin exchange interactions 
involving the relevant neutral state (e.g., Mu~) and 
the characteristics of the regime may thus be stud-
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ied through the behavior of the neutral intermediate 
state.2) 

We found that the charged state (Mu±) formed at 
high temperatures undergoes fast spin relaxation in 
both Si and Ge under illumination due to a cyclic 
charge exchange reaction with photo-induced carriers. 
In Si the Mu~ state also collides effectively with carri­
ers to induce reaction, while in Ge the neutral state is 
unreactive. In particular, in Si at low temperatures the 
Mu~ center is rapidly converted into Mu~c with su­
pervening fast spin relaxation under illumination. As 
shown in Fig. 1, the initial LF-J.LSR asymmetry at 8 
K is reduced by illumination, indicating that Mu~ has 
been transformed into Mu~c (fBC = 0.5 -+ 1), and evi­
dencing that the Mu~c state is the true ground state at 
low temperatures. The details are found elsewhere. 3) 
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Fig. 1. Longitudinal field dependence of the initial asym­
metry A(t = 0) in illuminated Si at 8 and 298 K. Solid 
curves at 298 K are fits to Eq. (1). At 8 K the dashed 
curve is calculated with jBC = 1 and the solid curve 
with further depolarization at the initial Mu~ state. 
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Annealing Behaviour of Kr Atoms in Kr-Implanted Aluminium 

E. Yagi and M. Hacke 

It has been demonstrated that heavy inert gas atoms 
(Ar, Kr, and Xe) implanted into metals at ambi­
ent temperature precipitate into micro-clusters, and 
that for high implantation doses they are in a solid 
phase (solid inert gas bubbles) epitaxially aligned to 
matrices. 1-3) 

From previous channelling studies on Kr-implanted 
Al crystals, we obtained the following results. At the 
initial stage of implantation various types of complexes 
consisting of Kr atoms and vacancies (V) such as KrV4 ' 
KrVt; and larger ones are formed, and act as nucleation 
centres for the subsequent bubble formation.4-6) The 
complexes KrV4 and KrV6 are stable up to about 400 
K and 560 K, respectively. The formation of epitaxial 
solid krypton is enhanced by post-implantation irradi­
ation at room temperature.7) The solid krypton is also 
formed on annealing. 6) 

The result described above on the stability of the 
complexes was obtained from isochronal annealing ex­
periments of a 1 x 1015Kr/cm2 implanted specimen. 
However, it is desirable to demonstrate the stability 
of the Kr V4 more clearly, because the fraction of the 
KrV4 complexes was small in the 1 x 1015Kr/cm2 im­
planted specimen, and the change in its fraction on 
annealing was small. Therefore, in the present study 
its stability is investigated by a channelling method 
in a 4 x 1014Kr/cm2 implanted specimen which con­
tains a larger portion of KrV4 complexes than in the 
1 x 1015Kr/cm2 implanted specimen. 

Kr+ implantation was carried out at room temper­
ature at 50 keV with a dose of 4 x 1014Kr/cm2. Chan­
nelling analyses were performed at room temperature 
with a 1.0 MeV He+ beam in the as-implanted state 
and aft.er annealing at 433 K for 30 min. 

In the as-implanted state the Kr angular profile ex­
hibits a shallow dip with nearly the same half-width 
as that of the corresponding channelling Al dip for the 
(100) and (111) channels, and a central peak superim­
posed on a shallow dip for the (110) channel. In the 
(100) Kr profile a small central peak is superimposed 
on the dip as shown in Fig. l(a). The relative depth of 
the (100) Kr dip with respect to the corresponding Al 
dip is smaller than that of the (111) Kr dip. As previ­
ously reported,4-7) these profiles can be interpreted as 
showing that the Kr atoms are distributed over sub­
stitutional (8), tetrahedral (T), octahedral (0), and 
random (R) sites. The observed small (100) central 
peak originates from the T-site occupancy, and the 
(110) central peak from the T- and O-site occupan­
cies. As the fraction of the O-site occupancy is much 
larger than that of the T -site occupancy, the contribu­
tion of the O-site occupancy to the (110) central peak 
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Fig. 1. (100) channelling angular profiles obtained for 
the 4 x 1014Kr/cm2 implanted specimen (a) in the 
as-implanted state, and (b) after annealing at 433 K 
for 30 min. The broken curves are Kr angular profiles 
calculated for the distribution ofKr atoms with (a) 20% 
at S, 6% at T, 19% at 0 and 55% at R sites, and (b) 
20% at S, 19% at 0 and 61% at R sites. The solid 
curves were drawn only to guide the eye. 

is much larger than that of the T -site occupancy. 
After annealing at 433 K, the small (100) central 

peak disappears (Fig. l(b)), and the relative depths 
of the (100) and (111) Kr dips become equal. The 
(110) central peak is still observed. The T-site occu­
pancy has been interpreted to be a result of the inter­
action between Kr atoms and implantation-introduced 
vacancies: By trapping 4 vacancies a Kr atom is lo­
cated at the centre (a T site) of a vacancy tetrahedron. 
Therefore, the result described above can be explained 
in terms of the dissociation of KrV4 complexes, and 
demonstrates that the Kr V4 is stable up to about 400 
K. More detailed descriptions are given in Ref. 8. 
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Hyperfine Magnetic Field of 61 Ni in Spinel Chromite 
CUo.9Nio.1 Cr204 

T. Okada, Y. Noro,* Y. Kobayashi, H. Kitazawa, and F. Ambe 

About twenty years ago, we reported that in the 
61 Ni Mossbauer spectroscopy a large hyperfine mag­
netic field (Hhf ) of 450 kOe for 61 Ni was found at the 
tetrahedral (A) sites of NiCr204 with a spinel struc­
ture in contrast with the smaller Hhf around 100 kOe 
at the octahedral (B) sites of NiFe204 etc. 1) After that, 
several groups reported 61 Ni Mossbauer measurements 
of spinel oxides. In early times, the interaction of the 
magnetic moment of the nucleus with the electron spin 
and orbital moment was studied by E. Fermi and E. 
Segre.2) It is deduced from this interaction that Hhf 
consists of three parts of Fermi contact , the orbital an­
gular momentum and the magnetic dipole-dipole inter­
action. When the electron in the ground state has an 
angular momentum, the second part gives very large 
Hhf. Goring pOinted out firstly that the large Hhf 
of 61 Ni at A sites of NiCr204 arose from the incom­
pletely quenched orbital angular momentum3) by the 
second order perturbation though the orbital angular 
momentum was quenched by the first order one. As 
any compounds except for NiCr204 and NiCr2-xFex04 
have not been investigated, the Hhf of 61 Ni in vari­
ous compounds has to be measured in order to eluci­
date the origin of these large Hhf. The specimen of 
CUO.g61 Nio.l Cr204 has a spinel structure tetragonally 
distorted (cia = 0.92) due to the Jahn-Teller effect of 
Cu2+ ions at the tetrahedral sites where the ground 
state of Ni ions is doubly degenerated and then the 
orbital angular momentum is still wholly alive. This 
paper purposes to measure the Hhf of 61 Ni ions in the 
doubly degenerated ground state. 

The single line source of 61Cu (-+ 61 Ni) was pro­
duced in the RIKEN AVF cyclotron. A powdered spec­
imen of CUO.g61 Nio.l Cr204 was prepared by the con­
ventional ceramic sintering method. The source and 
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absorber were kept at the same temperature in a he­
lium cryostat. 

A Mossbauer spectrum of CuO.g61 Nio.l Cr204 taken 
at the liquid He temperature is give in Fig. 1. One can 
see the widely spread lines. The value of the internal 
magnetic field Hhf amounts to 830 kOe, which is the 
largest one ever reported for 61 Ni. In conclusion, we 
found the large Hhf of 61 Ni ions in the doubly degener­
ated ground state. It is considered that the large Hhf 
of 61 Ni at A sites of spinel oxides is caused by the or­
bital angular momentum because it is still wholly alive 
in the doubly degenerated ground state. 
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Fig. 1. 61 Ni Mossbauer spectrum of spinel chromite 
Cuo.g61Nio.1Cr204 at 4 K. The solid line is the guide of 
eyes. 
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The Sr compound YSr2CU307-y has a similar crys­
talline structure with a typical high-T c superconductor 
YBa2CU307-y and is also superconductive. The eluci­
dation of the resemble and different features between 
both compounds is attractive and significant to investi­
gate the origin of a high-T c superconductivity. The Ba 
compounds YBa2Cu3-xFex07-y, substituting Fe for Cu 
atoms in YBa2CU307-y, have been studied by many re­
searchers. The Sr compounds YSr2Cu3-xFex07-y have 
been studied also and found that the solubility range 
of Fe atoms is 0.3 ~ x ~ 1.0 when the Sr compounds 
are calcined in flowing O2 gas. 

Our attention is as follows: 
(1) In spite of the similarity of the superconduct­

ing transition temperature between these compounds 
with Fe content x = 0.3, the Mossbauer spectra of 
these compounds are different. It is expected that the 
difference of a microstructure in these compounds can 
be clarified by the analysis of the Mossbauer data. 

(2) For the highly Fe substituted compounds, e.g. 
YSr2Cu2Fel07-y (x = 1), new magnetic ordering states 
are expected. We studied the magnetic states in the 
compound by means of the magnetization and the 
Mossbauer measurements. 

The typical Mossbauer spectra of the powder speci­
men YSr2Cu2.7Feo.307-y in a temperature range from 
4 K to 296 K are shown in Fig. 1. The spectra at 296 K 
can be analyzed with three doublets arising from the 
quadrupole splitting (QS). The sites occupied by Fe 
ions can be classified into three sites. The isomer shifts 
(IS) of two sites are nearly zero and the IS of the other 
site is +0.27 mm/s. The IS of the former are near the 
value for Fe3+ ions in highly covalent oxides (Cu( 1) 
site). The IS of the latter is the ordinary value for 
Fe3+ ions in oxides (Cu(2) site). The area ratio of the 
three sites in Mossbauer spectrum differs remarkably 
from that of the Ba compounds YBa2Cu2.7Feo.307-y' 
It means that the number of Fe3+ ions occupied in 
CU(l) sites increases in the Sr compound. As shown 
in Fig. l(e), the spectrum at 4 K can be explained by a 
superposition of two magnetically split sextets. In the 
sharp sextet (A) the value of the hyperfine magnetic 
field (Hhf ) is around 450 kOe, and the values of Hhf 
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Fig. 1. Mossbauer spectra of YSr2Cu2.7Feo.307-y at vari­
ous temperatures. 

in the very broaden sextet (B) are widely distributed 
around 200 kOe. The magnitudes of Hhf in the B sex­
tet are smaller than that in the Ba compound. Fur­
thermore, the values of Hhf in B sextet decrease more 
rapidly with increasing temperature than that in the 
Ba compound. 

In summary, (1) the number of Fe3+ ions occu­
pied in CU(l) sites increases in the Sr compound 
YSr2Cu2.7Feo.307-y, and the magnetic interaction of 
these ions is weaker than that in the Ba compound 
YBa2Cu2.7Feo.307-y, and (2) though figures are not 
shown here, the temperature dependence of Hhf and 
that of the magnetization in the highly Fe substituted 
compounds are similar to those in the spin glass. 
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Multitracer Study on Transport and Distribution of 
Metal Ions in Rice Plant 

S. Ambe, Y. Ohkubo, Y. Kobayashi, M. Iwamoto, and H. Maeda 

Although plants grow on soil containing various ele­
ments, little is known about uptake and accumulation 
of metal elements other than those regarded as essen­
tial ones. Human activities have led to the contami­
nation of soil not only with heavy elements but also 
with radioactive isotopes. Elements artificially intro­
duced to the environment can change the equilibrium 
in nature and their behavior in partition between soil 
and water often differs from that of elements originally 
existing in soil, which would affect the uptake of ele­
ments by plants. Therefore, it is very important to 
investigate the uptake and distribution of metal ions 
in plants and to evaluate the quantities of accumula­
tion of stable elements and radioactive isotopes. 

This paper reports on a study of the uptake and 
distribution of various metal elements by means of the 
multitracer technique. Rice (Oryza sativa cv. Nihon­
bare) plant was hydroponically cultivated in a nutri­
ent solution containing a multitracer prepared from 
a gold target.1,2) Distributions of various elements 
among leaves, stems, and roots were determined by 
'Y-ray spectroscopy of each part of the plants. 

The amount of radioisotopes taken up by each part 
of the plants is represented as percentage distribution 
obtained by dividing the radioactivity in one part of a 
plant by the total amount of radioactivity added to the 
culture media. Figure 1 shows the percentage distribu­
tion of elements among various parts of the rice plant 
which was transplanted 2 weeks after germination into 
a nutrient solution containing a multitracer and grown 
for 3 days. A large fraction of the radioisotopes of Sc, 
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Fig. 1. The percentage distribution of metal elements 
among various parts of the rice plant grown in a nutrient 
solution for 3 days. 

Mn, Fe, Co, Zn, As, Rb, Sr, Y, Zr, Te, Ba, Ce, Eu, 
Gd, Tb, Tm, Yb, Lu, Hf, Ir, and Pt was found in the 
roots and only a small fraction in the stems. Among 
them, the rare-earth elements showed relatively high 
distribution in the roots. In the leaves, appreciable 
amounts of Mn, Co, Zn, Rb, Sr, and Ba were detected. 

The rice plant cultured in a nutrient solution con­
taining the multitracer for 14 days showed an increase 
in the uptake of the elements by roots, stems, and 
leaves (Fig. 2). Essential elements Mn and Zn were 
concentrated in the leaves, showing an almost complete 
uptake from the nutrient solution. Although Fe is also 
an essential element, the amount of iron in the stems 
and leaves was less than the detectable limit. This in­
dicates that the plants have stored enough Fe during 
the preceding culture stage. An increase in the amount 
of As, Rb, Sr, Te, and Ba in the stems and leaves was 
observed compared to the 3-day culture. The amounts 
of rare earth elements in the roots also increased with 
time but they were not detected in the leaves. The 
distribution of lanthanides in the roots was found to 
decrease in the order of increasing atomic number. 
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Fig. 2. The percentage distribution of metal elements 
among various parts of the rice plant grown in a nutrient 
solution for 14 days. 
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Multitracer Study on Transport and Distribution of 
Metal Ions in Soybean Plant 

S. Ambe, Y. Ohkubo, Y. Kobayashi, M. Iwamoto, and H. Maeda 

Transport and distribution of metal ions in soybean 
plants were studied using multitracers produced by ir­
radiating an Au target by 135 MeV/nucleon 12C, 14N, 
and 160 ions accelerated by RIKEN Ring Cyclotron. 
The multitracer prepared from the target by solvent 
extraction consisted of radioisotopes of the following 
elements: Be, Na, Sc, Mn, Fe, Co, Zn, Se, Rb, Sr, Y, 
Zr, Nb, Ag, Te, Ba, Ce, Pm, Eu, Cd, Tb, Tm, Yb, Lu, 
Hf, Ir, and Pt. 

Soybean plants (Glycine max L. Merrill cv. 
Okuharawase) were grown in a nutrient solution con­
taining a multi tracer. Distributions of various ele­
ments among seeds, leaves, stems, and roots were de­
termined by ,-ray spectroscopy of each part of the 
plants. For comparison, soil cultivation was also per­
formed. 

Soybean plants 50 days after the start of germina­
tion were grown in a multitracer nutrient solution for 
30 days. The results of analysis of the ,-ray spectra of 
the roots, stems, leaves, pods, and seeds are shown in 
Fig. 1. In the edible part, namely in seeds, Mn, Co, Zn, 
Rb, Sr, and Ba were detected. The pods showed u~ 
take of the same elements as those in the seeds. Rb, Sr, 
and Ba were found to be distributed among all parts 
of the plant, similar to the distribution of the essential 
elements Mn and Zn. Be, Zr, Nb, Ru, Rh, Ag, and 
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Fig. 1. The percentage distribution of metal elements 
among various parts of the soybean plant grown in a 
nutrient solution for 30 days. 
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rare-earth elements were predominantly found in the 
roots. The distribution pattern of lanthanides in the 
roots is similar to that for the rice plants. 1) 

Soybean plants grown on the soil were harvested 
about 2 months after the start of germination. The 
seeds were still immature. The roots were carefully 
collected and washed to remove soil. Figure 2 shows 
distribution of elements among various parts of the 
plants. The number of elements detected in the roots 
is smaller than that for soybean plants grown in the nu­
trient solution. Mn, Zn, Se, Rb, and Sr were found in 
the stems, leaves, pods, and seeds as in the case of the 
hydroponic culture. However, the percentage distribu­
tion of all elements was smaller by a factor of 10-3-

10-2 compared to that of the soybean plants grown in 
the nutrient solution. 
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Fig. 2. The percentage distribution of metal elements 
among various parts of the soybean plant grown on soil 
for 2 months. 

This difference is explained by the low distribution 
of metal ions in soil water and the dilution of radioiso­
topes with corresponding elements in soil. The distri­
bution of Se is quite similar to that of essential element 
Zn. This suggests that Se is required for germination 
and growth of the plant. 
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The Study of Behavior of Various Elements in Atmosphere-plant 
System by Multitracer Technique 

T. Shinonaga, S. Ambe, S. Enomoto, H. Maeda, M. Iwamoto, T. Watanabe, and I. Yamaguchi 

The behavior of various elements in atmosphere­
plant system is being studied by a multi tracer tech­
nique. 

In recent years, pollution in environment has be­
come serious problems for human lives. These prob­
lems mainly occur by industrial wastes and products, 
automotive exhaust gases, and soot. The recent re­
markable problem is the radioisotopes leaked into at­
mosphere from the atomic reactors and one of the ob­
vious example is the accident of Chernobyl Reactor 
which occurred on April 26, 1986. After the accident, 
a large number of radionuclides were injected into the 
atmosphere and they brought many risks to lives es­
pecially in Europe. After this accident, many investi­
gations have been reported for the problem of spread 
radionuclides, e.g., for long-lived radionuclides such as 
1291 (T 1/2 = 1.6 X 107 y) in the atmosphere and the 
rainwater.1) These radionuclides may nfluence human 
bodies directly or possibly through the plants and the 
animals as food. Wagner reported the radio ecolog­
ical investigation on the food-chain, such as air-soil­
vine-wine determining contents of 137 Cs at different 
locations in Germany before and after the Chernobyl 
accident. 2) These results clearly show the fact that the 
pollutants in atmosphere are taken in human bodies 
through the food-chain. 

The most of previous studies which concern the 
problem of the pollution in plants were performed in 
the field observing a few elements, but the mechanism 
of the absorption of elements in the atmosphere into 
plants is not yet well known. This mechanism could 
also be important for understanding a complicated cir­
culation system of elements on the earth. 

In this study the absorption of various elements in 
the air by plants and soil is experimentally investigated 
using a radioactive multitracer. As the first step, the 
relative amount of elements absorbed in each part of 
plant is determined. These results will be considered 
to provide a base of estimation of the factors in the 
mathematical model for the behavior of elements in 
the plant-soil-atmosphere system. The depth-profiles 
of absorbed elements in soil are also analyzed. 

For the production of multitracer, the Au target 
irradiated with 14N at the RIKEN Ring Cyclotron 
was dissolved in aqua regia and Au ions were finally 
removed from the 3 mol dm- 3 HCI solution by ex-

traction with ethyl acetate, and the carrier-free and 
salts-free multitracer was prepared. This multitracer 
solution in an evaporating dish was put on the soil cov­
ered with parafilm in a closed (excepted a hole covered 
with a glass fiber filter together with a membrane fil­
ter) acryl box. In the multitracer solution, cellulose 
powder (> 300 mesh) was supplied and the solution 
was dried. The used plants were Soybean and Komat­
suna. They were cultivated in this acryl box installed 
in a biotron with the radionuclides at 23°C under ex­
posure of 20000 lux light of fluorescent lamps for 12 h 
a day during 30-80 days for Soybean and 10-20 days 
for Komatsuna, respectively. About 8 liter of air was 
overblown per day at the upper and near the surface 
of soil covered with parafilm to make similar condition 
to floating dust. The tube for supplying water was put 
under the soil to avoid the leaching effect of the ele­
ments by water, and about 100 ml of distilled water 
was given per day. The monitors were similarly made 
to each plant by a glass fiber filter and they were set 
up beside each plant. 

After the plants were grown up, they were taken 
out and separated each part: root, leaf, stem, seed, 
pod for Soybean, and leaf and root for Komatsuna. 
Some of the stems and beans were cut in inner part 
and outer part. After they were washed with diluted 
HCI solution in an ultrasonic wave bath, the ')'-ray was 
measured for each part of the plants. 

For the depth-profiles of soil, three test tubes of 2 
em dia., 14 cm height were inserted in the soil at some 
distances from the dish containing the multi tracer , and 
the ')'-ray was measured for 2 cm depth from the surface 
and further each 4 em part of depth, respectively. 

The observed elements were Be, Sc, V, Cr, Mn, Co, 
Zn, As, Se, Rb, Sr, Y, Ru, Ag, In, Sn, Te, Ba, Ce, 
Eu, Gd, Yb, Lu, Hf, Re Ir, and Pt. The measurement 
has been finished and the analysis is now being carried 
out. 
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Study on Uptake and Excretion of Trace Elements in Rats using 
the Multitracer Technique 

M. Yanaga, S. Enomoto, R. Hirunuma, R. Furuta, K. Endo, A. Tanaka, S. Ambe, M. Tozawa,* and F. Ambe 

The isotopic tracer method is useful in science, tech­
nology, medicine and many other fields. If a number of 
r~dioactive tracers are used simultaneously, it is pos­
sIble to determine the characteristic behaviour of dif­
ferent elements under an identical experimental condi­
tio~. In the present study, the multitracer technique, 
whIch was established at RIKEN a few years ago,l,2) 
was applied to an investigation of the uptake and ex­
cretion behaviour of trace elements in rats. 

A multitracer solution was obtained from a gold foil 
target irradiated with 14N-ion beam accelerated by the 
RIKEN Ring Cyclotron. The target was dissolved in 
aqua regia and the solution was evaporated to dry­
~ess. After the residue was dissolved in 3M HCI, gold 
Ions were removed by extraction with ethyl acetate. 
The remaining aqueous phase was again evaporated 
to dryness and adjusted to pH 3 with dilute HCI for 
administration to rats. 

The multitracer solution was orally administered to 
three seven-weeks-old male Wistar rats. A half ml of 
the solution was used for each rats. Feces and urine 
were collected at 8 h and then at 24-h intervals af­
ter administration. The radioactivities of them were 
measured with pure Ge detectors. The spectra were 
analysed with BOB code3) on a FACOM M1800 com­
puter. The observed ,-rays were assigned to various 
nuclides according to their energies and half-lives. 

. I~ the multi tracer solution used in this study, ra­
dIOIsotopes of many kinds of elements were included: 
e.g., Be, Sc, Mn, Co, Zn, As, Se, Rb, Sr, Y, Zr, Ce, 
Eu, Gd, Tb, Er, Tm, Yb, Lu, Hf, W, and Re. In Fig. 
1, rates of excretion are summarised for five of those 
elements for one of the rats. Excellent agreement was 
found in the excretion rates among the rats. As shown 
in Fig. 1, a very small amount of rhenium was found 
in feces , which means that rhenium was entirely ab­
sorbed into the body. The excretion behaviour for Re 
to urine was found to be quite unique. More than 80% 
of rhenium was eliminated in urine within only one 
day. Further experiments on elimination of rhenium 
to urine showed that the excretion was composed of at 
least two phases. Namely, more than 85% of Re was 
excreted with a half-life of about 3 h but 3- 5% of Re 
with a day-order half-life irrespective of whether a car­
rier material (KRe04 , 0.2 mg/rat) was included in the 
administered solution or not. In those experiments, 
most of rhenium remaining in the rats' body «7%) 
was found in hair and a trace amount «0.01%) was 
fmmel in hone . Interesting behavIOur was also found in the excre-
tion rate for tungsten. Fifty to 90% of tungsten was 
absorbed into the body; then, 80-90% of the absorbed 
tungsten was eliminated in urine within one day. No 
,-rays due to tungsten were detected in any organs and 
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Fig. 1. Rates of excretion of Sr, W, Re, Ir, and Pt to feces 
and urine for one of the three rats studied. 

tissues 6 days after administration. 
Excretion behaviour of Mn, Co, Zn, As, Se, Rb, 

Sr, Ir, and Pt is in general compatible with previous 
works on uptake and excretion of these elements by 
animals,4,5) which guarantees the reliability of the mul­
titracer experiments. For example, as shown in Fig. 1, 
more than 15% of strontium was absorbed and only a 
small portion of it was excreted in urine. This element 
was found only in bone. It is known that the gastroin­
testinal tract is the main route of entry into body and 
the fraction absorbed via intestine is 30%, and that 
99% of body burden is deposited in bone.5) 

The ,-rays due to Be, Zr, Hf and rare earth elements 
were not detected in organs and tissues. There were 
no peaks of these elements in any spectra of urine ex­
cept for Hf which was detected in a minute amount 
( <0.1 % ). This means that these elements were not or 
only a little absorbed into rats. It is reported that gas­
trointestinal absorption of soluble or insoluble beryl­
lium is thought to be minimal because the alkalinity of 
the gastrointestinal tract causes precipitation of beryl­
lium, and it is suggested that only 0.006% of ingested 
beryllium was absorbed.5) 

References 
1) S. Ambe et al.: Chern. Lett., 1991, 149. 
2) S. Ambe et al.: Anal. Sci. , 7, Suppl., 317 (1991). 
3) H. Baba et al.: J. Nucl. Sci. Technol., 8, 1227 (1972). 
4) H. Sakurai and H. Tanaka eds.: Seitaibiryougenso, Hi­

rokawa Publishing Co., Tokyo (1994). 
5) H. G. Seiler, A. Sigel, and H. Sigel eds.: Handbook 

on Metals in Clinical and Analytical Chemistry, Marcel 
Dekker, Inc. , New York (1994). 



RIKEN Accel. Prog. Rep. 28 (1995) 

Multitracer Study on Distribution of Radioactive Nuclides in Rats: 
Metabolism and Accumulation in Various Tissues, 

Organs and Body Fluids 

S. Enomoto, M. Yanaga, R. Hirunuma, K. Endo, S. Ambe, and F. Ambe 

Data obtained from radioactive tracer experiments 
on biological systems generally show considerable vari­
ation due to the peculiarity of individual samples. Use 
of a multitracer1) in a given biological system en­
ables us to obtain information on the behavior of trace 
amounts of many kinds of radioactive nuclides in vari­
ous tissues, organs or body fluids simultaneously under 
strictly identical conditions, suggesting that effects of 
both peculiarities of samples and variation in experi­
mental conditions can be minimized. 

In the present study, the uptake and distribution 
of radioactive isotopes in various tissues, organs and 
body fluids of rats were examined by means of the 
multi tracer technique to clarify the behavior and role 
of different elements. 

Hydrochloric acid solution containing a multitracer 
was prepared from gold foil irradiated with N-14 beam 
of 135 MeV/nucleon from RIKEN Ring Cyclotron and 
was adjusted to pH 3. The solution was adminis­
tered orally to Wistar rats (male) which were seven 
weeks old. The rats were sacrificed after several days. 
The tissues, organs, body fluids and excretions were 
weighed and their radioactivities were determined by 
,-ray spectrometry. Identification and determination 
of isotopes were done on the basis of their energies 
and half-lives. The results are given in percentage of 
orally administrated dose per gram of tissues, organs 
and body fluids (uptake rate, %/g). 

From the analysis of ,-ray spectra, distributions of 
23 elements, namely Be, Mn, Co, Zn, As, Se, Rb, Sr, 
Y, Zr, ee, Eu, Cd, Tb, Er, Tm, Yb, Lu, Hf, W, Re, Ir, 
and Pt, were determined. Typical results at 6 days af­
ter administration are shown in Fig. 1. The results and 
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discussion are given below, with the elements being 
tentatively divided into the following six groups based 
on the classification of the periodic table. 

(1) Rubidium (alkaline metal) was found to be dis­
tributed widely among various tissues, organs and 
body fluids. High concentrations were found in liver, 
spleen, kidney and skeletal muscle. The chemical sim­
ilarity of rubidium to potassium is considered to allow 
use of the former as a substitutive tracer for the latter 
to some extent. These results suggest that rubidium 
is essentially an intracellular ion, physiologically most 
similar to potassium since it is distributed through­
out the body in a very similar manner. Distribution 
of rubidium in whole blood was mostly found in ery­
throcytes. From this study, rubidium is found to be 
eliminated very slowly from the body. 

(2) Strontium (alkaline earth metal) was found in 
high concentrations in bone. The result suggests that 
the distribution of strontium was similar to that of cal­
cium. The results have also demonstrated that intesti­
nal absorptions of strontium and calcium are compara­
ble, which leads to the hypothesis that these elements 
share a common carrier system in the intestinal wall, 
probably with a greater affinity for calcium. 

(3) 3d-'fransition elements such as Mn, Co, and Zn 
were distributed in organs based on their individual 
characteristics. Among the elements, zinc was found 
in every organ as well as blood, and high concentra­
tions of it were observed in liver, kidney and spleen. 
The absorption of zinc ions mainly occurs in the small 
intestine, especially in the jejunum, while its absorJr 
tion in the duodenum and the stomach seems to be 
very low. 2) Zinc is essential for the structure, reg-

(c) 
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Fig. 1. Uptake rate (%/g) of rubidium (a), zinc (b) and arsenic (c) in various tissues, organs and body 
fluids in a rat. 
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ulation, and/or the catalytic action of many enzymes 
and it influences the activity of over 300 enzymes.3) In 
accordance with this, we found that zinc was widely 
distributed in various tissues, organs and body fluids. 
On the other hand, orally administrated manganese 
does not concentrate in specific organs. In general, 
the absorption level of manganese is lower in animals 
which have reached adulthood.4) 

(4) All the radioactivities of rare earth elements (Y, 
ee, Eu, Gd, Tb, Er, Tm, Yb, and Lu) and Be, Zr, Hf 
were eliminated in feces. These results indicate that 
these elements were not absorbed by the digestive or­
gans including intestine. 

A detailed discussion is given in Ref. 5. 
(5) Of the 5d-transition metals, W, Re, Ir, and Pt 

were determined, and each was found to exhibit char­
acteristic behavior. Intestinal absorptions of tungsten 
and rhenium were rapid. They were likewise rapidly 
transferred to blood and then to kidneys for filtration 
and removal from the body. However, rhenium was 
retained partly in rat hair 6 days after administration. 
In contrast, platinum and iridium were absorbed by 
liver, kidney, and intestine. These metals are reported 
to bind with metallothionein in liver and kidney.6) The 
above result is compatible with this binding character­
istic. 

(6) The absorption of arsenic (group V) and sele­
nium (group VI) was also investigated. Selenium was 
found to be widely distributed in every organ, and the 
highest concentration of which was detected in kidney, 
liver, blood, testicles, and intestine. Selenium is in­
volved in some important biochemical reactions and 
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is found in a number of proteins.7) Accordingly, we 
found that selenium was widely distributed in various 
tissues, organs and body fluids. On the other hand, 
arsenic was found mainly in blood. Arsenic combines 
with sulfhydryl groups of many enzymes.B) Arsenic is 
a strong hemolytic poison, with erythrocytes being 
the target. We found that arsenic is bound to pr~ 
tein (aI-globulin) in serum and to the globulin part of 
hemoglobin in erythrocytes. 

These results suggest that when applied to a given 
biological system, the multitracer technique is a pow­
erful tool to obtain information on the behavior of 
trace amounts of elements in various tissues, organs 
and body fluids. 
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Distribution and Behavior of Trace Elements in Zinc Deficient Rats 
Using the Radioactive Multitracer Technique 

S. Enomoto, M. Yanaga, R. Hirunuma, K. Endo, S. Ambe, and F. Ambe 

The concentration variation of one particular ele­
ment generally affects the concentrations and physio­
logical effects of other substances, including other in­
organic elements. This multidimensional interdepen­
dence has been known qualitatively for a few of ele­
mental nutrients. 1) However, the multidimensional in­
terdependence of many trace elements in living bodies 
is still not clear. Two components can interact by mu­
tually promoting synergistic effects or by competing 
and suppressing antagonistic effects. Use of a radioac­
tive multitracer in a given biological system enables us 
to obtain information on the multidimensional interde­
pendence of many trace elements in various tissues, or­
gans or body fluids simultaneously under strictly iden­
tical conditions, suggesting that effects of both pecu­
liarities of samples and variation in experimental con­
ditions can be minimized. 

In the present study, the uptake and distribution of 
radioactive isotopes in various tissues, organs and body 
fluids of zinc deficient rats and normal rats were exam­
ined by means of the multitracer technique to clarify 
the behavior and role of different elements. Zinc is the 
second most abundant transition element in the animal 
organisms, following iron; zinc also plays an important 
role in many processes of metabolisms of living be­
ings. More than 300 different zinc-proteins are known. 
These include numerous essential enzymes which cat­
alyze the metabolic conversion or degradation of pro­
teins, nucleic acids, lipids, porphyrin precursors and 
other important bioorganic compounds. It is thus not 
surprising that zinc deficiency leads to severe patho­
logical effects and is expected to affect the behavior of 
other trace elements greatly. 

A saline solution containing a multitracer was pre­
pared from a gold foil irradiated with N-14 beam of 
135 MeV/nucleon from RIKEN Ring Cyclotron. The 
solution was injected intravenously to normal or zinc 
deficient Wistar rats (male) which were seven weeks 
old. The rats were sacrificed after 4 days. The tissues, 
organs, body fluids and excretions were weighed and 
their radioactivities were determined by ,-ray spec­
trometry. Identification and determination of isotopes 
were done on the basis of their energies, half-lives and 
peak areas. The results are given in percentage of in­
travenously injected dose of tissues, organs and body 
fluids (uptake %). 

From the analysis of ,-ray spectra, distributions of 
Sc, V, Mn, Co, Zn, Rb, Sr, Y, Ce, Eu, Gd, Tm, Yb, 
Lu, Hf, Re, Ir, and Pt were determined. Concern-

ing the Zn distribution in zinc deficient rats, the up­
takes in testicle, skin and bone were smaller than those 
in normal rats; however, the uptakes in other tissues 
and blood were larger. Other various trace elements 
also demonstrated characteristic behavior. Notewor­
thy is that distributions of Pt and Ir in zinc deficient 
rats are quite different from those in normal rats. In 
the case of normal rats, Pt and Ir are classified in the 
same behavioral group (the platinum group), because 
these elements behave in a similar manner in an ani­
mal body.2) However, when we administrated them to 
zinc deficient rats, the uptakes of Ir in skeletal muscle, 
skin, hair, and plasma were larger than those of Pt 
by a factor of about 2-3. These results suggest that 
zinc deficiency contributes to conformational changes 
or affinity changes on transport proteins or enzymes 
which interrelate with the uptakes of Pt and Ir. The 
distributions of various rare earth elements (REE) ex­
hibited similar behavior in both normal and zinc de­
ficient rats. The uptakes of REE in various tissues, 
such as liver and kidney, were correlated with changes 
in the ionic radius of REE. The uptakes of "light" REE 
increased with increasing ionic radius, however, there 
were not a marked tendency in those of "heavy" REE. 
These results suggest that the uptakes of light , REE, 
whose ionic radii are near that of calcium, are interre­
lated with the calcium transport systems in cytoplas­
mic membrane. In contrast, the uptakes of REE in 
bone were different from those in other tissues. The 
heavy covalent REE in bone were accumulated to a 
greater extent than the light REE. The uptakes of 
light REE were decreased with increasing ionic radius. 
These results also indicate that heavy covalent REE 
are adsorbed on hydroxyapatite that reacts with en­
zymes such as alkaline phosphatase and light REE are 
non-specifically adsorbed on connective tissues in sur­
face of bone. 

These results suggest that when applied to a given 
biological system, the multi tracer technique is a power­
ful tool to obtain information on the behavior of trace 
amounts of elements and the multidimensional interde­
pendence of various elements in various tissues, organs 
and body fluids. 
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Tissue Distribution of 16 Elements in Mice: An Application of 
Multitracers to Animal Experiments 

R. Amano, M. Nobuta,* M. Sakamoto,* R. Tsujioka,* S. Enomoto, and F. Ambe 

We are now developing the radioactive multitracer 
technique in the metabolism study of a number of trace 
elements in animals. First we examined here the tis­
sue distribution of carrier-free multitracers in mice and 
discuss on their usefulness in animal experiments. 

A multi tracer solution was obtained from the sil­
ver foil target irradiated with 14N beam accelerated 
in RIKEN Ring Cyclotron. The preparation proce­
dure was given elsewhere.1,2) After evaporation of the 
carrier-free multi tracer solution containing hydrochlo­
ric acid, a physiological saline solution was added to 
prepare the multitracer solution for injection. Male 
ddY mice (body weight 25-35 g) were injected in­
traperitoneally with 0.2 mL of the final preparation. 
At 4 different time, namely, 3, 24, 72, and 168 hr af­
ter administration of the multitracers, the mice were 
killed under ether anesthesia and approximately 0.3 
mL of blood was collected. After this, brain, cardiac 
muscle, lung, liver, spleen, pancreas, kidney, skeletal 
muscle and bone were excised. These tissues and the 
blood were weighed immediately and freeze-dried. The 
dried tissues and blood samples were measured by "(­
ray spectrometry with pure Ge detectors against an 
appropriate standard to obtain the percentage of in­
jected dose per gram of tissue (%dose/g). The ra­
dionuclides were identified by the "(-ray energies and 
half lives. Tissue distribution of the radionuclides was 
evaluated in terms of the percentage of injected dose 
per gram of tissue (the tissue uptake rate, %dose/g). 

The tissue uptake rates of Be, Sc, V, Cr, Mn, Fe, 
Co, Zn, As, Se, Rb, Sr, Y, Zr, Ru, and Rh were ob­
tained for the 9 tissues and blood in mice. We now 
brief some preliminary results concerning vanadium as 
an example. Table 1 summarizes the tissue uptake 
rates of radioactive V in the tissues and blood. Each 
value represents the mean of four mice. Figure 1 shows 
the time course of the uptake rates for 4 tissues. The 
values for bone at 24, 72, and 168 hr after injection 

Table 1. Tissue uptake rate of radioactive V in mice at 3, 
24, 72, and 168 hr after intraperitoneal injection. 

Tissue v 
3 hr 24 hr 72 hr 168 hr 

Blood 2.94 ± 0 .15 0.86 ± 0 .19 n.d. n.d. 
Brain 0.09 ± 0 .05 0 .06 ± 0 .00 n.d . n.d. 
Cardiac muscle 0.84 ± 0 .28 0.74 ± 0.10 0.47 ± 0.16 0.34 ± 0.11 
Lung 1.09 ± 0.21 0 .66 ± 0.11 0.35 ± 0.06 0.22 ± 0.04 
Liver 2.53 ± 0.63 1.50 ± 0.24 0.79 ± 0.12 0.76 ± 0.26 
Spleen 0.48 ± 0 .17 0 .69 ± 0.28 0.51 ± 0.23 0.24 ± 0.09 
Pancreas 0 .64 ± 0.23 0.55 ± 0.27 0.42 ± 0.17 n .d. 
Kidney 6.47 ± 1.83 2.28 ± 0.35 1.86 ± 0.05 0.83 ± 0.19 
Bone 3 .65 ± 0.90 6.03 ± 1.58 8.73 ± 2.24 5.65 ± 1.58 
Skeletal muscle 0.61 ± 0.13 0.27 ± 0.17 0.24 ± 0.03 0.15 ± 0.03 

n.d .: not detected 
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were 6.03, 8.73, and 5.65 %dose/g, respectively. These 
values were much larger than those for other organs. 
Vanadium is not generally noted as a bone-seeking ele­
ment. The multi tracer technique enables simultaneous 
tracing of other elements concerned with bone and ex­
tensive comparison of these elements under a strictly 
identical condition.3) Figure 2 compares the bone up­
take rates of V, Sr, Zr, Y, Rh, Ru, and Se. The values 
of V resembled those of Sr, Zr, and Y, but not those of 
Rh, Ru, and Se. From these results it has been found 
that vanadium may play an important role in the bone 
metabolism. We have mainly mentioned above the re­
sults concerning vanadium as an example. We really 
obtained similar results on 15 other elements in the 
present work, which will be reported and discussed 
later. 
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Fig. 1. Time course of the tissue uptake rates of radioac­
tive V in mice. 
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Fig. 2. Time course of the uptake rates of V, Sr, Zr, Y, 
Rh, Ru, and Se in mouse bone. 

In conclusion, we want to emphasize the advantages 
of the multi tracer technique over the conventional sin­
gle tracer technique: the multi tracer method enables 
simultaneous tracing of many elements in the identical 
organ and a strict comparison of their biobehavior. 
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Studies on Transcuticular Movement of Multitracer from 
Plant Leaf Surfaces 

T. Watanabe, K. Matsumoto, S. Ambe, and 1. Yamaguchi 

The surface of plants is generally covered with cu­
tile which plays an important role in their growth for 
prevention of transpiration, invasion of microbes and 
foreign substances and for morphogenesis. The tran­
scuticular movement of radionuclides as a foreign sub­
stance is an interesting matter relating to the uptake, 
distribution and accumulation in plants via rainfall of 
those contained in fall-outs. 

To investigate the transcuticular penetration and 
translocation of radionuclides on/in plants, the authors 
have carried out a preliminary study of the transcutic­
ular movement of 137 Cs applied as an aqueous droplet 
onto the leaves of chinese cabbage. The result showed 

that 137 Cs firstly penetrated into the cuticle under the 
droplet, then passed across it to trans locate inside the 
leaf tissue acropetally and basipetally, and finally dis­
tributed in the stems, leaves and roots other than the 
leaf applied. To analyze quantitatively the transloca­
tion proccesses of various kinds of radionuclides, five 
ILl of the multitracer solution was applied onto the leaf 
surfaces of chinese cabbage and mugwort at the fifth 
leaf stage. Then, the amounts of each radionuclide 
in the malutitracer translocated into the fractions of 
cuticle, applied leaf, other leaves and roots were peri­
odically measured. The calculation is now underway 
using computers. 
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Simultaneous Analysis of Solid-Liquid Adsorption Behavior of 
Various Elements using Radioactive Multitracer: 

Activated Carbon Fiber and Non-ionic Macro-reticular Copolymer 

S. Shibata, K. Watari,* Y. Noda,* S. Ambe, Y. Ohkubo, M. Iwamoto, Y. Kobayashi , 
M. Yanokura, H. Maeda, and F. Ambe 

Activated carbon and non-ionic macro-reticular 
(MR) copolymers have been reported to be effective 
adsorbents for a number of organic substances in aque­
ous solutions, but not enough attention has been paid 
to the adsorption of inorganic substances.1,2) We re­
ported previously the adsorption behavior of 36 inor­
ganic elements on Kynol ACF-1605-15 (novoloid-based 
activated carbon fiber) and Amberlite XAD-7 (non­
ionic MR copolymer) in 0.01- 10 mol·dm-3 solutions 
of HCI and LiCI using a radioactive multitracer pre­
pared by irradiation of Au or Ag foil with a heavy ion 
beam.3) 

of various elements on these adsorbents using a multi­
tracer obtained from irradiated Fe foil. In separation of 
the reaction products after the irradiation of iron with 
135 MeV /nucIeon 160 6+ , iron was extracted with iso­
propyl ether from 8 mol·dm- 3 HCI. The aqueous layer 
was evaporated to dryness. The residue was dissolved 
in 1 mol·dm-3 HCI. Other experimental methods were 
mentioned in a previous report. 3) 

Figure 1 shows the adsorption profiles of 42 elements 
in log-log plotting of Kd against the concentration of 
CI- . The authors are now studying the adsorption be­
havior of other elements using the multitracer prepared 
from other targets, such as Zn and Sn. We continued the study on the adsorption behavior 

log Kd 
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Fig. 1. Effect of Cl- concentration in HCl (- ) and LiCl ( ... ) on Kd values of elements 
for ACF-1605-15 (a) and XAD-7 (b). 
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Studies on the Ion Exchange Adsorption Behavior of Strongly 
Acidic Resin NAFION and its Application to 

Analytical Chemistry 

N. Ito, H. Harakawa, Y. Saito, K. Kimura, S. Ambe, M. Iwamoto, H. Maeda, and F. Ambe 

Radioactive multitracer solutions, in a carrier- and 
salt-free condition, prepared from goldl-5) foil irradi­
ated with 135 MeV/nucleon 14N ions were used for the 
titled studies in a NAFION-HN03 system after be­
ing converted to a nitric acid solution. The NAFION-
501 resin, manufactured by DuPont, is a perfluorinated 
polymer containing ,,-,5 mmol g-l sulfonic acid groups. 
Because of the strong acidity of the resin, a compar­
ison of its exchange behavior with that of a common 
cation exchange resin attracts much attention. 

The resin, commercially available as a cylindrical 
shape of ca. 1 mm</> x 3 mm, was crushed with a stamp 
mill at liquid nitrogen temperature, passed through a 
50-120 mesh screen, and used. Into a small polyethy­
lene bottle, 0.1 ml of the multitracer solution and 2.4 g 
of the resin were introduced, and the acidity of the sys­
tem was adjusted to 0.1, 0.3, 1, 3, 5, and 10 mol dm-3 

with nitric acid and distilled water, thereby making 
the volume of the solution to 10 ml. The contents of 
the bottle were shaken vigorously at 25°C with an 8-
shape mode shaker. Time of the shaking was 75 hours. 
After filtration, ,-ray spectrometry was carried out for 
both phases. 

The distribution ratios (D) of alkali metal, alkaline 
earth metal and rare earth element (Fig. 1a) were ob­
tained, decreasing with slopes of the valence number on 
log-log plotting as nitric acid concentration increased, 
which is characteristic of the ion exchange. D's for Hf 
and Zr (Fig. 1 b) were relatively low at 0.1 mol dm -3 ni­
tric acid concentration, while in other concentrations, 
those decreased with slopes of - 2 approximately. It 
is thought that Hf and Zr mainly exist as Hf02+ and 
Zr02+ in 0.3,,-, 10 mol dm-3 nitric acid concentrations 
and the low D values at 0.1 mol dm-3 concentration 
would be due partially to their hydrolytic species. 

An ion exchange separation using a NAFION resin 
column was carried out with 0.1,0.3, and 5 mol dm-3 

nitric acid concentrations. Twelve % of Hf and 5% of 
Zr were eluted at 0.1 mol dm -3 nitric acid without ad­
sorption, corresponding to the above lower D values at 
low concentrations of nitric acid. Pt (60%) was also 
passed through the column. Alkali metal and alkaline 
earth metals were separated from each other in order 
of D values at 0.3 mol dm-3 nitric acid, and finally 
other multi-valent elements including rare earths and 
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Fig. 1. Relationship between D and acidity of nitric acid. 
(a) Rb, Sr, and Ceo (b) Zr and Hf. 

the rest of Hf and Zr were eluted at 5 mol dm -3 . 
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Influence of Metal Humate Formation on the Adsorption of 
Multitracer on Kaolinite 

Y. Takahashi, Y. Minai, S. Ambe, M. Iwamoto, H. Maeda, F. Ambe, and T. Tominaga 

Humic acid, a naturally-occurring organic polyacid, 
is soluble in neutral aqueous solutions and capable of 
forming stable complexes with some cations through a 
variety of its functional groups. Therefore, humic acid 
may influence migration in the environment of metal 

. . I "d 1,2) cations such as lanthamdes and tnva ent actInl es. 
We have used the multitracer technique to study inter­
actions between various ions and humic acid.3 ) Kaolin­
ite is a typical clay mineral which adsorbs metal cations 
in the environment. The presence of humic acid in 
aquifer, however, may reduce the adsorption of ions 
on kaolinite by complex formation. The influence of 
humate formation on the adsorption of multitracer on 
kaolinite is given in this report. 

Multitracer was produced by spallation reaction of 
Au with 12C or 14N at RIKEN Ring Cyclotron and was 
prepared as 3 M HCI solution.4,5) The HCI solution 
was converted to 0.001 M perchloric acid solution for 
the following experiments. Humic acid solution (5 mf, 
50 mg/f), kaolinite (10 mg), and multitracer solution 
were mixed and shaken for a week. After centrifu­
gation, the aqueous phase was filtered with a mem­
brane filter (pore size, 0.45 /-lm). Then l'-ray spectra 
of the filtrates were recorded with a pure Ge detector 
coupled with a 4096 channel multi-channel analyzer. 
Photopeak intensities of the radionuclides in the aque­
ous phase were determined with a routine (BOB) on 
a FACOM M780 computer. Percentages of the dis­
solved species of Co, As, Rb, Sr, Y, Zr, Ag, Ba, Ce, 
Eu Gd Yb Lu Hf Re Ir, and Pt in each sample were , , , , , , 
obtained by comparing the photopeak intensities with 
those for the multitrader solution injected. 

In all samples, humic acid was also adsorbed on 
kaolinite,6) and fractions of dissolved humic acid were 

. 1 h . p' 1 7) obtained spectrophotometncal y as s own In 19. . 
Rubidium (alkali metal), and As or Re (forming 
oxoacids) were not adsorbed on kaolinite; addition 
of humic acid did not affect their adsorption ' behav­
ior. This indicates that those ions do not make com­
plexes with humic acid. Barium (alkaline-earth metal) 
may be partially present as a humate complex, since 
the pH dependence of Ba adsorption was almost sim­
ilar to that of humic acid: the percentage of the dis­
solved species decreased at pH = 4-5 and increased at 
pH> 7. Yttrium and the lanthanides (Ce, Eu, Gd, Yb, 
Lu) form stable complexes with humic acid, since their 
dissolved percentages were identical with those of hu­
mic acid. Both humic acid and the rare earths were ad­
sorbed in low pH region and were dissolved at pH > 6. 
The presence of humic acid made the pH dependence 
of adsorption of rare earths the opposite to that in the 
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Fig. 1. Percentages of dissolved species of Hf and humic 
acid when the following solution (5 mR) was contacted 
with kaolinite (10 mg). (0: without humic acid, 0: 

humic acid was added after addition of Hf, 0: humic 
acid was added before addition of Hf, e: humic acid) 

humic acid-free system. It means that the interaction 
of the clay mineral with humic substances modifies the 
adsorption property of the mineral. As shown in Fig. 
1, humic acid apparently enhances the dissolution of 
Hf- identical results were obtained with Zr. However, 
m~ch less amount of Hf or Zr was dissolved when hu­
mic acid was added after Hf or Zr had been adsorbed 
on kaolinite. Adsorption behavior of the tetravalent 
ions differs from that of rare earth ions: dissolved frac­
tions of rare earths were identical irrespective of the 
order of addition of humic acid and tracers. It sug­
gests that a surface complex of Hf or Zr on kaolinite 
is more stable than a humate complex. When humic 
acid is added before the addition of tracers, the humic 
acid coating on kaolinite may prevent adsorption of Hf 
or Zr on kaolinite. These results show that Hf or Zr 
exists as a hydrolyzed species in the aqueous phase, 
or on kaolinite. Humic acid indirectly influences the 
adsorption behavior of Hf and Zr on kaolinite. 
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Adsorption Behavior of Lanthanides Affected by 
Humate-complex 

T. Ozaki, Y. Takahashi, Y. Minai, S. Ambe, M. Iwamoto, H. Maeda, 
F. Ambe, and T. Tominaga 

Humic acid is a naturally-occurring polyacid which 
can combine with various metal cations. The polyacid 
may greatly influence the distribution of several metals 
in the environment. We have studied the adsorption 
behavior of several metal ions on hematite and the in­
fluence of metal humate formation on the adsorption 
by using the multitracer technique. The multitracer 
technique permits us to ditermine the characteristic 
behavior of different elements under strictly identical 
experimental conditions and to make a precise com­
parison of the adsorption behavior among them. 

A multitracer solution (3M HCI) was obtained from 
a gold target irradiated with a 12C beam accelerated 
with RIKEN Ring Cyclotron. After evaporating up 
the multi tracer solution to remove hydrochloric acid, 
O.OOIM perchloric acid was added to prepare the multi­
tracer solution for further experiments. Hematite (Q­
Fe203) was added to a solution containing a multi­
tracer. The pH of the solution was adjusted with dilute 
NaOH or HCI04 . The suspended solution was shaken 
for 1 week at room temperature. After centrifugation, 
the supernatant solution was filtered by a membrane 
filter (0.45 urn) to remove Q-Fe203 thoroughly. The 
,-ray spectra of the supernatant were measured with 
a pure Ge detector coupled with a 4096-channel multi 
analizer. 
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In Fig. 1 is shown the pH dependence of adsorption 
of Rb and Eu. In the absence of humic acid, Rb was 
not adsorbed significantly on hematite in the pH range 
studied. Europium attained complete adsorption in 
the alkaline region. In Fig. 1 (b and d) were shown ad­
sorption curves of Rb and Eu in the presence of humic 
acid in the init ial solution studied. Humic acid was 
almost adsorbed in the acidic pH range and decreased 
its adsorpt ion with the increase in pH. Comparison of 
these adsorption curves with those of Rb and Eu in the 
absence of humic acid indicated that the adsorption of 
Rb was not infulenced by the addition of humic acid 
while the adsorption of Eu became similar to that of 
humic acid. Similar results were obtained for the other 
lanthanides acquired by the multitracer method. The 
observed behavior of lanthanides may suggest the high 
stability of humate-complexes in solution. 

Fig. l. Adsorption of Rb, Eu (0) and humic acid (A) on 
hematite (hematite: 100 mg; volume of solution: 4 mf) 
Rb(a) and Eu(c) in humic acid free solutions; Rb(b) 
and Eu( d) in humic acid solutions. 
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Production of Multitracer Nuclides by Irradiation 
with an 40 Ar Beam 

M. Iwamoto, S. Ambe, Y. Ohkubo, Y. Kobayashi, H. Maeda, and F. Ambe 

At present, lighter heavy ions such as C, N, and 
o are used in combination with Ge, Ag, and Au tar­
gets in production of multi tracers by RIKEN Ring 
Cyclotron. I - 6) In this method, each target material re­
quires a specific elaborate treatment. If much heavier 
ions are used as projectiles in combination with dif­
ferent targets and catcher foil for production of mul­
titracer nuclides, it is expected that a large part of 
product nuclides are recoiled out of the target and can 
be collected by catcher foil placed behind the target. 
U sing appropriate catcher foil of a common material, 
the same simple separation method is available for dif­
ferent targets. Last year we reported the results of an 
experiment with a 84Kr beam.7) This year irradiation 
with an 40 Ar beam was studied. 

The target was Ag-, Ta-, and Au- foil and the catcher 
was 25 mm-thick Al foil. The target assemblies were ir­
radiated by 40 MeV/nucleon 40 Ar15+ ions using Falling 
Ball Irradiation System. 1) The average beam intensity 
was about 10 enA and irradiation time was 40-60 min. 
Details of experimental conditions for the targets are 
summarized in Table 1. 

Table 1. Irradiation conditions. 

Target Thickness Duration Total amount 
of electricity 

(JLm) (h) (JLe) 
eu 20 0.67 10.1 
Ag 10 0.67 14.2 
Au 25 1.00 41.7 

After the irradiation, the target and catcher foil were 
analyzed by direct "'I-ray spectroscopy with pure Ge­
detectors. Yield calculation of product nuclides was 
made by BOB code8) and related programs. Assign­
ment of the nuclides was performed on the basis of the 
energy of "'I-rays and half-life. 

Tables 2, 3, and 4 show the percentage of radionu­
clides found in the Al catcher foil, that is, the yield in 

Table 2. Percentage of radionuclide found in Al catcher 
foil for eu target. 

Nuclide % 
Na-24 100* 
Sc-44d 37 
Sc-47 28 
Mn-52 22 

96 

catcher foil divided by the total yield for Cu-, Ag-, and 
Au-target respectively. The high yield of 24Na in the 
catcher foil is ascribed to fragmentation of 27 Al nuclei 
in the foil. These preliminary results already demon­
strate the effectiveness of this catcher foil method. 

Table 3. Percentage of radionuclide found in Al catcher 
foil for Ag target. 

Nuclide % Nuclide % 
Na-24 93* Sr-83 29 
As-71 34 Y-87m 25 
As-72 36 Zr-86 28 
Se-73 35 Zr-89 31 
Br-77 30 Nb-90 21 
Kr-79 79 Ru-97 12 
Rb-81 29 Rh-101m 8 

Table 4. Percentage of radionuclide found in Al catcher 
foil for Au target. 

Nuclide % Nuclide % 
Na-24 93* Te-119 17 
Mg-28d 100 Xe-125 12 
Sc-44m 100 Cs-129 25 
eu-67 100 La-132 16 
Zn-69m 100 Ce-135 14 
As-72 22 Gd-147 15 
Se-73 18 Dy-155 16 
Br-77 100 Dy-157 16 
Y-87m 100 Er-160d 10 
Zr-89 20 Tm-165 13 
Nb-90 20 Hf-173 6 
Mo-93m 20 

* 24Na produced from the catcher foil is included. 

References 
1) S. Ambe et al.: Chern. Lett., 1991, 149. 
2) S. Ambe et al.: Anal. Sci., 7, Suppl., 317 (1991). 
3) M. Iwamoto et al.: ibid., p. 313. 
4) S. Ambe et al.: Appl. Radiat. Isot., 43, 1533 (1992). 
5) S. Ambe et al.: Radiochim. Acta, 63, 49 (1993). 
6) S. Y. ehen et al.: J. Radioanal. Nucl. Chern. Lett., 186, 

113 (1994). 
7) M. Iwamoto et al.: RIKEN Accel. Prog. Rep., 27, 79 

(1993). 
8) H. Baba et al.: J. Nucl. Sci. Technol., 8, 1227 (1972). 



RIKEN Accel. Prog. Rep. 28 (1995) 

Target Residues from the Interaction of Copper with 
40 MeV/nucleon 40 Ar Ions 

W . Li,* X. Yin,** S. Ambe, Y. Ohkubo, Y. Kobayashi, M. Iwamoto, H. Maeda, 
X. Zhang,** Q. Luo,** and F. Ambe 

The interaction of hatural copper with lighter heavy 
ions, 12C and 2oNe, of intermediate energy has been 
studied systematicallyl-3) with I-ray spectrometry. In 
this work we extend the similar measurement to the 
interaction of copper with 40 Me V jnucleon 40 Ar ions. 

Irradiation was performed on the RIKEN Ring Cy­
clotron. By using the thick-target thick-catcher foil 
technique, cross sections and average forward ranges, 
FW, were determined for the target residues. Further 
analysis of the experimental data was carried out in the 
Institute of Modern Physics, Academia Sinica, China. 

In terms of an assumption on Gaussian charge dis­
tribution, the mass yield distribution was calculated 
from the cross sections of the target residues. In 12C 
induced reaction of copper over a 20- 45 MeV jnucleon 
energy' range, we utilized the fireball model to gener­
ate the mass transfer, the momentum transfer and the 
excitation energy for each process of complete and in­
complete fusion. When coupled with the sequential 
binary decay model, GIMINI code, the theoretical cal­
culations were in good agreement with the mass yield 
distribution measured experimentally. In this work a 
similar calculation was carried out. However, theoret­
ical calculations, as seen in Fig. 1, failed to reproduce 
the experimental mass yield distribution from the 40 Ar 
+ natcu reaction at 40 MeV jnucleon. 
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Fig. 1. Mass yield distribution in 40 Ar + natcu reaction 
(solid line is the calculations with the GIMINI code). 

To estimate the linear momentum transfer in the col­
lisions with 40 Ar ions, the FW values were converted to 
recoil velocities of the residues, v / /' in initial collisions 

Shanghai Institute of Nuclear Research, Academia Sinica, 
China 
Institute of Modern Physics, Academia Sinica, China 

using, the ZBL transport equation. Resulting v / / IvcN 
values are shown in Fig. 2 as a function of mass loss, 
tJ..A, from the target, where VCN is the velocity of the 
presumed nucleus. Following Ref. 1 and Ref. 3, the 
maximum recoil velocity corresponding to central col­
lision was extracted from Fig. 2. Assuming that the 
intermediate energy heavy ion reaction could be de­
picted as an incomplete fusion process, a preliminary 
mass of the composite system was deduced from the 
fractional velocity transfer v / / jVCN ' Thus the linear 
momentum transfer was obtained. The fractional lin­
ear momentum transfer corresponding to central colli­
sion was calculated to be 0.30 for the collision of cop­
per with 40 Me V I nucleon 40 Ar ions. When compared 
with the similar results from the collisions of copper 
with 12C and 20Ne ions, it is found that the fractional 
momentum transfer corresponding to central collisions 
decreases with increasing projectile mass at the same 
projectile velocity. However, the linear momentum 
transferred from the projectile to struck nucleus for the 
collision with 40 Ar ions is higher than those in cases of 
12C and 20Ne ions. As a result, the maximum nuclear 
temperature in central collisions reaches the value of 
about 5.5 MeV. 
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Fig. 2. Fractional velocity transfer v / ;/VCN as a function 
of mass loss, 6.A, from the target. 
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The Mass Yield Distribution of Target Residues from the 
Interaction of Iron with 135 MeV/nucleon 12C Ions 

Z. Qin,* W. Li,** L. Zhao,* W. Wen,* Q. Luo, T. Sun,* S. Ambe, Y. Ohkubo, M. Iwamoto, 
Y. Kobayashi, H. Maeda, and F. Ambe 

Nuclear reactions induced by intermediate-energy 
heavy ions have been extensively investigated. The 
mass distribution of target residues is one of the most 
important characteristics of nuclear collisions induced 
by energetic heavy ions. In this work, the mass yield 
distribution of target residues has been studied for the 
interaction of iron with 135 MeV/nucleon 12C ions. 

The experiment was performed on the RIKEN Ring 
Cyclotron. The target stack consisted of three pieces 
of "'15.7 mg/cm2 thick natural iron foil. The purity of 
target material was 99.9%. The stack was mounted in 
a ball made of aluminum and set in the irradiation site 
of the Falling Ball Irradiation System. Following the 
irradiation, the middle target foil was assayed with a 
calibrated HPGe ,-ray spectrometer at RIKEN. The 
data process was completed at the Institute of Modern 
Physics, Lanzhou, China. 

The mass yield distribution was obtained from the 
measured cross sections on the basis of the Gaussian 
charge distribution. The experimental results are com­
pared with calculations based on the statistical multi­
fragmentation model1) (Fig. 1) and the modified se­
quential binary decay model2) (Fig. 2), respectively. 
The calculations based on both of the theoretical mod­
els agree with the experimental mass yield distribution. 
It indicates that the target residues (A > 40), being 
described by using statistical theory, originate from the 
decay of equilibrated compound-like nuclei. This is the 
common basis between the two models. The largest 
difference between the two theoretical models lies in 
the prediction concerning mass yields in a lower mass 
region (A < 30). It is interesting that the experimental 
mass yields at this region are slightly lower than calcu­
lated results of the fusion fragmentation model consid­
ering multifragmentation, while higher than those of 
the sequential binary decay model. Similar to a lot of 
physical experiments, the radiochemical measurements 
based on off-line , ray spectra can hardly distinguish 
the validity of the sequential binary decay model and 
the multifragmentation model in the description of dis­
assembly of hot nuclei. The deviation described above 
perhaps confirms that the intermediate mass fragments 
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with a mass number less than 30 are the source of 
multifragmentation in the disassembly of hot nuclei. 
This issue is worthy of further study. 
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Fig. 1. Comparison of experimental results with the fusion 
fragmentation model (as histogram). 
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Fig. 2. Comparison of experimental results with the mod­
ified sequential binary decay model (as histogram). 
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Angular Distribution of Recoil Products in the Heavy-Ion 
Reaction of Gold 

M. Furukawa, A. Shinohara, K. Mukai, T. Muroyama, A. Yokoyama, S. Kojima, 
T. Saito, Y. Ohkubo, and F. Ambe 

Angular distributions of recoil products were mea­
sured for the heavy-ion reaction of gold at the E3b 
course of the RIKEN Ring Cyclotron. The target was 
self-supporting 240 J-Lg/cm2-thick Au metal foil made 
by a spattering method, and set at the center of a Lu­
cite cylindrical chamber, in the interior of which Mylar 
film was put on to catch the recoil products. The ions 
used were 35 and 95 MeV/nucleon 40 Ar and 70 and 135 
MeV /nucleon 14N. The irradiations were done for 3 to 
4 hours in the beam current ranging from 50 to 200 
enA. The catcher foil was divided into 8 peaces .along 
the scattering angle, and subjected to the off-line I'-ray 
measurement. 

The relative angular distribution of the recoil prod­
uct was obtained from the main I'-ray intensities ob­
served in the individual catcher foils. The results 
for the Au + 14N (135 MeV/nucleon) system were 
presented in Fig. 1 for some products in peripheral, 
spallation and fission reaction regions. The angular 
distributions for the peripheral reaction (target like 
products) showed side peaking distribution; those for 
the spallation region had a narrow forward peak; the 
products mainly from fission were distributed over 
a wide angle. The data analysis is in progress for 
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Fig. 1. Angular distributions of the recoil products in the 
Au + 14N (135 MeV/nucleon) system. 

35 and 95 MeV /nucleon-40 Ar and 135 MeV /nucleon-
14N beam experiments, and the measurement has been 
still continued for a 70 MeV /nucleon-14N beam exper­
iment. 

We have data for the mean recoil ranges measured 
in the previous experiments,l) which are available for 
estimation of the mean linear momentum transfer to 
the product. We can deduce the moving frame angu­
lar distribution from the momentum transfer if hav­
ing obtained the velocities of the recoil product in the 
moving frame. Figure 2 shows preliminary results for 
the translated distributions in the fission region. In 
this analysis we assumed the total kinetic energy of 
the fission fragments obtained by Viola's systematics. 
Some distributions showed 90° symmetric shape, and 
the other ones were distorted shape. The 90° symmet­
ric distribution corresponds to the slow fission passing 
through the equilibrated intermediate nucleus, while 
the distorted one may result in the fast fission. How­
ever, further consideration on the translation method 
for the moving frame in addition on more detailed data 
analysis will be required in order to discuss the prop­
erty of fission in this energy region. 
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Fig. 2. Moving frame angular distributions for the prod­
ucts in the fission region. 

Such a fission process, as well as the competition 
with the spallation reaction, provides important infor­
mation on the mechanism of hot nucleus formation in 
the collision step and the succeeding equilibrium state 
or its decay process. We will discuss the above from 
the beam and energy dependence of the angular distri­
bution, which will be obtained in the present experi­
ments, and from the mean recoil ranges and mass yield 
distributions measured previously. 
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Incomplete Fusion of the 141 Pr Induced by 
38-95 MeV lu 40 Ar Ions 

K. Mukai , A. Yokoyama, T. Saito, H. Baba, Y. Ohkubo, A. Shinohara, and M. Furukawa 

We have studied the 141 Pr + 40 Ar reaction at vari­
ous energies ranging from 38 through 95 MeV/nucleon, 
and found that the incomplete fusion plays an im­
portant role in the intermediate energy region (20-
30 MeV/nucleon). We performed the experiments at 
RIKEN Ring Cyclotron by the radiochemical meth­
ods. 141 Pr foils were bombarded with 40 Ar ions at 
beam energies of 38, 59, and 95 MeV/nucleon. Af­
ter the irradiation, the samples were assayed by the 
Ge ')'-ray spectrometry. The details of experiments are 
described elsewhere. 1) 

From the results, the mean projectile recoil ranges 
(FW) are obtained, where F is the fraction of the ra­
dioactivity collected in the forward foil and W is the 
target thickness in mg/cm2 . Then we deduced recoil 
velocities of product nuclei and the linear momentum 
transferred (LMT) from the projectile to the target nu­
cleus using the range-energy table calculated with the 
OSCAR code. 2) 

As an example, the LMT at a bombarding energy of 
38 MeV/nucleon as a function of the product mass is 
shown in Fig. 1. The LMT takes the maximum value 
around A = 100 to 110, and this mass region corre­
sponds to the peak position of the mass distribution 
originated from the incomplete fusion. From the re­
sults, the average LMT values were deduced at various 
bombarding energies. As the beam energy increases, 
the average LMT decreases almost linearly. 

4OAr+ 141Pr 

ELAS=1.52GeV 

o 
o 

A 

o 
o 

Fig. 1. The longitudinal momentum along beam direc­
tion at the bombarding energy of 38 MeV/nucleon as a 
function of the product mass number. 

Regardless of the target-projectile combination, 
it was reported that the LMT obeys Leray's 
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systematics: 3) 

p = 1 for Vrel 2: 0.1 
P = -1.904Vrel + 1.19 for Vrel:::; 0.1 

where 

v. - J2(Ecm - Vo) 
rei - . 

M 

The averaged LMT values as a function of Vrel are 
plotted in Fig. 2 as ratios to those on the assumption 
of full momentum transfer. There is a discrepancy be­
tween the systematics and the observed values. The 
data from Refs. 4,5) are also plotted in the same fig­
ure. The figure demonstrates that the projectile de­
pendence is more remarkable than the target depen­
dence. 

1\ 
E-< 

~ 
v 0.5 

o 

• 
• 

• 
• 

0.4 

Fig. 2. Comparison of the average LMT with the Leray sys­
tematics. The symbols represent the projectile-target 
combinations: (e) 12C + natCu,4) (0) 40 Ar + 141Pr, 
and (..6.) 40 Ar + natcu.5) 

The LMT is very useful to help us in understanding 
the incomplete fusion mechanism. But the systemat­
ics taking the dependence on both projectile and target 
into consideration would further refine our understand­
ing of the incomplete fusion mechanism. 
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Using TDPAC and Mossbauer techniques, we mea­
sured the hyperfine fields at 99Ru in YBa2Cu306.8 and 
YBa2Cu306' We have then found that the parent nu­
clide 99Rh exclusively occupies the Cu-1 site of both 
oxides and that there are two and one types of oxy­
gen coordination around 99Ru in YBa2Cu306.8 and 
YBa2Cu306, respectively, corresponding to the ob­
served electric field gradients (EFG 's). 1) In this report, 
we describe our conclusion on the oxygen coordination. 

The EFG at 99Ru is produced by the valence and 
closed-shell electrons of the probe atom; the surround­
ing oxygen ions distort the spherically symmetric dis­
tribution of the closed-shell electrons of the probe atom 
and then contribute to the EFG. In order to deter­
mine the oxygen coordination around 99Ru, we refer 
to the results of a point charge lattice sum calcula­
tion for (FeOn)-m in YBa2Cu307-0.2) This calculation 
deals only with the closed-shell electron contribution 
and is thus not considered to give accurate values of 
the largest principal axis component of the EFG, Vzz . 
However, from the combined studies of EXAFS and 
Mossbauer spectroscopy on YBa2(Cul-xFexh06.9, we 
consider that the calculation reproduces the relative 
magnitudes of Vzz at 57Fe with respect to the oxygen 
coordination, indicating that the magnitude of EFG 
due to the valence electrons correlates to that due to 
the closed-shell electrons; this is because the neigh­
boring ions certainly influence the distribution of the 
valence electrons of the probe atom through the chem­
ical bonding. We note that 57Fe occupies the Cu-1 
site of YBa2Cu307-o and is considered to take approx­
imately the same valence of +4 irrespective of 8, and 
that 99Ru in the same matrix is constantly tetravalent. 
Therefore, we may apply the lattice sum calculational 
results for 57Fe to the case of 99Ru. 

The calculation for 57Fe in YBa2Cu307-o im­
mediately leads to the assignments for 99Ru in 
YBa2Cu306.8 and YBa2Cu306 shown in Table 1. Us­
ing a notation of Vzz (99Ru-4), for example, for Vzz at 
99Ru with the 4-fold oxygen coordination, we notice 
that VzA 99 Ru-4) and Vzz (99Ru-3) are essentially equal 
to VzA 57 Fe-4) and Vzz (57Fe_3), respectively, while 
IVzzl = 0.7 x 1022 V 1m2 at 99Ru in YBa2Cu306.8 
is about two times smaller than Vzz (57Fe-5), from 

Table 1. Vzz's for various local oxygen configurations 
around 57Fe and 99Ru at room temperature. 

Coordination Vu at 57Fe (calc.)a) IV .. I at 57Fe (obs.)b) IV .. I at 99Ru (obs.)c) 
number (1022 V 1m2) (1022 V 1m2) (1022 V 1m2) 

2 -2.9 
3 -2.2 1.62 1.7 
4 2.2 2.36 2.3 
5 1.2 1.27 
6 0.4 0.7 

a) Point charge lattice sum calculatiolUl by Kimball et al . (Ref. 2). 
b) Reference 3. c) This work. 

which we assign IVzzl = 0.7 x 1022 V 1m2 at 99Ru in 
YBa2Cu306.8 to the 6-fold oxygen coordination. 

In Fig. 1 are plotted the VzAT)IVzAO) at 99Ru 
in YBa2Cu306.8 and in YBa2Cu306 versus T 3

/
2

, 

together with those at 57Fe in YBa2(Cul-xFexh07 
(dashed line: IVzzl~1.3 x 1022 V 1m2 at 293 K).4) The 
solid lines are least-squares ones fitted to our data. In 
the temperature range we studied, the Vzz's at 99Ru 
roughly follow the empirical expression obtained for 
noncubic metals, Vzz(T)IVzz(O) = [1 - ,8T3/ 2 ]; ther­
mal motions of the lattice ions average EFG, reducing 
Vzz with increasing temperature. The coefficient ,8 is 
proportional to (M8b)-1, where M and aD are the 
mass of the vibrating ions and the Debye tempera­
ture. From the obtained ,8 values, we conclude that 
the thermal motion of the heavier probe atom is more 
effective than that of the lighter oxygen in averaging 
EFG at high temperatures and that as the coordina­
tion number increases, more restrictions are imposed 
on the motion of 99Ru, making the ,8 value smaller. 
This conclusion on the behavior of the {3 value is rea­
sonable and supports our assignment of the oxygen 
coordination around 99Ru. 

1.3
0 

1.2 

Q 
1.1 

2- 1.0 

~ 0.9 

E 0.8 

~ 0.7 . 
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T (K) 
500 900 

• Ru (4) 
" Ru (3) 
• Ru (6) 

--- Fe(5) 

1 2 3 
T3/2 (l04K3/2) 

Fig. 1. Temperature dependence of Vzz at 99Ru 
in YBa2Cu3 06.8 and YBa2Cu3 06 together with 
that at 57Fe in YBa2{Cul-xFex)307 (dashed line: 
IVzzl~1.3 x 1022 V 1m2 at 293 K).4) 
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A New Set-up for In-Beam Mossbauer Spectroscopy at RARF 

Y. Yoshida, Y. Kobayashi, K. Yukihira,* K. Hayakawa,* H. HaBlein, S. Nasu, and F. Ambe 

Short-lived nuclei beams produced by Coulomb ex­
citation and other nuclear reactions such as 56Fe(d, 
p )57Fe are opening a new field in materials science l - 5): 

(1) Single isolated atoms can be observed in any host 
matrix with no restriction of the solubility of the probe 
atoms. 

(2) In an in-beam Mossbauer experiment, the 
Mossbauer ,-rays are detected within the lifetime of 
the Mossbauer excited state (7' = 140 ns for 57Fe) after 
implantation of every excited probe nucleus. This pro­
vides not only a unique measuring-time-range of about 
100 ns for solid state physics and chemistry, but also 
atomistic information on electronic states and lattice 
vibrations at different lattice sites. 

(3) Atomic jump processes on substitutional and/or 
interstitial sites can be followed even in inert gas solids 
at different temperatures. A study on the jump pro­
cesses of Fe atoms in solid Ar is in progress using a 
new in-beam system at RARF described below. 

(4) Since the time-bunched-pulsed heavy-ions beam 
is employed in the experiment, it is also possible to 
study dynamic effects just after the implantation by 
measuring spectra with different time windows. 

Recently, we have completed a new set-up for the 
in-beam Mossbauer spectroscopy at the E7C beam­
line connected with AVF cyclotron,6) as shown in Fig. 
1. This system consists of three parts; main chamber, 
sample preparation room, and vacuum chambers with 
a Faraday-cup. Using a DOS/V-PC machine located 
in the measurement room, we can monitor and control 
the whole measuring system; all experimental parame­
ters such as the temperature and the position of speci­
mens, the degree of vacuum in the whole chamber, and 
the manipulation of pumping systems and all vacuum 
valves. The ,-rays from the 14.4 keV Mossbauer level 
of 57Fe are detected by two parallel-plate avalanche 
counters (PPAC) which are filled with acetone gas of 
25 mbar. The fast timing signals from the PPACs are 
amplified and used for the ,-ray counting. The data 
are collected and processed by the same computer. 

In our first beam time, we used 40 Arll+ ions with 
a total energy of 100 MeV for Coulomb excitation 
of 57Fe. The performance of the in-beam Mossbauer 
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Cryostat + SAM.~PL=E:;::::;::J 

Fig. 1. The in-beam Mossbauer system located at the 
beam-line in E7 experimental hall. 

spectrometers and the on-line operations of all other 
instruments were checked and confirmed. However, 
both the time structure and the intensity of the pulsed 
Ar beam available at the time were still far below our 
demand. Further developments on the beam structure 
and the intensity at AVF cyclotron are highly desir­
able to achieve an in-beam Mossbauer experiment. In 
order to get higher S /N we have been developing new 
PPACs using FeTi and FeAI evaporated films. 
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Extraction of Intense Slow Positron Beam from Various Targets 
Irradiated with p+ and d+ Ions 

Y. Itoh, K. Lee, I. Kanazawa, N. Oshima, T. Nakajyo, A. Goto, N. Nakanishi, M. Kase, and Y. Ito 

The production of int ense slow positron beams (> 
108 e+ /sec) is motivated by the prospect of its broad 
applications. For the past decades most positron stud­
ies have been performed using 22N a of {3+ -decay ra­
dioisotope because of its long life time (2.67 yr.) and 
proper intensity. The maximum intensity of the slow 
positrons from commercially available 22Na is less than 
106 e+ /sec with moderation efficiency of ~10-4.1) 
More intense slow positron beam (more than ~108 
e+ /sec) is needed to develop applications such as a 
positron reemission microscope (PRM), low energy 
positron diffraction (LEPD) etc. from their present 
preliminary stage to practical performance. For the 
last several years LINAC has been used2,3) to obtain 
high intensity slow positrons of 2:: 107 e+ /sec by pair 
production. However the slow positron beam from 
LINAC has a pulsed structure and thus it must be 
given a further beam processing, and moreover the sys­
tem is expensive and of a large non-laboratory scale. 
On the other hand, production of {3+ -decay radioiso­
topes using a cyclotron has several advantages. A 
high intensity direct current (DC) slow positron beam 
(~108 ,....., 109 e+ /sec) is directly obtained from a rela­
tively inexpensive compact system. 

Using the RIKEN AVF cyclotron, various targets 
were irradiated with a proton or deuteron beam to pro­
duce {3+ -decay radioisotopes. Using a well annealed W 
film (with a thickness of 10 /.Lm) as a moderator, slow 
positrons were extracted at 30° backward to the in­
cident ion beam. This geometry was chosen to allow 
for (1) extraction of the slow positrons during the ion 
beam irradiation and (2) the use of various kinds of 
target materials. We produced {3+ -decay radioisotopes 
from various targets such as boron nitride (BN), alu­
minum (AI) , carbon (C) , and silicon nitride (Si3N4) 
using a proton or deuteron beam from the RIKEN 
AVF Cyclotron. The reactions that lead to the forma­
tion of the {3+ -decay radioisotopes are 11 B(p,n)l1C and 
14N(p,a)l1C for BN, 27 AI(p,n)27Si for AI, 12C(d,n)13N 
for carbon, 28Si(d,n)29p and 14N(d,n)150 for Si3N4. 
Table 1 summarizes the slow positron counts emitted 
from each target at different beam energies and three 
different geometries of the moderator for BN and Al 
targets. The intensity of the slow positron beam is 
strongly dependent on the target materials, energy of 
the ion beam, condition of the moderator and geom­
etry of the target holder. In the current stage we ob­
tained 5.6 x 104 e+ /sec per 4 /.LA of proton beam from 

a boron nitride target. We expect slow positron counts 
of> 106 - 7 e+ /sec with proper selection of a target and 
energy of irradiation ion beam, target geometry and 
good condition of the moderator. From the prelim­
inary experiments we conclude that the condition of 
the moderator is one of the major factors for the emis­
sion of slow positrons. Therefore, in the future exper­
iments a newly designed chamber equipped with an 
in-situ moderator annealing system will be used to ob­
tain a better condition of the moderator. The number 
of the slow positrons was determined in a gated beam 
operation mode, where the ion beam irradiation was 
switched on and off at short intervals (typically 1 sec) 
and the coincidence counts of the annihilation ,-ray 
were measured while the beam was off. The signal to 
noise ratio drastically increased by 3 orders of magni­
tude in this method. This implies that a short length 
of beam guiding line as in the previous system will not 
become an obstacle to perform actual experiment if the 
gated beam operation is applied. 

Table 1. Measured slow positron counts from each target 
irradiated with different ion beam energies and different 
types of moderator and conditions. 

Proton b eam 

E nergy of Targe 
p+ beam 

BN 
7MeV BN 

BN 
Al 

10 Me V B N 
Al 

14 MeV BN 
BN 

Deuteron b eam 

E nergy of Targe 
d + beam 

Carbon 
8 Me V Si3 N 4 

References 

C urrent of 
p+ beam 

4 pA 
5 pA 
4-4 /JA 
4-4/J A 

3 .6/J A 
3 .6 pA 

4 ,0/JA 
4 ,0 pA 

C urrent of 
d+ be am 

1 3 p A 
1.3/J A 

e+ cou nts Type of Expected e+ 
measured at the Moderator counts at max 

operated pA (Condition) current (20 /JA) 

1.3 X 104 e+ /sec Model-1 6,5 X 104 e+ /sec 
8,5 X 102 e+ /sec Model-2 (Used) 3-4 X 103 e+ /sec 
4 ,5 x 103 e+ /sec Model-3 (New) 2,0 X 104 e+ /sec 

o Model-2 (Used) 0 

1.02 X 104 e+ /sec Model-3 (Used) 5.7 X 104 e+ /sec 
5 ,5 X 102 e+ /sec Model- 2 (Used) 3 . 1 X 103 e+ /sec 

7 .8 X 103 e+ /sec l\Iodel- 2 (Used) 3 .9 X 104 e+ /sec 
5 ,6 X 104 e + /sec Model- 2 (Ne w) 2.8 X 105 e+ /sec 

e+ counts Type of Expected e+ 
m easured at the Moderator counts at max 

opera ted /JA (Condi t ion) current (10 /JA) 

4 .2 X 103 e + /sec Model-2 (New) 3 ,2 X 104 e+ /sec 
3 .4 X 103 e + /sec Model-2 2 .6 X 104 e+ /sec 

1) E. Gramsch, J . Throwe, and K. G. Lynn: Appl. Phys. 
Lett., 51 , 1862 (1987). 
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Positronium Formation and Annihilation in Porous Silicon 

Y. Itoh, H. Murakami, and A. Kinoshita* 

We have previously reported the existence of a long 
lived positronium in a porous silicon made by ann­
odization of a silicon crystal. l - 3) It has been found 
that the annihilation rate of a positronium is temper­
ature dependent. The effects of gas atmosphere and 
temperature dependence on positronium annihilation 
in porous silicon have been examined in this exper­
iment. The longest component is shorter in oxygen 
atmosphere than those in vacuum and in nitrogen be­
cause of the ortho-para conversion process in the oxy­
gen condition. 

Table 1 shows the lifetime and S-parameter of the 
three components in porous silicon, measured in oxy­
gen, nitrogen, air, and vacuum. The oxygen gas 

Table 1. Lifetime and S-parameter of porous silicon in 
different gas conditions. 

Atmosphere 71 (II) 72(h) 73(h) S-parameter 
ps(%) ps(%) ps(%) 

In Nitrogen 201 (48) 356 (36) 36000 (16) 0.491 
(1 atm) 
In Vacuum 234 (68) 472 (11) 35900 (21) 0.517 
(8 x 1O-9 Pa) 
In Air 237 (69) 556 (9) 22000 (22) 0.603 
(1 atm) 
In Oxygen 264 (77) 654 (8) 10200 (15) 0.628 
(1 atm) 

Department of Science and Engineering, Tokyo Denki 
University 
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caused a drastic decrease in the longest lifetime. Most 
molecules of oxygen are absorbed in the pore space, 
or on its surface. The amount of oxygen dissolved ad­
ditionally into the bulk layer at 300 K is thought to 
be negligible compared with that in the pores. We 
consider that the ortho-positronium with lifetime 73 is 
free in the pore and collides with the pore surface and 
the introduced gas molecules, since 73 changes through 
oxygen exposure. The shortened lifetime in an oxygen 
atmosphere is reasonably understood in terms of the 
spin conversion of ortho-positronium, following the in­
teraction with oxygen molecules in the pores or on the 
pore surface. Nitrogen had no effect on the ortho-para 
conversion. We are progressing the experiments on the 
temperature dependence positron/positronium annihi­
lation under a designated gas atmosphere such as oxy­
gen, nitrogen and the others. Positron annihilation 
spectroscopy will be a tool to make the surface state 
of porous silicon and elucidate the photoluminescence 
mechanism. 
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Time and Depth Resolved Dynamics of Excited States 
in Ion Track in Condensed Matter 

K. Kimura, T. Yoshikane, and H. Kumagai 

1) Dynamics of core and self-trapped excitons pro­
duced in ion irradiated BaF 2 and CsCl. 

Recently, above crystals are of interest not only as 
new scintillators for high energy physics but also as 
crystals presenting new exciton luminescence. Stud­
ies on luminescence mechanisms and exciton dynam­
ics have been carried out using synchrotron radiation 
and energetic electron. The new luminescence band 
at 220 nm was assigned to transitions of valence elec­
trons to the hole of the outermost inner shell and 
named the Auger-electron-free luminescence (AEFL). 
Another luminescence band at 310 nm was assigned 
due to the self trapped exciton (STE) similar to those 
for alkali halide crystals. We have studied on dynam­
ical effects of ion-irradiation of the exciton lumines­
cence, with development of techniques for fast lumi­
nescence decay measurements (SISP) of 100 ps reso­
lution, using incident ions of comparatively low ener­
gies of about 2.0 MeV/nucleon. Some of new find­
ings for BaF 2 have been reported already: excitation­
density dependent shortening of the lifetime of AEFL 
and its mechanism1) ; similar shortening for STE, but 
a different mechanism i.e. the STE-STE exchange 
interaction.2) In this report , further new findings and 
results on a CsCI crystal are mentioned briefly. Ki­
netics on AEFL of ion-irradiated BaF2 enabled us to 
estimate the formation efficiency of the core hole Ba3+ . 
Figure 1 shows the efficiency per a nucleon as a func­
tion of LET (linear energy transfer) of various projec­
tiles. There appeared a minimum evidently at LET 
due to N-ion. This may be explained by a mechanism 
that the core hole is formed by the Fano-type charge 
exchange process, namely, the transient pseudo molec­
ular orbital formation between a projectile and a Ba2+; 
the efficiency of the MO formation is the lowest in case 
of N-ion. A new finding for STE of BaF2 is on unusual 
temperature effect on the luminescence decay. Figure 
2 shows that with decreasing temperature the decay 
times are shortened from several ns to about 400 ps 
with no prominent change in the intensity. This tem­
perature effect is reverse to results for photoirradiation 
by synchrotron radiation that the decay time of about 
1 J.ls at room temperature is lengthened to about 10 
J.ls at 50 K. The results may suggest that the STE is 
formed much densely with decreasing temperature be­
cause of decreasing rate of hole migration, resulting in 
an increase in the exchange interaction. This situation 
seems to induce the stimulated luminescence. 

Ion induced AEFL of a CsCI crystal also showed so 
large excitation-density effect that the decay time at 
the initial stage was 150 ps at room temperature in 
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Fig. 1. Formation efficiency of the core hole Ba3+ per a 
nucleon as a function of LET. 

Fig. 2. Temperature dependence of the decay of STE in 
2.0 MeV/nucleon He-ion irradiated BaF2 • 

contrast with 880 ps for VUV irradiation. However, 
the decay time was increased considerably with de­
creasing temperature although the dependence in case 
of BaF2 was scarce. On the other hand, ion-induced 
STE of CsCI presented very short decay constants, 
which were nearly independent of temperature. These 
results may be explained by substansially the same 
models as which succeeded in the case of BaF2, but 
detailed analyses are going on. 

2) 'frack-depth resolved dynamics of excited states. 
Bragg-type curves were measured successfully for 

excited states produced in a dense Ar gas presessur­
ized closely at the critical temperature, which is an 
extended study of preveous one on dense He.3) The 
measurements are to be carded out systematically us­
ing various projectiles and rare gases to elucidate the 
basic track effect as a space of high-density excitation. 
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Measurements of Heavy Ion Beam Qualities 

N. Matsufuji, T. Kanai, H. Tomura, T. Kohno, A. Fukumura, F. Soga, and K. Kawachi 

When shaping the range of heavy ion therapy beam 
at HIMAC, incident nuclides are broken into some frag­
mented particles by the bombardments with range­
shifter made of lucite plates. It is important to know 
about the quality of the beam such as the compo­
sition of the beam and/or the contribution of each 
fragmented nuclide to LETs to make our treatment­
planning more precise. For this purpose, fragmented 
partiCles were measured for the beams of carbon 135 
MeV /nucleon and neon 135 MeV/nucleon with chang­
ing the thickness of lucite variously. 

Figure 1 shows a schematic diagram of a detec­
tor system. The system was based on the counter­
telescope method. A beam monitor made of a plastic 
scintillator was located at the most upstream position 
to count the number of incident particles. A coinci­
dence detector was composed of a plastic scintillator 
of 5.0 mm in diameter and positioned at the down­
stream of the lucite target to distinguish fragmented 
particles from noises. A proportional counter and a sil­
icon semiconductor detector were used as ~E counters 
to measure the energy loss ~E in the detectors. At the 
end of the beam line, a BGO scintillator was utilized 
as an E counter to measure total energy E. The BGO 
crystal had a cylindrical form, 15.0 mm in diameter 
and 15.0 mm in length. The measurements were car­
ried out in E5 experimental room of the RIKEN Ring 
Cyclotron accelerator facility. 

~E E 

Fig. 1. The schematic diagram of the detector system. 

Figure 2 illustrates an example of E-~E scatter plots 
for the incidence of carbon beam with target thickness 
of 28.97 mm in water-equivalence. The abscissa rep­
resents the total energy E measured by BGO detector 
and the ordinate denotes the energy loss ~E from the 
Si semiconductor detector. Fragmented particles were 
well discriminated by the difference of the kind of nu­
clide. 

Fluence spectra of each nuclide were derived by nor­
malizing the number of particles included in each belt 
of E-~E scatter plots by the number of incident par­
ticles. Figure 3 displays the fluence of each nuclide for 
the incidence of carbon beam. The values calculated 
by Sihver and Kanai are also plotted for the sake of 
comparison. 
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Fig. 3. Fluence spectra of fragments emitted by the inci­
dence of carbon 135 MeV/nucleon beam. 

Macroscopic reaction cross sections ~ were deduced 
from the fluence of incident nuclide. The ~ is expressed 
as an exponent of the following equation: 

N 
No = exp( -~x), 

where x is the thickness of the target, No is the number 
of incident particles and N is the number of survived 
incident particles. Results are summarized in Table 1. 

Table 1. Macroscopic reaction cross sections with a lucite 
target (m - 1) . 

Beam 
C 135 MeV/nucleon 
Ne 135 MeV/nucleon 

Experiment 
6.71 
8.52 

Calculation 
5.14 
7.06 

These results indicate that incident heavy ion parti­
cles are more disintegrative comparing with calculated 
expectations. Precise analyses for the reason of this 
tendency and other beam qualities such as LET spec­
tra for each nuclide are now in progress. 
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The Profile of Chemical Damages in Polymers Induced by 
Heavy-ion Irradiation 

Y. Hama, K. Hamanaka, H. Matsumoto, and F. Yatagai 

The relationship between the energy transfer pro­
file of heavy ion and the profile of chemical structural 
change in polymeric materials has not yet been clear 
enough. This may be important in the study on bi­
ological effects of heavy ions. The present study is 
concerning the depth profile of the chemical damages 
in polyethylene irradiated by 135 MeV/nucleon C6+ 
from RIKEN Ring Cyclotron. 

The sa:f.llples used in this work were low density 
polyethylene (LDPE) and high density polyethylene 
(HDPE). They were formed in a slab of 2 mm thick 
by heat press. On irradiation, an enough number of 
slabs were piled up so that the thickness of the whole 
samples was longer than the range of the heavy ion. 

Irradiation was carried out in air at room tempera­
ture with C6+ of 135 MeV/nucleon. 

The sample irradiated was sliced along the cross­
section to get a thin film of a few hundreds of p,m for 
the micro-FT-IR measurement. We could obtain the 
depth profile of chemical changes in heavy-ion irradi­
ated LDPE and HDPE with a micro-FT-IR apparatus 
with which it is possible to detect the IR spectrum in 
a minimum area of 10 p,m x 10 p,m. 

The predominant species produced by heavy-ion ir­
radiation were carbonyl group, trans-type double bond 
and hydroxy group. Figure 1 shows the depth profile 
of carbonyl groups and trans double bonds produced 
in HDPE. The carbonyl groups show very strange ab­
sorption in the vicinity of both surfaces of each slab 
compared with the inner region, and the envelope of 
yields of the carbonyl groups shows a kind of the Bragg 
curve. The depth profile of the trans double bond also 
looks like the Bragg curve. 

The generation mechanism of the predominant 
species could be considered as follows: It has been 
known that alkyl radical is the predominant radical 
produced in polyethylene by 'Y-irradiation. In addition, 
the allyl radical is produced slightly. In our previous 
study, it has been found that most of oxidation takes 
place in the vicinity of the surface when the slab of 
PE was irradiated in air bY'Y-ray. It has been consid­
ered from this result that most alkyl radicals produced 
by 'Y-irradiation disappear by the reaction with oxy­
gen molecules to create carbonyl groups in the vicinity 
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Fig. 1. The depth profile of the IR absorption due to 
carbonyl group and trans double bond for HDPE irra­
diated by 135 MeV /nudeon C6+ in air at room tem­
perature. 

of the surface and that they disappear by recombina­
tion to create cross links in inner region. On the other 
hand, allyl radicals disappear by the reaction with oxy­
gen molecules , although they are stable in vacuum at 
room temperature. 

It may be considered that a reaction similar to the 
one on 'Y-irradiation takes place also on heavy-ion ir­
radiation. That is, a large number of carbonyl groups 
observed in the vicinity of surface in each slab is con­
sidered to come from the reaction of alkyl radicals with 
oxygen molecules, though slight oxidation due to allyl 
radicals occurs. Moreover, alkyl radicals are consid­
ered to disappear by the recombination before they re­
act with oxygen molecules which diffuse into the inner 
region. Therefore, the carbonyl groups produced in the 
inner region in each slab come from the oxidation of 
allyl radicals. This consideration leads to a conclusion 
that the relative yield of allyl radical to alkyl radical 
should be larger than that on 'Y-irradiation. This is 
supported by the fact that the G value for produc­
tion of trans-double bonds also is larger than that on 
'Y-irradiation. These results suggest that the chemical 
reaction processes on heavy-ion irradiation are affected 
by ionization or excitation in high density which is due 
to high LET. 
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Radiation Effects of Ion-particles on Various DNA Structures (2) 

S. Kitayama, M. Kikuchi,* K. Nakano, M. Suzuki, T. Takahashi, and H. Watanabe* 

Ionizing radiation including accelerated particles in­
duces various damages in DNA such as hydroxylation 
of base and sugar, disruption of phosphodiester bonds, 
etc. However, living cells repair the most of them ex­
cept lethal damage which has not been clearly identi­
fied. Due to the technical limitation in analyzing the 
change of molecular structure oflong DNA, the biolog­
ical effects of radiation have been studied mostly on the 
strand breakage of DNA whose molecular weights are 
less than 108 (I"'V 1. 5 x 105 base pairs). 

Recent technichal progress in the analysis of large 
DNA such as pulse field gel electrophoresis (PFGE) 
makes it possible to measure the molecular change of 
long DNA bigger than 1"'V107 base pairs. 

Even though a prokaryotic cell has no nucleus its 
single molecule of double-stranded DNA, correspond­
ing to one chromosome, is folded extensively within 
a small cell envelope. Many cellular constituents are 
thought to be associated with the folded DNA. It is still 
unknown whether any segments of chromosomal DNA 
molecule are evenly attacked by radicals produced by 
radiations or whether cell constituents protect it or 
enhance the radiation damages on it. Following the 
studies reported last year (1), we continued such ex­
periments to confirm the differrent radiation effecs on 
"naked", "folded" or "packaged" DNA. In order to pre­
vent free diffusion of such DNA, cells were solidified 
with agarose and treated with or without lysozyme, 
RNase and/or proteinase. We confirmed by electron­
microscopic observation that DNA, after removals of 
RN A and proteins, is still enveloped in an agarose hole 
whose diameter is almost the same as that of intact 
cells (data not shown). Therefore, it can be thought 
that even in the "naked" sample DNA is still folded in 
a small space corresponding to the single cell. There­
fore, the name of a "folded" sample must be changed 
to a "cell wall and RNA free" sample as a more appro­
priate terminology. 

In order to compare the radiation effects of N-ions 
(",135 MeV/j.£, data presented last year1)) , Ar-ions 
(1"'V95 MeV/j.£, Fig. l(a)) and 60Co ,-rays (Fig. l(b)) 
on these three folded forms of DNA, cells of Deinococ­
cus radiodurans were solidified with agarose (DNA is 
still "packaged" in a cell with its constituents). Before 
irradiation the cells were lysed with lysozyme in the 
presence of RNase ("cell wall & RNA free") followed 
by proteinase K treatments ("naked"). RNA and pro­
teins were removed by incubation with these enzymes 
following the irradiation and DNA was digested with 
a restriction endonuclease, Not 1. The digested frag­
ments (Not I fragments) were analysed by PFGE as 
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Fig. 1. Disappearance of Not I fragments in three dif­
ferent folded forms of DNA after the irradiation with 
Ar+ -ions(a) and ,-rays(b). Molecular weights of the 
'x-ladder DNA size standard shown in the figure are as 
follows(bp): 1 = 48.5 k, 2 = 97.0 k, 3 = 145.5 k, 4 = 
194.0 k, 5 = 242.5 k, 6 = 291 k, 7 = 339.5 k, 8 = 388.0 
k, 9 = 436.5 k, 10 = 485.0 k. 

shown in Fig. 1. 
Several conclusions can be drawn from the figure; (1) 

Among the three folded forms of DNA the most sensi­
tive to these radiations is that which is in a "cell wall 
and RNA free" sample. (2) Irradiation with the ions 
disrupt Not I fragments more efficiently than ,-rays. 
(3) Among the Not I fragments the biggest fragment 
(ca 480 kbp) is more sensitive to radiations than the 
others (400, 390, 360,324,255,240, 225,215, 109,102, 
100 kbp). After completing more detailed experiments 
these results will be analyzed quantitatively using den­
sitometer tracing. 

References 
1) S. Kitayama et al.: RIKEN Accel. Prog. Rep., 27, 100 
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Analysis of Mutations in the Human HPRT Gene Induced by 
Accelerated Heavy-ion Irradiations 

Y. Kagawa,* F. Yatagai, M. Suzuki, Y. Kase, A. Kobayashi,* M. Watanabe, and F. Hanaoka 

A knowledge of the specificity of mutation induced 
by a variety of mutagens has proved useful for better 
understanding of the molecular mechanisms of muta­
genesis. In the past decade, a vast amount of data 
has been generated concerning cell death, mutation, 
chromosomal aberreation etc. by means of accelerated 
heavy-ions. Suzuki et al. l ) have already reported hy­
poxanthine phosphoribosyltransferase (HPRT) muta­
tions obtained from the carbon-ion irradiation of hu­
man embryo cells. The initial energy of C-ion 135 
MeV In was degraded to adjust the linear energy trans­
fer (LET) to 39, 68, 124, or 230 ke V Imm when the cells 
were irradiated. 

In this report, we investigated DNA sequence alter­
ations in HPRT cDNA of mutant clones recovered from 

. 230 keY I J.Lm carbon-ion irradiations. The genomic 
DNA of these mutants have already been shown to 
represent normal electrophoretograms when they are 
amplified by multiplex PCR. 

We extracted mRNA and genomic DNA from 6-
thioguanine (6-TG) resistant mutants by a procedure 
described previously. 1) After reverse-transcripting 
mRNA to cDNA, the HPRT structural gene was ampli­
fied by PCR and sequenced by dideoxy method. South­
ern hybridization was carried out on EcoRI or PstI di­
gested genomic DNA utilizing an exon6 region (258bp) 
as a probe. 

Eighteen HPRT cDNAs of mutant clones obtained 
from 230 keY Imm carbon-ion irradiation were se­
quenced. As shown in Table 1, deletions of exon6 
(83bp, 403-485) were the most frequent mutational 
events (10 clones), and the deletion of both exon6 
and exon8 (77bp, 533-609) was next most fre­
quent (6 clones), followed by base substitutions (2 
clones: 415 ACT -+ GCT, Thr -+ Ala, 7 ACC -+ 

Toray Research Center Inc. 

Table 1. Comparison of mutational events. 

Class of mutation 
Base substitution 
Frame shift (base addition) 
Deletion 

exon6 
exons 6 and 8 
exons 2 and 3 

unidentified (point mutation) 
Total 

Incidence 
C-ion (230 keY / J1-m) 

2 (11%) 
o 

16 (89%) 
10 

6 
o 

o 
18 (100%) 

Spontaneous 
5 (50%) 
2 (20%) 
2 (20%) 

o 
o 
2 

1 (10%) 
10 (100%) 

ATC, Thr -+ Ile). For comparison, we also charac­
terized the 10 spontaneous HPRT mutatants by the 
same methods. In contrast, the most frequent muta­
tional events of spontaneous mutants were base substi­
tutions (5 clones) followed by deletions of both exon2 
and exon3 (2 clones) and frameshift (2 clone). One re­
maining clone was unidentified, but this clone did not 
represent any deletions of exons. 

Because all these mutants have been certified by 
the multiplex PCR analysis to have all exons on their 
genome, these deletions were supposed to be due to 
the translocation of each exon region or the abnormal 
mRN A splicing. Analyses of intron regions upstream 
exon6 and exon8 by genomic Southern, DNA sequenc­
ing and restriction enzyme digestion suggested that the 
above deletions induced by 230 keY I J.Lm carbon-ion 
were due to the abnormal mRNA splicing. We need 
to confirm the possibility that these observed charac­
teristics are specific to the effect of a heavy-ion. 

References 
1) M. Suzuki, M. Watanabe, T. Kanai, Y. Kase, F. 

Yatagai, T. Kato, and S. Matsubara: Adv. in Space 
Res., in press. 
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Induction of Apoptosis in CHO Cells Exposed to 
Accelerated Neon Ions 

H. Sasaki, F. Yatagai, Y. Furusawa, T. Kanai , and F. Hanaoka 

Radiation-induced death of cultured mammalian 
cells is divided into reproductive and interphase death. 
The former is observed among cell progenies during 
several generations after exposure to moderate doses 
of X rays less than 10 Gy, whereas the dose more than 
10 Gy is required for the latter to occurr. Heavily X­
irradiated CHO (Chinese hamster ovary) cells stopped 
cell progression at the G2 phase and became giant. 
Since caffeine has been shown to override G 2 block, we 
examined if caffeine could induce these giant cells to 
enter mitosis. Although they soon rounded up upon 
addition of caffeine as if they entered mitosis, they, 
when stained, showed nuclear condensation which led 
to apoptotic changes including fragmentation of nu­
cleus as well as internucleosomal DNA. Furthermore, 
caffeine-induced apoptosis was suppressed by the in­
cubation at the nonpermissive temperature of FT210 
cells which have a ts defect in cdc2 HI kinase,1,2) sug­
gesting the CDC2-dependent chromatin condensation 
required for nuclear condensation during apoptosis of 
heavily irradiated cells destined to undergo interphase 
death. 

We previously found by means of the time-lapse pho­
tography that HeLa cells exposed to a particles from 
241 Am underwent interphase death more frequently 
than those exposed to X rays at the dose corresponding 
to the same survival level. 3) In the present preliminary 
study, the dose dependence of apoptosis induction in 
CHO cells was compared between X rays and monoen­
ergetic Neon ions at Bragg peak (135 MeV In, LET: 100 
KeV I /-Lm ) generated by RIKEN Ring Cyclotron. After 
exposure to graded doses of X rays or Neon ions, cells 
were incubated for 24 h and then treated with caffeine 
(5 mM) for 2 h. Fraction of induced apoptotic cells was 
determined by counting round cells with condensed nu­
clei. The results in the Fig. 1 show that apoptotic 
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Fig. 1. Dependence of caffeine-induced apoptosis on dose 
of X ray and Neon ion in eHO cells. 

cells increase linearly with dose of Neon ions within the 
range less than 10 Gy where they are scarecely seen in 
X-irradiated cells. High incidence of apoptosis in cells 
exposed to relatively low doses of Neon ions may be 
due to the formation of locally multiply damaged sites 
(LMDS) in target molecules (DNA). These facts sug­
gest a predisposition to interphase death of heavy-ion 
irradiated cells. Evaluatiop. of dependence of apopto­
sis induction on dose is now in progress using a more 
precise method. 
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2) J. P. H. Th'ng et al.: Cell, 63, 313 (1990). 
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Biological Effectiveness of Heavy-Ion Beams on 
Cultured Mammalian Cells 

Y. Furusawa, K. Fukutsu, K. Ando, H. Ohara, F. Yatagai, and T. Kanai 

The relative biological effectiveness (RBE) is 
thought to be given by a simple function of the lin­
ear energy transfer (LET) , which is described as a 
linear-dimensional energy-deposit density. The three­
dimensional energy-deposit density is different accord­
ing to the types of accelerated ions when their LETs 
are the same, because of the difference in the velocities 
and electric charges of the accelerated ions. The cross 
sections between the ions and energy-absorbing mate­
rials , such as living cells, are different based on the 
target sizes of the irradiated cells, the truck structure 
of the accelerated ions, t he target-truck distance, and 
so on. Thus, t he biological effectiveness to the same 
LET ion beams may vary according to the types of 
ions and cells. To obt ain the difference among the ion 
species as well as among the cell strains, we exposed 
V79 cells (from Chinese hamster) and HSG cells (from 
human salivary grand tumor) to several types of ion 
beams having various LETs under both aerobic and 
hypoxic condit ions. 

The cell-killing efficiency of HSG and V79 cells was 
measured with various LET beams of 3He, 12C, and 
20Ne ions under both aerobic and hypoxic exposure 
conditions. For the irradiation of heavy-ion beams, 
the medical cyclotron at the National Institute of Ra­
diological Sciences eHe ions and 12C ions at a high­
LET region) and the RIKEN Ring Cychrotron (12C 
and 20Ne) were used as t he sources of ion beams. De­
tails concerning the irradiation systems were reported 
previously. 1) The survival curves of V79 cells for lower 
LET beams had large shoulders (3.8 Gy as Dq , at 20 
keY / /-Lm for aerobic condition) , and that of HSG cells 
had small shoulders (1.2 Gy for the 3He-ion and 1.8 
Gy for the 12C-ion at 20 keY / J.tm for the aerobic con­
dition); the shoulders were reduced by an increment 
of the LET. The survival curves under both aerobic 
and hypoxic conditions were analogous for the same 
LET beam. The survival-curve parameters were nu­
merically determined by using the Linear Quadratic 
Model as a fitting method, rather than the theoretical 
model of the survival fraction; the DlO (dose required 
to reduce the survival to 10%) was obtained for each 
experiment. In this report, the cell survivals are dis­
cussed based only on DlO , since it was a stable param­
eter for our experiments. 

Summaries of the DlO values versus the LET for 
HSG and V79 cells under both aerobic and hypoxic 
conditions are given in Fig. 1; these details were re­
ported previously. 2,3) The DlO values were, for all 
cases, decreased with an increments of LET to a min­
imum at about 100-300 ke V / J.tm, and then increased 

in a much higher LET region. The LET-DlO curves 
of the V79 cells for 3He- , 12C_, and 2oNe-ions were 
separated. Based on the Figs. 1 and 2 in the middle 
(3D-90 keY / /-Lm) LET region, the lowest DlO at the 
same LET radiation was found by the 3He-ion rather 
than by other ion-beams. The minimum value of DlO 
was, however, not found for the 3He-ion. Because of 
limits of the LET range due to the irradiation appa­
ratus, sufficient experiments for finding the minimum 
DlO for the 3He ion were not possible. The DlO val­
ues were lowest for the 3He ions, middle for the 12C 
ions and highest for the 20Ne ions at the same LET in 
the lower LET region in the figures. Analogous figures 
were found for HSG cells. The LET DlO curves pro­
duced by the 3He ion for the HSG cells were lower than 
those produced for the V79 cells by the other ions. In 
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Fig. 1. Inactivation action spectra for HSG and V79 cells 
as represented by a 10% survival dose vs. the LET for 
2oNe, 12C, and 3He ion-beams in aerobic and hypoxic , 
irradiation conditions. 
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Fig. 2. Difference of the RBE (relative biological effec­
tiveness) between HSG and V79 cells for 2°Ne and 3He 
ion beams. 
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the curves for HSG cells by the 12C-ion and 2oNe-ions, 
it was hard to find any difference between each other. 
It is difficult to clear to give a reason for this; it may 
be caused by a difference in the target size of these two 
cell strains and truck structures of the ion beams. This 
difference due to exposed ions and cell strains is sum­
marized as an expression of the RBE in Fig. 2 by using 
some data from the 3He-ion and 2oNe-ion beam exper­
iments. In the figure, not only the difference produced 
by the ions described above, but a difference due to 
the cell strains, could also be found. The RBE curves 
of V79 cells for 3He-ions were shifted to a much higher 
LET region compared with that of the HSG cells. The 
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same figures could also be found for the 20Ne ions. 
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DNA Double Strand Breaks Induced with 
135 MeV/nucleon Ne Beam 

M. Murakami, K. Eguchi-Kasai, H. Itsukaichi, F. Yatagai, and T. Kanai 

Heavy ion particles densely ionize substances that 
are just around these tracks. Considering this point, 
the biological effect by heavy ion particles may be dif­
ferent from the one by X-ray. We are interested in the 
mechanism of induction of DNA double-strand breaks 
on mammalian cells. 

For the purpose of analyzing DNA double-strand 
break induction by heavy ion particles, the mouse 
LTA cells were irradiated with Ne beam accelerated 
by RIKEN Ring Cyclotron (the initial energy was 135 
MeV /nucleon). After irradiation, cells were counted 
and were analyzed by the pulsed-field gel electrophore­
sis. The pulsed-field gel electrophoresis can separate 
the mega-base order large size DNA fragment. Cells 
were irradiated with neon beam, and were fixed into 
agarose plugs. The plugs were treated by proteinase K 
at 50°C for 24 hr. The samples were electrophoresed 
for 68 hr at 15°C and 60V with a Hexafield Horizontal 
Gel Electrophoresis apparatus with an electrical field 
alternating every 30 min. After the electropholesis, the 
gel was stained with ethidium bromide and visualized. 

Double-strand DNA breaks were observed by the 
pulsed-field gel electrophoresis (Fig. 1). The amount of 
DNA double-strand breaks increased as the doses in­
creased. For the DNA repair assay, the irradiated cells 
were incubated for 4 hr at 37°C and then the cells were 
treated for the sample of pulsed-field gel electrophore­
sis. The amounts of DNA double strand breaks after 4 
hr incubation were decreased. DNA repair was ob-

served in this condition. 

Fig. 1. DNA double-strand breaks induced by Ne-beam 
(LET = 200 keY / p,m) irradiation. M; DNA marker 
-1.9mega-base-pair (S. cerevisiae) , C; unirradiated con­
trol, 10; Ne beam irradiated with lOGy, 30; 30Gy, 60; 
60Gy, 80; 80Gy, RlO; 4 hr incubation after irradiation 
with lOGy ofNe beam (repair-lOGy), R30; repair-30Gy, 
R60; repair-60Gy, R80; repair-80Gy. 
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Effects of Charged-particle Beams on 11 Mammalian Cell Lines 

K. Eguchi-Kasai, M. Murakami, H. Itsukaichi, K. Fukutsu, T. Kanai, Y. Furusawa, 
K. Sato,* H. Ohara, and F. Yatagai 

It can be noted that it is not simple double strand 
breaks (dsb) but non-reparable breaks that are associ­
ated with high biological effectiveness in the cell killing 
effect for high LET radiation. Here, we have examined 
the effectiveness of low (initial energy = 12 MeV lu) 
or high (135 MeV lu) energy charged particles on cell 
death in 11 mammalian cell lines including radiosen­
sitive mutants. The dose, required to obtain 10% cel­
lular survival, DlO , was calculated by regression anal­
ysis of survival curves according to a linear-quadratic 
model. When DlO doses of charged particles were plot­
ted against those of X-rays, a linear correlation was 
obtained (Fig. 1). Fitted lines were calculated by a 
computer using linear regression analysis. The slope 
of the fitted line has the inverse dimension of relative 
biological effectiveness (RBE). This value may relate 
to a theoretically maximal value of RBE of each par­
ticle beam. The slope varied depending on the radi­
ation quality, generally showing larger values for low 
LET He ion and smaller values for high LET C or 
Ne ion. This should mean that RBE value is small 
for low LET He ion and is large for high LET C or 
Ne ion. This is generally observed for the survival of 
many mammalian cells except in a very high LET re­
gion. The RBE of particles having LET above 100 
keV I /-tm was not necessarily large. RBE values of Mix 
beam are smaller than those expected from single irra­
diation by mono energy particles of the same LET. It 
should be noticed that the points of radiosensitive mu­
tants were located in the lower left corner of the figure. 
These radiosensitive cell lines were MIa and 8L3-147. 
They were deficient in DNA dsb repair and showed 
lower RBE values against any particle beam if com­
pared with their parent cell lines. Their RBE values 
were very close to unity, independent of the LET or the 
kinds of particles. On the other hand, human ataxia­
telangiectasia fibroblasts, irs 1 and irs 2 cells, that were 
also radiosensitive but known as proficient in dsb re­
pair, showed moderate RBE values. These 3 cell lines 
showed radioresistant DNA synthesis. Therefore this 
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Fig. 1. Comparison of the cell killing effects among the 
charged particles. Dotted line represents the regression 
line for neutrons. Cell lines used were MlO, SL3-147, 
AT5BIVA, irs1, irs2, L5178Y, HSG, MRC5sv1 TG, R1, 
LTA, and V79 (from sensitive to resistant). The num­
bers following "He" or "C" in the figures were the LETs 
in keY / /-Lm. For example, He/75 means the data after 
irradiation with He (LET ~ 75 keY / /-Lm). Mix means 
two-step-irradiations, 1st with He (12 MeV/nucleon, 
about 18 keY / /-Lm) followed byC (12 MeV/nucleon, 
about 200 keY / /-Lm) ions. 

fact may be an important key to explain the killing 
of cells by high LET radiation. These experimental 
findings suggest that the DNA repair system does not 
playa major role against the attack of high LET radi­
ations. Therefore, we hypothesize that a main cause of 
the cell death induced by high LET radiations is due 
to non-reparable dsb, which are produced at a higher 
rate compared with low LET radiations. 
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Effects of 135 MeV/nucleon Carbon Ion on Cultured Cells Derived 
from Squamous Cell Carcinoma 

H. Itsukaichi, H. Ohara, K. Eguchi-Kasai, T. Kanai, K. Sato,* and F. Yatagai 

In tumor tissue, there are many clones of cells with 
different radiation sensitivity against low LET radia­
tions. For cancer therapy by ion beams, it should be 
important to predict the sensitivity to charged parti­
cles of such cells. We have been examined the radio­
sensitivity of 19 cell lines against X-ray and some 
kinds of high LET radiations. R1 cells which are 
derived from mouse squamous cell carcinoma 1) were 
chosen as one of radio-resistant cell lines. Here, we 
have examined the effect of low (initial energy = 12 
MeV /nucleon) or high (135 MeV/nucleon) energy ion 
beams on the cell death of R1 cells. 

Dose survival curves after irradiation with 135 
MeV /nucleon C-ion beams are shown in Fig. 1 to­
gether with X-ray data. C-ion beams were more ef­
fective to kill R1 cells than X-rays as far as tested. 
Curves for the LET over 60 ke V / J-Lm have 2 phases, 
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Fig. 1. Dose-survival curves of R1 cells. The numbers 
following symbols in the figure were the LETs of C-ion 
beams in ke V / /-Lm. 

Division of Radiation Hazards, National Institute of Radio­
logical Sciences 

initial sensitive and second resistant phase. The ratio 
of resistant population increased with LET up to 167 
ke V / J-Lm. This resistant population was not observed 
for fast neutrons (data not shown) or X-ray. This may 
be due to a technical problem. Studies about this phe­
nomenon are now in progress. Inactivation cross sec­
tion (a) was calculated from D37 which is the dose 
required to obtain 37% cellular survival. D37 was ob­
tained by regression analysis of survival curves accord­
ing to a linear-quadratic model for the initial slope 
of survival curves. a increased with LET up to 200 
ke V / J-Lm and looked to be saturated at 400 ke V / J-Lm 
(Fig. 2)'. a-LET curve of R1 cells agreed with that of 
V79 cells (data not shown). 
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Fig. 2. Inactivation cross section of C-ion beams. 
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Sensitivity of Normal Human Skin Fibroblasts after 
Carbon Ion Irradiation 

H. Maezawa, T. Mori,* F. Yatagai, T. Kanai, and S. Inokuchi* 

Knowledge for characteristics of normal tissue dam­
ages is important in successful radiotherapy with heavy 
ions. The study was conducted to know RBEs (rela­
tive biological effectiveness) of the lethal sensitivity, 
and the repair of lethal damages in human skin fibrob­
lasts and keratinocytes after irradiation with heavy­
ions. This paper reports the results in fibroblasts ex­
posed to carbon ion. 

Normal fibroblasts (HSF) were grown to a station­
ary phase in T25 flasks and irradiated with carbon 
ion accelerated to 135 MeV/nucleon in RIKEN Ring 
Cyclotron. U sing the monoenergetic ion beam, the 
LETs were selected by inserting absober plates of ap­
propriate thickness. Cell survival after irradiation was 
determined from the colony forming ability. Figure 1 
shows the survival of fibroblasts after carbon-ion ir­
radiation. The shoulder of the survival curves after 
irradiation by a carbon beam above 58.4 ke V / J.tm of 
the dose averaged LET was reduced or disappeared de­
pending on the LET, compared to the shoulder after 
irradiation with Co-60 gamma-rays. RBE at a given 
LET was difined as the ratio of the dose required for 
10% survival with the ion beams to that with Co-60 
gamma rays. Resulted RBE at 22, 58.4, 97, 106.7, 
and 266.8 keY / J.tm were 1.42, 2.40, 3.74, 3.81, and 
2.76, respectively. PLD repair has been investigated 
with the delayed plating technique in which cells were 
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Fig. 1. Survival curves of fibroblasts irradiated with car­
bon ion and Co-60 gamma rays. 
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Fig. 2. Survival curves of stationary phase fibroblasts 
replated immediately after carbon-ion irradiation 
(- PLDR) and at 24 hrs after (delayed plating, 
+PLDR). 

replated at 24 hr (37°C) after irradiation. The sur­
vival after the delayed plating was higher as compared 
with that immediately after irradiation with carbon 
ion at 97 and 266.8 keY / J.tm (Fig. 2). PLD repair was 
clearly observed. The recovery ratio was calculated 
from the survival after the delayed plating to a given 
dose, which reduced survival to 1% when cells were re­
plated immediately after irradiation. Recovery ratios 
(1.6 at 97 keV/J.tm and 2.7 at 266.8 keV/J.tm) in cells 
irradiated with carbon ion were smaller than that (5.6) 
in cells irradiated with Co-60 gamma rays. 

Present results suggested that carbon ion above 58 
keY / J.tm produced less repairable damages in fibro­
blasts as compared with Co-60 gamma-rays. 
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Mutation Caused by Heavy Ion Particles and X-rays 

N. Shigematsu,* H. Ito, S. Yamashita, K. Toya,* A. Kubo,* F. Yatagai, and T. Kanai 

The purpose of this study is to compare X-rays and 
heavy ion particles irradiation with regard to their ef­
fects on cell killing and mutation induction. We also 
studied how their irradiation procedures (single and 
fractionation) would affect cell survival and mutation. 

V79 cells were irradiated by the heavy ion beam from 
RIKEN Ring Cyclotron or by X-rays from MBR-1520R 
(Hitachi) and cell survivals were calculated by colony 
assay. After one or two weeks expression periods, the 
mutation frequencies at the hprt locus were calculated 
from the numbers of colonies formed in media supple­
mented with 6-thioguanine (10 J.Lg/ml). The effects of 
the fractionation (3 hr interval) of radiation on the cell 
survival and the mutation frequencies were also exam­
ined. 

The Do values for 150 kV X-rays, 20 keY / J.Lm car­
bon beam, 80 ke V / J.Lm carbon beam and 80 ke V / J.Lm 
neon beam were 2.2 Gy, 1.8 Gy; 1.0 Gy, and 1.4 Gy, re­
spectively (Fig. 1). As shown in Fig. 2 the extremely 
higher mutation was caused by the heavy ion beam 
compared with X-rays. A neon beam caused less mu­
tation than a carbon beam under the same LET con­
ditions. Both cell killing effect and the mutation in­
duction were enhanced when LET of a carbon beam 
was increased 4 times (20 to 80 keY / J.Lm). Our results 
indicate that the heavy ion beam therapy had more 
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Fig. 1. Survival curves for X-rays and heavy ion beams 
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Fig. 2. Mutation frequencies per 106 cells irradiated with 
X-rays and heavy ion beams (carbon 20 and 80 ke V / /-Lm 
and neon 80 keY / /-Lm). 
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Fig. 3. Survival curves for X-rays single (e), X-rays frac­
tionated (0), carbon single (A) and carbon fractionated 
(t:,.) irradiation. 
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Fig. 4. Mutation frequencies for X-rays single (e), X-rays 
fractionated (0), carbon single (A) and carbon fraction­
ated (t:,.) irradiation. 

powerful cell killing effect than X-rays while it caused 
the high risk for mutation induction. A neon beam 
has small mutation induction effect comparing with a 
carbon beam while the similar cell killing effect can 
be expected from each of them. Comparison between 
single and fractionated irradiation was shown in Figs. 
3 and 4. A carbon beam had no significantly different 
effects on cell killing between single and fractionated ir­
radiation whereas X-rays had. When the carbon beam 
irradiation was fractionated, the mutation frequency 
was reduced although the survival curve was not af­
fected. When X-rays was used the mutation frequency 
was almost the same in each way. 

We concluded as follows: 
(1) The mutation frequency was extremely high for 

the cells which were irradiated with a heavy ion beam 
compared with X-rays. 

(2) The mutation frequency was increased when the 
LET of a carbon beam was increased. 

(3) The mutation frequency was less for a neon than 
a carbon beam, suggesting that neon is a favorable 
beam for the heavy ion therapy especially when treat­
ing with higher doses. 

(4) When the cells were irradiated with a heavy ion 
beam the fractionated procedure made it possible to 
reduce the mutation frequency without decreasing the 
cell killing effect. 
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Effects of Accelerated Carbon-Ion on the Induction of Dominant 
Lethality in the Teleost Fish, Oryzias latipes 

Y. Hyodo-Taguchi,* T. Kanai, S. Minohara, and Y. Furusawa 

The dominant lethal mutation test with mice has 
been considered one of the most important methods 
for the estimation of the mutagenic effects of chemicals 
on higher animals. In the small teleost fish, Oryzias 
latipes, it has been reported that the dominant lethal 
mutation test by using the hatchability of eggs is use­
ful for estimation of the mutagenic effects of radiation 
and chemicals.1) In the present experiment, we have 
studied the genetic effects of heavy ion on the male 
germ cells of the fish by using the dominant lethal test 
system. 

One of albino strains of medaka (bi-3R) was used. 
A single pair of the adult fish lays a cluster of 10-40 
eggs almost every morning in a laboratory aquarium if 
the fish were kept at 26 ac. During the period of 6-9 
days before irradiation, the numbers of fertilized and 
unfertilized eggs laid by each pair and the hatchabil­
ity of the fertilized eggs were examined to determine 
non-irradiation control value. The male of each pair 
was irradiated with carbon-ion (135 MeV lu) acceler­
ated by the RIKEN Ring Cyclotron. The fish were 
exposed to heavy ion of 2, 5, and 10 Gy at the mid po­
sition of spread-out bragg peak (dose average LET = 

70 ke V I J-Lm) . The irradiated fish were transported to 
the NIRS and each fish was kept with a non-irradiated 
female in an aquarium containing 21 of water. Each 
pair was kept under conditions of about 26 ac and 14-
h light/10-h dark cycle and observed every day. The 
numbers of fertilized and unfertilized eggs laid by each 
fish were counted every morning and each cluster of 
fertilized eggs was incubated separately in a petridish 
at 26 ac. The incubation medium (D.W. containing 
0.0001% methylene blue) was changed every day and 
dead embryos were removed. In the non-irradiated 
control, most embryos hatched 7-10 days after fer­
tilization. The numbers of dead embryos and newly 
hatched fry were counted every day in each cluster. 
The hatchability was calculated as the percentage of 
hatched embryos per fertilized eggs. The hatchability 
of the non-irradiated control was 92 ± 1%; the rela­
tive hatchability rate (RHR) was calculated as follows: 
(hatchability of the given group) I (hatchability of the 
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control group) x 100. Dominant lethal rates were cal­
culated as 100 minus RHR. The maturation stage at 
which spermatogenic cells were irradiated was judged 
by the time between irradiation and fertilization. 2) 

Thirty-one pairs of fish irradiated with carbon beam 
were examined to estimate fertility and hatchability of 
eggs laid for 30 days. A considerably high level of the 
fertility of the male fish was kept within 10 days af­
ter irradiation in all irradiated groups. At 20 and 30 
days after irradiation a marked decrease in the fertility 
was observed in the C-beam 10 Gy-irradiated group. 
The hatchability changes showed that (1) the hatch­
ability of eggs fertilized by irradiated males reduced 
markedly within 3 days after irradiation, and the ef­
fects were dose-dependent and (2) the effects of irradi­
ation decreased if the interval between irradiation and 
fertilization became longer than 4 days. From these 
hatchability data, the dose-associated increase of pro­
duction of the dominant lethality was observed in each 
spermatogenic cell stage in medaka after heavy ion ir­
radiation; a dose-dependent increase in the dominant 
lethality was found for sperm, spermatid and sperma­
tocytes within this dose range, whereas no marked in­
crease of the dominant lethality could be found for 
spermatogonia. Mature sperm was the most sensitive 
among the various stages of spermatogenetic cells. The 
high an~ low inducibility of dominant lethal in sperm 
and spermatogonia, respectively, was reported in this 
fish after X-irradiation. 1,3) . 

On the basis the present results and the previous re­
sults from X-irradiated fish, it seems to be evident that 
the effect of carbon-beam on the induction of dominant 
lethality was about 2 times higher than that of X-rays 
for sperm and spermatid of the fish. 
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Biological Dose Distribution of Carbon-12 Spread-Out-Bragg-Peak 
for Tumor Controls 

K. Ando, S. Koike, M. Iizuka, T. Aruga, N. Hori, T. Kanai, S. Minohara, M. Sudou, and F. Yatagai 

The clinical trial of heavy charged particle therapy 
started June 23, 1994 at National Institute of Radio­
logical Sciences. Biological effectiveness of therapeu­
tic beams against tumors inactivation is of great con­
cern for designing a range modulator which generates 
Spread-Out-Bragg-Peak (SOBP) . A range modulator 
for 135 MeV/nucleon carbon-12 was designed by T. 
Kanai, and has been proven to exert fairly homoge­
neous cell kills against cultured V79 cells. 1) We here 
investigated and reported whether or not the SOBP 
made by the range modulator could also achieve ho­
mogeneity in tumor controls. (Materials and Meth­
ods) The NFSa fibrosarcomas were transplanted into 
hind legs of syngeneic C3H male mice. Seven through 
eight days after transplantation when leg tumors grew 
to 7- 8 mm in diameter, mice locally received single 
doses of irradiation to their leg tumors. Desired tu­
mor positions within 3-cm SOBP were obtained by 
placing thick Lucite plates in front of tumors. Cs-137 
gamma ray was used to reference to obtain relative bi­
ological effectiveness (RBE) of carbon-12. After irra­
diation, tumors were (a) monodispersed by trypsin to 
serve lung colony assay for determining cell survivals, 
(b) measured by calipersonce a week up to 4 months 
to serve for tumor control assay (TCDsoj120)' A to­
tal of 1050 mice were used for the experiments. (Re­
sults) Leg tumors were located at three SOBP posi­
tions; proximal-(LET = 61 keY / {Lm), middle-(LET = 
78 keY / {Lm) and distal-(LET = 108 keY / {Lm) SOBP. 
(Fig. 1). Unmodulated plateau (LET = 23 keY / {Lm) 
was also included. Radiosensitivity of the tumor cells 
determined by lung colony assay showed that Do values 
for distal- , middle-, proximal-SOBP, and unmodulated 
plateau were 1.12, 1.48, 1.49, and 2.68 Gy, respectively. 
Do for gamma ray was 4.22 Gy. 

Tumor control probabilities for each position of 
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Fig. 1. Positioning of tumors within 3-cm Spread-Out­
Bragg-Peak for 135 MeV/nucleon carbon-12. Arrow 
length corresponds to tumor thickness. 

SOBP were determined 120 days after irradiation. 
TCDso/120, i.e., radiation dose required for 50% of 
tumors controlled, was 32.5, 34.9, 37.1, and 56.4 Gy 
for distal- , middle-, proximal-SOBP and unmodulated 
plateau, respectively. RBEs of carbon-12 relative to 
gamma ray (TCDso/ 12 = 83.2 Gy) were 2.56, 2.38, 
2.24, and 1.48 for distal-, middle-, proximal-SOBP and 
unmodulated plateau, respectively. 

Biological effect at each SOBP was obtained by 
comparing biological doses (Le., the product of phys­
ical dose and RBE) between SOBP and unmodulated 
plateau, and used to evaluate homogeneity of tumor 
inactivation within SOBP. As for lung colony assay, bi­
ological effects at surviving fraction (SF) of 0.5 down 
to 0.1 , was ranging between 2.2 and 2.69, indicating 
fairly homogeneous effectiveness within 3-cm SOBP. 
Tumor control assay also resulted in homogeneity sim­
ilar to colony assay; biological effects for tumor con­
trols were 2.25, 2.2, and 2.05 for proximal-, middle­
and distal-SOBP (Fig. 2). 
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Fig. 2. Distribution of biological effectiveness within 
Spread-Out-Bragg-Peak. Biological effectiveness is nor­
malized by unmodulated plateau beam. 

It is concluded that homogeneous cell kills of a 
mouse tumor was achieved by the range modulator de­
sign of which was based on the data of Chinese hamster 
cells in vitro. 
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Production of a Low-Energy Polarized Neutron Beam 

K. Sagara, N. Nishimori, T. Flijita,* H. Akiyoshi,* K. Maeda, and H. Nakamura* 

To produce a 10-18 MeV polarized-neutron beam 
whose polarization is precisely known, a neutron-beam 
generator using D(tt: ii)3He reaction and a deuteron 
beam polarimeter using 3He(J:p)4He reaction have 
been developed. In this energy range, D(tt: ii)3He re­
action has the highest figure of merit for the it-beam 
production and 3He(ct:p)4He reaction has high ana­
lyzing powers which vary smoothly with the incident 
energy and the scattering angle. The generator and 
the polarimeter will be combined with an intense d-­
beam from the RIKEN AVF cyclotron to make high­
precision polarized-neutron experiments on, for exam­
ple, ii + d scattering. 

Figure 1 shows a D2 gas target for the ii-beam 
production and a 3He gas target for the d--beam po-

d D2 

o 5 em 
~SD 

Fig. 1. A polarized-neutron-beam generator using 
D(J: n)3He reaction and a deuteron-beam polarimeter 
using 3He(J:p)4He reaction. The d-=-beam is stopped on 
the bottom of the 3He-gas cell. 

Department of Physics, Kyushu University 

larimeter. A number of background neutrons were 
greatly reduced by adopting heavy metals for a beam 
slit (W), for 3-J.Lm-thick window foils of the target gas 
cells (Ta) and for a d--beam stopper (Ta). The walls of 
the gas cells were made thin to reduce the scattering 
of neutrons by them. 

For example, a 12-MeV ii-beam in the 0° direction 
is generated by D(tt: ii)3He reaction at Ed = 9 MeV. 
The energy spread of the ii-beam comes mainly from 
the d--beam energy loss of 140 keV in the D2 target of 
2 bar x 4 em in thickness. As the continuum neutrons 
from D(d~ n)pd reaction have energies below 6.77 MeV, 
their contributions may be well separated by the TOF 
technique. The ii-beam flux in a solid angle of ±1.5° x 
±3° is estimated to be 6 x 106 particles/sec for a 5 J.LA 
d--beam. 

When the deuteron spin axis is in the y (up) direc­
tion, the polarization of the ii-beam (p~) is expressed 
as 

The vector and tensor components of the d--beam'po­
larization, P~ and P~y, are measured by the 3He(d,p) 
polarimeter. We have already made accurate measure­
ments of the analyzing powers Ay and Ayy of 3He( tt: p) 
reaction in the range of Ed = 6.6-15.4 MeV. As p~ 
is mainly determined by p~, the polarimeter counters 
(Fig. 1) are placed at the angle for the maximum of 
A y . By this polarimeter, the d--beam polarization can 
be determined within an accuracy of 0.6%. 

Precise measurement of K:(OO) and Azz{OO) of 

D(ct: ii)3He reaction is in progress at Kyushu Univer­
sity tandem accelerator lab. The ii-beam polarization 
p~ is measured using 4He(ii, n) scattering. The liq­
uid helium target (used also as a scintillator) has al­
ready been installed and the measurement of p~ has 
been started using the Ay = 1 (theoretically maxi­
mum) point of 4He(ii, n) scattering at 12 MeV. 

A high-intensity polarized-neutron beam of energy 
of 10- 18 MeV whose polarization (about 0.5) is known 
to within about 1 % will be available in the near future. 
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Germanium Counter Telescope for Gamma-Ray 
Position Sensitive Detection 

Y. Gono, E. Ideguchi, K. Miyazaki, T. Morikawa, T. Kishida, and M. Ishihara 

We reported last year the concept as well as the 
results of simulation calculations of a Ge counter 
telescope. I) A segmented Ge (S-Ge) detector has been 
produced following our specifications and delivered by 
a company, URISYS MESURES. This special detector 
is prepared to be used to give position information by 
a signal of Compton scattering. Then an energy infor­
mation is given by summing signals of both Compton 
scattering in S-Ge and a totally absorbed signal in a 
Ge detector placed behind the S-Ge. 

The first test was made to check energy resolution 
of each segment. In this test a highly integrated linear 
amplifier was developed in the tandem laboratory in 
Kyushu university. Four linear amplifiers were assem­
bled in one span NIM chassis. This type of amplifier 
was prepared to handle 25 signals from every segment 
independently. Amplifier gains were adjusted to give a 
same pulse height for each segment though each pream­
plifier gives much different pulse height for a fixed 
energy ,-ray. Then energy resolutions were checked 
for every segment and the resulted values are given in 
Fig. 1. 

1 2 3 4 5 
2.7 keY 2.6 keY 2.7 keY 2.7keV 2.7 keY 

6 7 8 9 10 
2.5 keY 2. 7keV 2.5 keY 2.5 keY 2.4keV 

11 12 13 14 15 
2.4keV 2.5 keY 2.5 keY 2.6 keY 2.5keV 

16 17 18 19 20 
2.4keV 2.6keV 2.8keV 2.5 keV 2.5 keV 

21 22 23 24 25 
2.3keV 2.6keV 2.6keV 2.5 keV 2.71ceV 

Fig. 1. FWHM of each segment at 1.33 MeV. 

These values are not much different from the values 
measured using commercially available spectroscopy 
amplifiers which have 1 channel for one span NIM 

122 

chassis. 
The summed ,-ray spectrum was also tested. In this 

case a 20% HPGe detector was used as a rear detec­
tor with NaI(TI) anti-Compton shield. A 152Eu ,-ray 
standard source was used. The resulted spectrum is 
shown in Fig. 2 with a spectrum taken by an S-Ge 
alone. Two spectra are shown by normalizing the peak 
heights of 1408 ke V peaks in both spectra. The low en­
ergy continuum back ground in the summed spectrum 
is significantly reduced as expected. 

1000 
CIlAMK!L NUIlIEl 

Fig. 2. ,-ray spectra taken in singles mode (A) by an 
S-Ge alone and a summed mode (B). 

As a conclusion it was · proved that a Ge counter 
telescope by using an S-Ge as a ~E counter works to 
reduce considerably a back ground and to give position 
information simultaneously. Also it may be worthwhile 
to point out that this detector can be used as an effi­
cient polarimeter of ,-rays. 
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A New Position Sensitive Silicon Detector for Experiments of 
Super Heavy Nucleus Search 

M. Kurokawa, T. Motobayashi, H. Murakami, T. Uchibori, A. Yoshida, 
K. Morita, Y. Pu, and T. Nomura 

A new position sensitive silicon detector has been 
developed for super heavy nucleus-search experiments. 
In the experiments, a heavy element can be identified 
by measuring the energy of its successive a decays. To 
reduce accidental correlation the detector should have 
high position resolution. The detector developed is a 
double-sided position-sensitive silicon detector as illus­
trated in Fig. 1. The total effective area is 64 mm x 64 
mm. The energy signal is extracted from the front side 
electrodes, and two-dimensional position information, 
x and y in this figure , is obtained from the front and 
back sides, respectively. 

signal signal 

yL 
x 

signal 

Fig. 1. Schematic view of the detector. 

The front surface of the detector is divided into 12 
resistive strips. This small number of the strips is in­
tended to achieve a small total dead space which is 
formed between the strips, as well as to reduce the 
number of electronics. To obtain more precise x in­
formation than the width of a strip, the charge di­
vision method is employed. In contrast to the usual 
design where the charges are extracted from the top 
and bottom ends of a strip, two readout electrodes are 
running along the side edges of a strip. Because the 
position resolution is inversely proportional to the re­
sistance between electrodes,l) a high surface resistivity 
of around 10 k02 was required in the present design. 
This was realized by the "shallow doping" technique in 
the implantation process. The doping density is almost 
ten times lower than the normal level. 

The back side of the detector is designed to be 
a microstrip structure. The total number of elec­
trodes is 128 and eight resistance chains are formed by 

connecting every other strips up to 16 with 120 0 re­
sistance. Signals are read out from the two ends of the 
chain. 

To reduce the position resolution, the difference be­
tween the position signals corresponding to a fusion 
product 205Fr from the 40 Ar + 169Tm reaction and its 
a decay was measured. The results are shown in Fig. 
2. The energy dependence of the position resolution 
is roughly expressed as liE. This position resolution 
(x x y) of the newly developed detector is better than 
that of the detector2) used in the previous experiment3) 

by a factor of 100. This detection system was used in 
the experiment of 232Th + 40 Ar reaction. 
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Fig. 2. Energy dependence of horizontal (a) and vertical 
(b) position resolution. 
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Status of the Detector System at SMART-FPl 

H. Okamura, S. Ishida, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, Y. Satou, H. Sakai, T. Niizeki, 
K. Katoh, T. Yamashita, and T. Ichihara 

The first focal plane (FP1) of the SMART spectro­
graph is primarily used to measure the (d, 2He) re­
action. The energy resolution as well as the 2He­
detection efficiency was significantly improved by the 
newly fabricated detector system.!) The angular res­
olution, however, was still very bad due to the large 
magnification in the vertical direction. This is a se­
rious drawback since (d,2He) is a three-body reaction 
and the precise angular information, particularly for 
the light target, is required to determine the excita­
tion energy as well as the scattering angle. 

In the "standard" optics which has been used so 
far, the field strength of the Q-magnet is chosen so 
that the scattered particles with the central momen­
tum are focussed in the vertical direction. Although 
the large angular acceptance is maintained in the wide 
momentum range, the angular resolution at the cen­
tral momentum is significantly deteriorated due to the 
multiple-scattering by the vacuum window and by the 
wire chambers. 

The new optics has been introduced as a compromise 
between the better angular resolution and the large ac­
ceptance. The field of the Q-magnet is chosen to be 
relatively strong so that the scattered particles are fo­
cussed at the high-momentum side in the vertical di­
rection. Also the focal plane is shifted upstream, to the 
area between the two wire chambers, which will lead 
to the improved momentum resolution. The property 
of the new optics has been studied by using the elasti­
cally scattered protons from a gold target at Ep = 135 
Me V. The result is summarized in Table 1 compared 
with the standard optics. The quality of data for the 

Table 1. Summary of optics properties at Ep = 135 MeV. 
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Standard optics New optics 
Magnetic Field 

PQl 353.0 Gauss/em 392.6 Gauss/em 
PQ2 163.6 Gauss/em 189.2 Gauss/em 
PDl 7241 Gauss 

88 
8cp 

8p/p 

Acceptance 
~100 mrada ) 

~200 mrada ) 

~20 msra ) 

±12% 
Resolution 

84 mrad 
156 mrad 
13.1 msr 
+6/-8 % 

4 mrad 4 mrad 
5-30 mrada ) 5 mrad 
1-3 X 1O-3a) 1 X 10-3 

(d, 2 He)- Resolution 
(8E) 8(El + E2) = 700 keY 8Ex = 460 keyb) 
(88) unknown 9 mradb ) 

a) ~n, 8<p and 8p/p depend on p in the standard 
optics. 

b) obtained from the three-body calculation. 

(d,2He) reaction is significantly improved by using the 
new optics as is shown in Fig. 1. 
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Fig. 1. Typical excitation energy spectra of the (d,2He) 
reaction obtained with the new optics. 

Also the polarized deuteron beam has become avail­
able at SMART. By using the Wien filter, the polar­
ization axis can be rotated to the normal or sideway 
direction of the scattering plane at any angle of the 
beam swinger. 2) A polarimeter has been installed at 
the exit of the beam swinger and the polarization at 
the target is directly measured.2) The polarimeter tar­
get can be quickly inserted and removed by using a 
pneumatic actuator, which allows the periodical mon­
itor of the beam polarization during the experiment. 
This feature was used in the first measurement of the 
analyzing powers of the (d,2He) reaction. Details of 
the experiment are described elsewhere. 3) 
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Construction of the Deuteron POLarimeter DPOL at the Second 
Focal Plane of SMART 

S. Ishida, H. Okamura, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, Y. Satou, S. Fujita, H. Sakai, 
T. Ichihara, T. Niizeki, K. Katoh, T. Yamashita, Y. Hara, and K. Hatanaka 

Polarization transfer measurement for inelastic 
deuteron scattering is one of the most efficient probes 
of isoscalar spin excitations which we have little infor­
mation up to now. Spin flip probability 8 1 in the (d,d') 
reaction will be a signature of spin excitations as Snn 
is in the (p,p') reaction. 1,2) Sl is written, in terms of 
polarization observables, as 

1 I I I I 

8 1 = - (4 - Py y - A - 2KY Y ) 9 YY YY' 

where yy denotes the tensor polarization and pY' Y' , 
Ayy and K~~yJ are the tensor polarizing power, the 
tensor analyzing power and the tensor-tensor polariza­
tion transfer, respectively. Thus measurements of the 
tensor-polarization observables are needed to extract 
81 via the (J,J) reaction. 

SIDE-VIEW 

We are constructing the Deuteron POLarimeter 
DPOL at the second focal plane (FP-2) of the SMART 
spectrograph to measure the polarization of scattered 
deuterons. It is designed to measure all the vector 
(itll) and tensor (t20 , t21 and t 22 ) polarization compo­
nents by utilizing following three reactions. (Table 1) 

Table 1. Reactions and corresponding components of 
analyzing power. 

Reactions 

1 : d + 12C --t d + 12C 

2 : d + P --t 2He (2p) + n 
3: d+p --t d+p 

Analyzing powers 

iTll 
T20 and T22 

all components 

These reactions are measured semi-inclusively. The 
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Fig. 1. A cross sectional view of the Deuteron POLarimeter DPOL. Details are 
described in the text. 

geometry of DPOL is shown in Fig. 1. Note that the 
reaction plane of SMART is vertical because a scatter­
ing angle is changed by using a beam swinger system. 

A multi wire drift chamber (MWDC) and trigger 
plastic scintillators (0.5 x 18 x 80 cm3 and 1.0 x 18 x 
80 cm3) are used for detecting scattered deuterons. 
These plastic scintillators containing C and Hare 
also used as active scatterers for double scattering. 
The polarimeter-system consists of three hodoscopes, 

HOD1 (28 times 6.5x6.5x220 cm3), HOD2 (12 times 
6.5x6.5x220 cm3 ) and HOD3 (2 times LOx 13x 100 
cm3 ), and two calorimeters, eM1 (6 times 1.0x29x220 
cm3 with 1.8 cm thick iron absorbers) and CM2 (2 
times 1.0 x 29 x 220 cm3 with 1.8 cm thick iron ab­
sorbers). For all hodoscopes and calorimeters, plastic 
scintillators are used and they are viewed at both ends 
by photomultiplier tubes. 

Three kinds of triggers for double scattering events 
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corresponding to the three different reactions are 
made. For the 12C(d,do) event, calorimetry using 
iron absorbers and scintillators is employed to iden­
tify deuterons. For the 1 H(d,2He) and 1 H(d,d) event, 
two charged particles are detected in coincidence. 

The first experiment for testing the polarimeter­
system has been recently performed with a 270 MeV 
polarized deuteron beam extracted from the RIKEN 
Ring Cyclotron. 

Three combinations of the beam polarization were 
used in this experiment and their ideal values of vec­
tor and tensor polarization are (pz ,pzz) = (0,-2) , 
( -1 , + 1) and (+ 1, + 1), respectively. The polarization 
axis was controlled with the Wien filter downstream 
of the ion source so that it lay on the normal or side­
way direction of the scattering plane at FP-2. The 
beam polarization was monitored by using the d + P 
scattering at 270 MeV and typically 60- 65 % polar­
ization of the ideal value was obtained throughout the 
experiment. 

Figure 2 shows the preliminary results of the effec­
tive analyzing powers for the 12C(d,do) events. Large 
iTll values are obtained, which is consistent with the 
result of POMME.3) Further analysis and improve­
ment of the polarimeter are now in progress. 
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Fig. 2. Preliminary results of the effective analyzing 
powers of DPOL for the 12C(d,do) events. 
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PPAC for Beam Profile Monitor at the RIPS 

H. Kumagai and K. Yoshida 

A position sensitive parallel plate avalanche counter 
(PPAC) was constructed as a focus-plane detector for 
the secondary beam separator RIPS.!) Two PPAC's 
were placed at the first and the second focus planes (F 1 
and F2) of the RIPS to measure x- and y- positions and 
time-of-flights of beam particles. Other two PPAC's 
were set in front of the third focus plane (F3) in order 
to obtain the beam profile at F3 where the user target 
was set up. 

The structure of electrodes of the PPAC is shown 
in Fig. 1. As seen, the electrodes provided a sensitive 
area of 100 x 100 mm2 and were composed of an anode 
and two cathodes which were used to determine the 
position of x- and y- direction. They were placed in 
parallel with 4 mm apart from one another in order 
of x-cathode, anode, and y-cathode. The anode was 
made of 2.5 f..£m polyester foil , both sides of which were 
covered with a 40 f..£g/cm2 gold. The cathode was a 2.5 
f..£m thick polyester foil on which 50 gold stripes were 
deposited to 80 f..£g/ cm2 in thickness. The width of 
stripes was 1.6 mm with a 0.4 mm inter-stripe gap. 
All the contiguous stripes were connected each other 
with 510 n chip resistors. The detection of positions 
was accomplished by the charge division technique for 
the charges induced on the cathode strip by avalanche. 

Cathode-X1 Cathode-X2 

Cathode Strips 

Fig. 1. The structure of electrodes. 

The electrodes were placed in a small aluminum box 
(184 x 160 x 48 mm3 ) in which isobutane of 6-10 Torr 
was filled as a counter gas. The entrance- and exit­
windows were made of 4 f..£m polyester foil coated with 
50 f..£g/cm2 aluminum. The PPAC was operated with 
the anode bias of 600-800 V. 

The signals from both ends of the resistor array of 
the cathode were amplified by a charge sensitive pre­
amplifier and a shaping amplifier (T = 2.5 f..£s) and 
were sent to CAMAC ADC's. The signals were ana­
lyzed by a PC9801 personal computer. One- and two­
dimensional position spectra could be displayed on a 
monitor screen in real time mode. In the spectra, the 
peaks corresponding to the stripes were well separated. 
The position resolution obtained was 2 mm, although 
the FWHM of the peaks was much smaller than that. 
This resolution was enough for measuring the beam 
profile at F1 and F2. For the profile at F3, however, 
the resolution was not so good since the profile was 
deduced by the extrapolation from the position infor­
mation of two PPAC's located at the upstream of F3. 

The time signal was obtained from the anode sig­
nal by using a fast amplifier (rising time <1 ns, 
gain = 500) and a constant fraction discriminator. 
The time resolution of 0.46 ns (FWHM) was achieved 
for 41 MeV/nucleon 180. The particle identification 
was accomplished with the timing information from 
the PPAC and the energy loss signals from the SSD 
(50 x 50 x 0.3 mm3 ) which was placed just after the 
PPAC. 

The PPAC's were installed in RIPS five years ago 
and since then they have been worked well. In or­
der to improve the position resolution, new PPAC's 
(100 x 100 mm2 and 150 x 100 mm2 ) are now under 
construction. The position resolution is expected to be 
less than 1 mm by using the cathodes with stripes of 
1 mm width. 
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Polarized Xe Stopper for the Measurement of 
Magnetic Moment of Unstable Nuclei 

H. Sato, Y. Hori, K. Mochinaga, M. Adachi, and K. Asahi 

Polarized unstable nuclear beams produced by the 
projectile fragmentation reaction are very useful tools 
for the measurement of magnetic and quadrupole mo­
ments of unstable nuclei. Up to now, our group 
has succeeded in measuring magnetic and quadrupole 
moments of several neutron-rich nuclei produced at 
RIPS.1,2) It is also true, however, that the above 
method of polarization based on the projectile frag­
mentation is not applicable to a certain class of nu­
clides. For example in the case of 11 Be, the nucleus of 
considerable interest exhibiting the neutron halo and 
the anomalous spin and parity, no appreciable polar­
ization was obtained in our previous experiments using 
the above method. 

In this report we discuss a new method of obtaining 
polarized unstable nuclei, which comprises the implan­
tation of fragment nuclei in a highly polarized stopper 
and the subsequent transfer of the host nuclear polar­
ization to them through dipole-dipole interaction. Re­
cently, it has been reported that a 129Xe solid whose 
nuclear spins are highly polarized can be produced and 
its spin relaxation time becomes very long in a certain 
condition (about 500 hours at 1 kG and 4.2 K). 3) We 
consider this material as a good candidate for the po­
larized stopper, which would provide a large spin po­
larization and a long relaxation time. We begin our 
study for obtaining the polarized Xe solid by polariz­
ing gaseous Xe. 

The 129Xe nuclear spin can be polarized by spin ex­
change with a polarized Rb atom. In this method, the 
Rb atomic spin is polarized by resonance absorption 
of a circularly polarized light of 795 nm wave length, 
and its polarization is transferred to the 129Xe nuclear 
spin during the formation of a Rb-Xe van der Waals 
molecule.4) The 129Xe polarization Px e depends on the 
Rb polarization PRb , the spin exchange rate [se and 
the wall relaxation rate rw. The time evolution of the 
129Xe polarization is written as 

if we start the optical pumping at t = O. 
We started the experiment to polarize gaseous 129Xe 

nuclei. A natural Xe gas (26.4% 129Xe) of 610 Torr was 
contained in a cylindrical glass cell (2.2 cm in diame­
ter, 4 cm or 8 cm long) together with an N 2 gas of 
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50 Torr and a small amount of Rb. The glass cell was 
illuminated by a circularly polarized light generated by 
a 2 W Ti:sapphire laser. The 129Xe polarization thus 
obtained through the optical pumping was determined 
experimentally by measuring its magnetization with an 
adiabatic fast passage NMR method (Fig. 1). 
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Fig. 1. Typical adiabatic fast passage NMR signal of po­
larized 129Xe gas. The signal shown by the curve rep­
resents the transverse polarization which appears when 
the resonance condition is met. In this case, the signal 
height corresponds to PXe = 3.5%. As indicated at the 
bottom by the solid line, the magnetic field is swept 
through the resonance condition twice. 

We made several glass cells and measured the 129Xe 
polarization. Up to now, ' a polarization of 3.5% has 
been reached. We also measured the spin relaxation 
rate and the Rb polarization. As a result, we found 
that the relatively small value of PXe was due to a 
small Rb polarization, which may stem from a loss of 
the laser power due to reflection on the surface of the 
glass cell or from Rb oxidation due to possible impuri­
ties in Xe gas. We are improving the system in order 
to get higher 129Xe polarization. We also plan to con­
struct an apparatus for producing a polarized Xe solid 
for the measurement of the magnetic moment of 11 Be. 
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A Recoil-Ion Momentum Spectrometer for 
Atomic Physics Experiments 

O. Jagutzki, T. Kambara, Y. Nakai, Y. Awaya, and H. Schmidt-Bocking 

In order to investigate many-particle reaction dy­
namics in atomic collisions a novel high-resolution 
technique has been developed, which determines the 
momentum and the charge state of the slowly recoil­
ing target ions. Using a very cold and localized super­
sonic gas jet target a momentum resolution of better 
than 0.1 atomic unit (a. u.) is obtained by measuring 
the recoil-ion time-of-flight and the recoil-ion trajec­
tory. Due to a detection efficiency of nearly 47r this 
technique is well suited for many-particle coincidence 
measurements and enables various highly differential 
experiments in atomic physics. 

Such a Recoil-Ion Momentum Spectrometer was in­
stalled and tested at RILAC in collaboration with the 
Institute for Nuclear Physics of the University Frank­
furt. Target gas (He, Ne, Ar, ... ) is precooled to a 
temperature of 30 K (for He) at a pressure between 
200 and 1000 hPa by a standard cryo-generator. The 
precooled gas expands through a 30 J-Lm¢ nozzle form­
ing a supersonic gas jet. Special care has to be taken to 
meet the criteria for the supersonic expansion. Due to 
the properties of the supersonic expansion, the target 
gas is cooled to an internal temperature of about 0.1 K. 
This corresponds to a Maxwellian momentum spread 
for helium atoms of less than 0.1 a.u. in any direction, 
thus enabling spectroscopy of a helium ion recoil mo­
mentum with such precision. The center part of the 
gas jet passes after 6 mm through a 0.5 mm skimmer 
hole into the target chamber and is thus collimated to a 
narrow beam. The ionizing projectile beam (e.g. from 
RILAC) intersects the gas jet defining a target region 
limited by the size of the spatial overlap between gas 
jet and' projectile beam. 

This target is located in the extraction region of the 
spectrometer (see Fig. 1). The spectrometer consists 
of this extraction region, a field free drift zone and a 
two-dimensional position sensitive multi-channel-plate 
detector with a wedge-and-strip anode (PSCD). Re­
coiling ions produced in collisions of the projectiles 
with the gas jet atoms are extracted by a well-defined 
weak electrical field (typical of 1 V / cm). Then the ions 
pass a field free drift region and are detected on the 
PSCD. Special care has to be taken to ensure proper 
field conditions in the spectrometer. The extraction 
region is shielded by wires defining potential lines to 
guarantee a homogeneous field. All surfaces are coated 
with carbon to avoid contact potentials. 

From the trajectory and flight time of an ion it is 
possible to determine the transferred recoil momen­
tum in the collision by applying simple equations. The 

I-----+------l 
2cm 

Fig. 1. Sketch of the recoil-ion momentum spectrometer. 

trigger for the time-of-flight measurement can be the 
detection of the outgoing projectile or the use of a 
pulsed beam. The electrical field can be selected so 
that different charge states can be separated, and that 
the recoil determination with 47r is unambiguous for 
all three dimensions. The finite size of the target re­
stricts the attainable momentum resolution. However, 
it is possible to reach for all three dimensions the max­
imum precision limited by the Maxwellian momentum 
spread due to the finite internal gas jet temperature. 
Transverse to the jet axis, the resolution can be even 
better. 

At RIKEN and several other atomic physics facili­
ties a variety of different experiments are currently in 
progress to exploit the unique opportunities offered by 
this novel high precision spectroscopy method. 1-3) 

References 
1) V. Mergel et al.: accepted for publication in Phys. Rev. 

Lett. 
2) J. Ullrich et al.: accepted for publication in Comments 

in At. Mol. Phys. 
3) T. Kambara et al.: This report, p. 75. 

129 



RIKEN Accel. Prog. Rep. 28 (1995) 

Attenuation Length of Scintillation Photons in 
Liquid Rare Gases and their Mixtures 
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Liquid xenon (LXe) is very suitable for radiation de­
tectors of gamma-rays and energetic particles because 
of its large density and high atomic number. LXe can 
be operated not only as ionization detectors but also 
as scintillators. It has a large light yield (6.8 x 104 pho­
tons/MeV) and fast decay time (3- 20 ns).l) Therefore 
it will be possibly used in nuclear and particle physics 
in near future. The critical factors for detection of LXe 
scintillation photons are the reft.ection of the scintilla­
tion light (174 nm) on detector walls and the attenua­
tion length of the light in the liquid. 

In order to investigate the above factors separately, 
we have developed an almost complete anti-reft.ector, 
which has a zigzag shaped surface so that the incident 
light does not go out from the surface due to multi­
ple reft.ection.2) An 80 cm long scintillation detector 
was used and the reft.ector was installed in the cham­
ber. To measure the attenuation length, heavy ions 
from the RIKEN Ring Cyclotron were entered at dif­
ferent positions in the chamber. The scintillation pho­
tons produced in the liquid were detected by a photo­
multiplier after the wavelength in a VUV region was 
shifted to visible with sodium salicylate coated on a 
Pyrex window. Ions of 12C and 14N with the energy 
of 135 MeV/nucleon and 15N with the energy of 115 
MeV /nucleon were used. Ranges of ion tracks in the 
liquids are estimated to be 20 mm to 40 mm, depending 
on the combination of incident ion and liquid. Details 
of the apparatus including a gas purification system 
are described in a previous report.3) 

Previously3) the attenuation length of scintillation 
photons in LXe was reported to be about 30 cm which 
is rather short compared with the value we expected. 
Therefore we have measured the attenuation lengths in 
other rare gas liquids and their mixtures to understand 
the result for LXe. 

The light yields obtained experimentally were nor­
malized to the solid angle for photon detection and 
plotted in Fig. 1 as a function of the distance between 
the heavy ion beam and the Pyrex window. From the 
position dependence of the relative light intensity, the 
attenuation lengths were calculated. The values are 
68 cm in liquid argon (LAr), 84 cm in liquid krypton 
(LKr), 30 cm in LXe, 200 cm in LAr + Xe (3%) and 
130 cm in LKr + Xe (3%). These results are summa­
rized in Table 1. The table shows a matrix of the host 
liquids and the wavelengths of the scintillation. 

The wavelengths of the scintillation are 128 nm, 147 
nm and 174 nm in LAr, LKr and LXe, respectively. 
In Ar-Xe mixture or Kr-Xe mixture with enough con-
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Fig. 1. The measured light intensity divided by the solid 
angle versus the distance between the ion track and the 
Pyrex window. The relative light intensity is normal­
ized to unity at the distance of 137 mm. 

Table 1. The attenuation lengths in cm of the scintillation 
photons. 

Liquid 

Argon 
Krypton 
Xenon 

Wavelength 
128 nm 147 nm 174 nm 

68 200 
84 137 

30 

cent ration of Xe, the wavelength of the scintillation is 
converted to 174 nm from Xe excimers through the 
energy transfer from Ar or Kr molecules to Xe. 

Comparing the results for different wavelengths in 
the same host liquid, which means the same molecular 
structure and the same temperature, one can see that 
the scintillation light with the longer wavelength has 
the longer attenuation length both in LAr and LKr. 
One of possible explanations for this tendency may be 
the Rayleigh scattering of photons with liquid atoms. 
The scattering cross section has the wavelength depen­
dence as the inverse forth power under an approxima­
tion, and the relation of the attenuation lengths ex­
perimentally obtained for different wavelengths is con­
sistent with the scattering. If the present light atten­
uation is due to the scattering, one can collect most 
of photons including scattered photons by using reft.ec­
tors on the detector wall or by doping the liquid with 
wavelength shifters. So, further study to measure the 
light collection with reft.ection mirrors will be done. 
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A Blow-in Type Windowless Gas Target 

K. Sagara, A. Motoshima,* H. Akiyoshi,* N. Nishimori, and K. Maeda 

A new-type windowless gas target has been designed 
to produce a fairly thick target having a low gas­
consumption rate. As shown in Fig. 1, the gas is blown 
into a target cell from both the upstream and down­
stream ends of the cell (cylindrical sections of 6 mm 
in diameter) through inclined narrow gaps. The gas 
back-flowing out of the cylindrical sections is pumped 
out by two mechanical booster pumps (MBPI-2) and 
by three turbo-molecular pumps (TMPI-3). 

psi P4 I P3 I P2~ I P3 I P4 I Ps 
beam ): ~ p; • 

TMP21 TMP1 I MBP2 I MBP1~~ I MBP21 TMP1 ITMP3 
I I I I I I 

0 Scm 

Fig. 1. A blow-in type windowless gas target. The 
back-flowing gas is evacuated by two mechanical 
booster pumps (MBP) and three turbo-molecular 
pumps (TMP). A blow-out gas target is realized by in­
jecting the gas through the side wall at target center. 

In the differentially-pumped windowless gas tar­
gets l ) so far developed, the gas is blown out from the 
center of the target cell. The present blow-in gas target 
(BIGT) is superior to the previous blow-out gas target 
(BOGT) in confining the gas. Figure 2 shows that 
the gas (N2) pressure at the target center, pI (see Fig. 
1), of BIGT is about twice higher than pI of BOGT 
when the pressure p2 (see Fig. 1) is the same. This 
means that the target thickness of BIGT is about twice 

0.'5.---~--~--~--~--~--~--~--. 

---CQ 0.' c... 
~ 
N Blowout 
c... 0 

0.05 
in 
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Fig. 2. Gas pressure pI at the target center versus the 
pressure p2 at the first pumping section (see Fig. 1). 
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thicker than that of BOGT for the same gas flow rate, if 
the gas distribution is the same in the both cases. The 
gas pressure along the beam axis was measured using 
the elastic scattering of protons at 90°. Figure 3 shows 
clearly that BIGT has a desirable flat-top distribution 
whereas BOGT has a gradually-dumping distribution. 

The present pumping speeds of MBPI and MBP2 
are 330 and 600 m3 /hr, respectively, and that of each 
TMP is 520 lis. For N2 gas, the maximum of the 
pressure pI is now limited to 1.6 kPa by the pumping 
speed of TMPl. To increase pI for N2 (4He) up to 4 (2) 
kPa, some of the pumps need to be replaced by more 
powerful ones. The effective target length is about 3 
cm at present (see Fig. 3). It is easy to increase the 
length up to, for example, 10 cm. The N2-gas thickness 
of 4 kPa x 10 cm corresponds to 0.5 mgjcm2. 
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Fig. 3. Target gas pressure along the beam axis. 

From the present data, the gas-flow for BIGT of 4-
kPa N2 is estimated to be about 0.8 m3 jhr, which is 
considerably less than the flow of 25 m3 jhr necessary 
for a N2-gas jet target of 0.5 mg/cm2 in thickness.2) 

BIGT will be useful for low-energy experiments such 
as in astro-nuclear physics, and for secondary-beam 
production with very high-intensity primary beams. It 
also has a possibility to be used as a charge stripper 
for intense heavy-ion beams. 
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Observation Program of Cosmic Ray Ions with 
the First Brazillian Scientific Satellite 

T. Kohno, T. Imai, H. Kato, 1. Yamagiwa, and K. Nagata 

The first Brazillian scientific satellite is planned to 
be launched on October 1996. We plan to promote a 
joint experiment for cosmic ray observation in collabo­
ration with University of Campinas (UNICAMP) and 
National Institute of Space Research (INPE: Instituto 
Nacional de Pesquisas Espaciais). The planned orbit 
is a sun synchronous circular orbit with 800 km alti­
tude and 99° inclination. This is a piggyback satellite 
of a main remote sensing satellite. The total payload 
is only 10 kg, and three or four instruments will be 
accepted to be onboard. Because of the very severe 
condition of weight , we concentrate our purpose on 
the observation of elemental composition of anomalous 
cosmic ray (ACR) where C - Ne will play an important 
role. 

It is already confirmed that the ACRs are singly 
ionized whereas the galactic cosmic rays (GCRs) are 
fully stripped nuclei. Therefore the magnetic rigidity 
of ACR in the geomagnetic field is much greater than 
that of GCR in the same energy range. That means 
ACRs can be observed at a low latitude where GCRs 
cannot come from the outer space. This is a great 
merit for a near earth orbiting satellite such as this 
case. 

From our former experience,1) we know that elemen­
tal separation for medium nuclei (C,N,O,Ne) is possi­
ble even if we do not use position sensitive detectors 
if we limit the acceptance angle (() in Fig. 1) within 
some limited value. We can save the electronic circuit 
weight by omitting PSDs (reducing the number of sig­
nals). Shown in Fig. 1 is a cross sectional view of the 
telescope. As shown here, we adopt a bidirectional en­
trance structure so that we can double the geometric 
factor by adding only one more tl.E detector. This 
method is usually very difficult to use because we have 
to clear the field of view for two opposite directions. 
But it is rather not so difficult in case of the satellite 
of a very small size, one side of the satellite being not 
too larger than the size of the telescope itself. 

If we take the value of () to be very small, the par-

01 02-06 07 

Fig. 1. Cross sectional view of the telescope. Particles 
coming in from both sides can be observed. 
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ticle identification umbiguity due to pathlength distri­
bution in the penetrating detector can be very small, 
that means good resolution. But we can get only a very 
small geometric factor, that means very small collect­
ing power which leads to poor satistics. And if we take 
large (J, the resolution becomes bad vice versa. In or­
der to obtain the optimum value of (J, we carried out 
numerical simulations assuming isotropic entrance and 
cosmic ray abundance of elements. We show one of the 
results of this simulation in Fig. 2. We decided (J to 
be 25° from these results of simulation. The geometric 
factor for this design is rv3 cm2 
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Fig. 2. One of the results of numerical simulation for 
the particle separation ability of the telescope. Only 
particles heavier than helium are originated. This is a 
scatter plot of energy losses in D1 vs. D2 for the events 
stopped in D2 for the case of B = 20°. We can see that 
the elemental separation up to Ne is clearly possible. 

The telescope consists of two thin tl.E detectors lo­
cated at the front of both sides and five .&detectors 
located at the midst of them (Fig. 1). The tl.E de­
tector has an effective area of 48 mm x 48 mm and a 
thickness of 0.25 mm. The .&detector has a size of 28 
mm x 28 mm and a thickness of 1 mm. The observ­
able energy by this assembly is 14- 54 MeV/nucleon 
for ° for example. The total weight will be rv3 kg to­
gether with the telescope and electronics. We need to 
carry out nuclear calibration of the whole instrument 
by using heavy ion beams from RRC before launch. 
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Collinear Resonance Ionization Spectrometer 
with Diode and UV Lasers 

M. Kubota,* H. Katsuragawa, T. Minowa,* and H. K. Uematsu** 

In a past decade we have been developing a 
highly sensitive detection method and efficient at­
omizers for metal elements in resonance ionization 
spectroscopy. 1,2) As a next step we are constructing 
a collinear resonance ionization spectrometer with a 
diode laser and a UV laser. 

The experimental setup is shown in Fig. 1. A 
collinear beam arrangement is employed because this 
arrangement is capable of doppler tuning. A Li ion 

DIODE LASER 

beam sUJ?plied with a surface ion source is neutralized 
in a charge exchange cell. The first step excitation 
of the resulting Li atomic beam is carried out with 
a 670.8 nm diode laser which corresponds to the 28-
2p transition of Li. The second step excitation of Li 
atoms to ionization continuum is achieved with a N2 
laser radiation (377.1 nm). In this manner Li atoms 
are ionized again and a resonance ionization spectrum 
of Li can be observed by high-resolution diode lasers. 

CHARGE EXCHANGE CELL ION SOURCE 

{DETECTOR 

~ 
Fig. 1. Schematic diagram of collinear resonance ionization spectrometer. 

Now the surface-ionization ion source is running and 
the maximum ion current of 200 nA has been attained 
for Ba. For Li the maximum ion current is estimated 
to be a few nA. Neutralization of a Ba ion beam in the 
charge exchange cell has been successfully performed. 

Faculty of Science, Toho University 
Tokyo Gakugei University 
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Design of Tritium Gas Handling System for Muon Catalyzed 
Fusion Experiment at RIKEN-RAL Muon Facility 

T. Matsuzaki, K. Ishida, 1. Watanabe, K. Nagamine, M. Kato ,* K. Kurosawa,* 
M. Hashimoto,* M. Tanase,* and H. Kudo** 

For the muon catalyzed fusion (J-LCF) experiment at 
RIKEN Muon Facility of Rutherford Appleton Lab­
oratory in U. K. , a high purity D-T gas target , free 
from 3He component, is in preparation in order to per­
form precise measurements of a-sticking probability in 
a J-LCF cycle. The 3He is a daughter nucleus of tritium 
(T) and does terminate the J-LCF cycle because a nega­
tive muon is captured by a doubly electrically charged 

HzO-'-l 
AT _ L._ 

He 

3He nucleus. For this J-LCF experiment, a tritium gas 
handling system has been designed and is now under 
construction. 

The proposed flow diagram and the inner layout of 
the equipment are shown in Figs. 1 and 2. The gas 
handling system is constructed in a glove box and con­
tains the following equipments; a tritium gas cylinder, 
a duterium gas cylinder, uranium getters, a palladium 

Ii~~--------~~Ne 

G 6 tD atock 

'--_______ ~ __ e_-+_'_tD.atock 

T,1IIum 
mlllitor 

Fig. 1. Proposed flow diagram of the tritium gas handling system. 

filter , a cryo-trap, a cryopump, titanium getters, a 
radio-gas chromatograph, a buffer tank of a constant 
volume, buffer tanks, in-line tritium monitors , a glove 
box tritium monitor , a turbo molecular pump, a dry 
pump, a helium leak detector, and their control sys­
tem. A tritium clean-up system employing ZrFe get­
ters to circulate the glove box inner gas (Ar), which is 
not shown in the figure , is connected to the glove box 
for possible leakage of tritium gas. 

The target gas purification is performed by utilizing 
a uranium getter, a cryopump, a palladium filter and 
a cryo-trap. The radio-gas chromatograph includes an 
ion chamber to make hydrogen isotope analysis. 

The gas handling system is installed in RIKEN 
Muon Facility and is directly connected to the J-LCF 
target chamber, where gas purification to remove 3He 
component and formation of the D-T gas mixtures are 
conducted at the experiment site. 
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Production Tests of Radioisotope Beam by 
SLOW Beam Channel 

T. Matsuzaki, R. Kadono, K. Ishida, A. Matsushita, and K. Nagamine 

A low-energy radioisotope beam channel "SLOW" 
has been developed at RIKEN Ring Cyclotron. The 
main goal of this beam line was not only for the study 
of emission mechanisms of various low-energy ions from 
a characterized metal surface of the primary target, 
but also for the generation of radioactive ion beams for 
surface-physics studies of the secondary target. The 
detailed design, construction and performance are de­
scribed in Ref. l. 

After the various improvements of the beam line,2) 
the test experiments were performed to produce ra­
dioactive ions from a tungsten metal surface by the 
nuclear reactions using argon and nitrogen beams from 
RRC. 

For the primary target , two types of tungsten foil 
were used; a foil with a thickness of 50 J.lm and a multi­
folded foil with an effective thickness of 500 J.lm (25 
J.lm x 20). The targets were directly heated up to 2000 
K by introducing a DC current and were irradiated by 
40 Ar beam (95 MeV I A) and 14N beam (135 MeV I A) 
to observe the produced ions by nuclear reactions. The 
vacuum at the targets was 10-7 to 10-8 torr during the 
beam irradiation. In the experiment, hydrogen and 
oxygen gases were introduced to the target in order to 
change the surface condition and then the produced 
ion yields were measured. 

In the obtained spectra, alkaline ions naturally exist­
ing at the target surface were clearly observed but any 
significant signals of the ions associated with nuclear 
reactions by the beam irradiation were not observed. 

In the transmitting type target employed in this 
experiment , the nuclei which are originally produced 
by the ' target fragmentation mechanism in thin target 
materials were expected to be thermally diffused to 

the surface to make surface ionization. The possibil­
ity of this process was proved to be very small in the 
experiments. Another experiment using fully or par­
tially beam stopping type targets should be conducted 
to investigate the possibility of this process. 

The production yield which is known experimentally 
was found out to be much smaller compared with the 
E7 room background, even after the installation of a 
radiation shield around the detection point. The room 
background was proved to be dominated by the compo­
nents from the switching magnet and the beam dump 
in E7. The best way to solve the problem is considered 
to extend the SLOW beam line in order to transport 
the produced ions to a low background area to deter­
mine the yields precisely. The detector should be also 
modified to minimize the effective volume to improve 
the SIN ratio. 

From the technical point of view to produce ra­
dioactive beams more effectively, a major modification 
might be required for the SLOW beam channel; the 
production part of radioactive nuclei and their ioniza­
tion part should be separated like ISOLDE at CERN 
where the ionization part is expected to contain vari­
ous types of ionization device. 

After some relevant modifications of the SLOW 
beam channel, this experimental program will be 
restarted. 
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Construction of a Heat-Pipe Oven System for Laser Spectroscopy 
of Radioactive Isotopes 

H. Maeda and F. Ambe 

The heat-pipe oven was originally developed by Vi­
dal and Cooper!) for the purpose of confining metal 
vapors in an optical cell to perform a variety of spec­
troscopic measurements on metal atoms. The signifi­
cant feature of this device is that a homogeneous va­
por of well-defined temperature, pressure, and optical 
path length can be generated and confined in a cell for 
a considerably long period of time without losing any 
transparency of optical windows. Since temperature, 
pressure, and optical path length of the confined va­
por can be controlled easily and measured accurately, 
the heat-pipe oven is available for quantitative spectro­
scopic measurements of atoms. Also, to use this device 
is advantageous for the detection and measurements 
of an extremely small amount of atoms. This is be­
cause, firstly, atoms are confined inside of the cell and, 
secondly, the thermionic diode, an extremely sensitive 
detector for ionized atoms, is optimally applicable. 2,3) 

It should be noted that the heat-pipe oven in conjunc­
tion with the thermionic-diode detector has also been 
a well established tool for high-resolution Doppler-free 
spectroscopy of alkali-metal and alkaline-earth-metal 
atoms.4) 

Recently, we have constructed a heat-pipe oven sys­
tem to investigate radioactive isotopes, radioactive de­
cays, nuclear reactions, etc., by the methods of laser 
spectroscopy. There are many important experiments 
that will be possible if adequate numbers of radioac­
tive atoms of interest are confined in an optical cell 
for a sufficiently long time. One example is the laser 
spectroscopy of nuclear decay fragments. 5) Employing 
the heat-pipe oven in such experiments is very promis­
ing due to the several characteristic features described 
above. 

Figure 1 shows the schematic diagram of our exper­
imental setup. Briefly, it is composed of two pulsed 
Ti:AI20 3 lasers pumped by the second harmonic of 
a Q-switched Nd:YAG laser with a maximum output 
power of 200 mJ per pulse at 532 nm and repetition 
rate of 10 Hz, a heat-pipe oven, and a data-acquisition 
system which consists mainly of an amplifier, a gated 
integrator, and a personal computer. The Ti:AI20 3 

laser has a tuning range from 690 to 950 nm with 
a maximum power of about 20 mJ per pulse and a 
linewidth of less than 0.1 cm -1. A design of the heat­
pipe oven is basically similar to that described in Ref. 
1. It is equipped with a 3.5-cm-inside-diameter, 90-cm­
long stainless-steel tube which has a 5-cm-Iong glass 
portion in the middle and optical windows at both 
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ends. The tube is connected to a vacuum system so 
that it is evacuated up to 10-6 Torr and filled with 
10-2- 10 Torr of He buffer gas. This buffer gas and 
water coolings at both ends of the tube playa role to 
prevent the deposition of metal on the windows. The 
tube is heated electrically up to about 650 K. For mea­
suring and detecting spectral lines of atoms we employ 
a photomultiplier as well as a thermionic diode ion de­
tector. In particular, to activate the thermionic diode 
detector a 0.5-mm-diameter tungsten wire is inserted 
along the center of the tube and negatively biased (a 
few V) through a 100-kO load resistor. In this manner 
the pipe acts as a diode with a tungsten wire being 
the cathode and the wall of the pipe being the anode. 
Then changes in the diode current due to ion forma­
tion is detected as voltage changes through a O.OI-J.LF 
capacitor. 

H.-pipe Oven .-Wire Electrode 
C R CooIiDII Window 

----l - Wider 

To DHrusion Pump 

\ 

-BulrerGas 
Inlet 

Fig. 1. A schematic diagram of the experimental setup. 

As a preliminary experiment we have successfully 
observed the multi photon ionization spectrum of stable 
133CS atoms. Application of the setup to investigate 
the radioactive atoms is now under progress. 
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In situ Analysis of Liquid Samples by Vertical Beam PIXE 

J. Kawai and K. Maeda 

Particle-induced X-ray emission (PIXE) spectrome­
try has an advantage that it is sensitive to heavy metals 
in a light element matrix such as liquid or biological 
samples. Liquid samples are one of the good targets of 
PIXE, and the beam should be vertical and the mea­
surement should be carried out under a non-vacuum 
condition. 

We have constructed a vertical beam line at RILAC 
for measuring PIXE of liquid samples. The horizon­
tal ion beam was bent by a magnet, and came out 
in air through aluminum exit foil (6 J.Lm) as shown in 
Fig. 1. The details of the exit foil have been described 
earlier. 1) The aluminum foil was insulated from ground 
level of the beam line to measure the current of ion 
beam going through the foil. The detector used was 
an Si(Li) solid state detector. The ion beam current 
measured by a Faraday cup was 10- 100 nA/cm2 for 8 
MeV He+ in vacuum. The ion energy at the surface 
of liquid after traveling in aluminum foil and air was 
estimated to be 20% lower than that of in vacuum. 
The integral beam current was monitored by currents 
induced in the aluminum foil and in the sample. 

Ground floor 

Underground 

Faraday cup 

~~~~= Fluorescent screen . .. 

Fig. 1. Schematic illustration of the experimental setup. 

The samples measured were, (1) aqueous solutions of 
various concentrations of Cu2+, Sr2+, Ca2+, and Cr3+ 
(30-10000 ppm) with N03-, (2) milk, and (3) "Du 
Zhong" tea (Tochuu-cha). The samples (2) and (3) 
were expected to have a high Ca2+ concentration. Re­
cently in Japan, "Du Zhong" tea is one of the healthy 
beverages. Representative measured spectra of sam­
ples (2) and (3) are shown in Fig. 2. The concen­
trations determined from the calibration curve made 
by the aqueous solutions of various concentrations of 
Cu2+, Sr2+, Ca2+, and Cr3+ ions were Ca2+ 1100 ppm 
(nominal, 1000 ppm), K+ 890 ppm, and CI- 250 ppm 
for milk, and Ca 2+ 70 ppm for Du Zhong tea. 
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Fig. 2. Representative PIXE spectra of milk and "Du 
Zhong" tea. 
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X-ray Satellite Caused by Radiative Auger Effect 

K. Maeda and J. Kawai 

In highly-sensitive element analysis by X-ray spec­
trometry, satellite X-rays often obstruct the detection 
of trace elements. We have reported low-energy satel­
lites accompanying the main Ka line in X-ray spectra 
excited by He-ion (8 MeV) impact. I) In this report, 
measurements of the same satellites excited by an X­
ray tube are reported. 

Samples were high purity metallic Ti, V, Fe, Cu, 
and Zr, and powders of CaF2 , Ti02 , and RbF. X-ray 
spectra were measured with a conventional X-ray fluo­
rescence (XRF) spectrometer of Bragg type [Rh anode 
tube (30 kV and 10-40 rnA) and Ge(lll) or LiF(200) 
analyzing crystal]. 

Representative XRF spectra are shown in Fig. 1 
along with the spectrum obtained by the He-ion im­
pact. A weak broad peak was observed in the energy 
region corresponding to K-LL Auger transitions in all 
these spectra. The energies and intensities of the peak 
relative to the Ka line measured by the three different 
procedures were almost the same. From the peak en-
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Fig. 1. X-ray spectra in the low-energy region of V Ka 
obtained from vanadium metal. L X-rays of Sn were 
considered to be emitted from the sample holder. 
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ergy, intensity and spectral shape, these peaks were 
attributed to the K-LL RAE (radiative Auger effect) 
satellites. 

The K-LL RAE satellite was found in all spectra 
measured here. The intensities of the RAE satellites 
are summarized in Table 1 with the reproducibility 
(standard deviation) of the measurements. The data 
obtained by the He-ion impact is also given in the ta­
ble. The integrated intensity was estimated after sub­
tracting the background and correcting the matrix ef­
fects and detection efficiency. The range of integra­
tion was fixed to be twice of the energy separation 
between the highest ep 2 K-L3L3) and lowest eSo K­
LILI) Auger energies. The K-LL RAE/Ka intensity 
ratio was between 0.05-0.2% for elements of atomic 
number Z = 20-40. This means that neglect of the 
K-LL RAE satellites will introduce a serious error in 
trace analysis. There was no significant difference in 
the intensity ratio due to the differences of chemical 
species and excitation methods. 

Table 1. Relative intensity of the K-LL RAE satellite to 
that of the Kal,2 line . 

Z Element Sample Excitation X-ray Integrated 
source spectrometer intensity (%) 

20 Ca CaF2 Rh X-rays Ge crystala)-PCb) 0.09±0.01 
He ions Si(Li) SSD 0.17±0.03 

22 Ti Ti Rh X-rays Ge crystal-PC 0.20±0.05 
Ti02 Rh X-rays Ge crystal-PC 0.17±0.03 

Ti Rh X-rays 'LiF crystalc)-pC 0.22±0.02 
Ti02 Rh X-rays LiF crystal-PC 0.19±0.02 

23 V V Rh X-rays Ge crystal-PC 0.19±0.03 
Rh X-rays LiF crystal-PC 0.23±0.03 
He ions Si(Li) SSD 0.20±O.O4 

24 Cr Cr He ions Si(Li) SSD 0.12±0.02 

25 Mn Mn He ions Si(Li) SSD 0.08±0.O2 

26 Fe Fe Rh X-rays LiF crystal-PC O.O5±O.Ol 
He ions Si(Li) SSD 0.07±0.Ol 

29 Cu Cu Rh X-rays LiF crystal-PC 0.20±0.Ol 

37 Rb RbF Rh X-rays LiF crystal-PC 0.05±0.01 

40 Zr Zr Rh X-rays LiF crystal-PC 0.05±0.01 

a) Bragg spectrometer with a flat Ge(111) analyzing crystal. 
b) proportional counter. 
c) Bragg spectrometer with a flat LiF(200) analyzing crystal. 
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Analysis of Trace Elements in Fish Otoliths by In-Air PIXE 

N. Arai,* w. Sakamoto,* and K. Maeda 

Fish otoliths in the inner ear detect or control the 
acceleration and position of the fish and are composed 
of a calcium carbonate-protein or calcium-phosphate­
protein matrix as a needle aragonite crystal. Thace 
elements in the otoliths were known to be a good in­
dicator of ambient environment. Many studies have 
been therefore carried out using SEM-EDX or SEM­
WDX. Gunn et aLl) reviewed these analytical tech­
niques and reported that EDX systems were not suit­
able for quantitative analysis of trace elements «5000 
ppm) in otoliths and WDX systems were able to mea­
sure elements such as Ca, Na, Sr, K, S, and CI to levels 
of several hundreds ppm, but the analyses damaged 
specimens and caused pitting and chemical change. 
We adopted in-air PIXE (Particle Induced X-ray Emis­
sion) in trace elements analysis of otoliths from several 
species of teleost fish. 

Otoliths were removed from juvenile red sea bream, 
Pagrus major, and rockfish, Sebastes schlegeli. The red 
sea breams were reared in three different sea-farming 
stations, Momoshima (MS) and Hakatajima (HT) in 
the Seto Inland Sea and Miyazu (MZ) in the Sea of 
Japan. Two different origins of rockfish were exam­
ined; one was reared in Miyako sea-farming station 
and the other was caught in Miyako Bay in I wate Pre­
fecture. Otoliths surfaces were not cut nor polished 
and bombarded in air by a 1.6 MeV proton beam gen­
erated in the Tandetron accelerator of RIKEN. Two 
types of graphite collimators, 1- and 3-mm in diame­
ter, were used in order to regulate the spot size of the 
proton beam. These collimators were insulated from 
an aluminum exit nozzle using a polyethylene sheet. 
The proton beam was brought out from the vacuum 
system .into air through a 6-J.Lm thick Al foil, and trav­
eled 10-mm in air to the target. Path lengths in air 
and the Al foil caused a reduction in the proton en­
ergy from 1.6 MeV down to 1.16 MeV and spread the 
beam spot to diameter of about 1.2 mm. The beam 
intensity was monitored by collecting charge from the 
Al foil. X-rays emitted from the target were detected 
with a lithium-drifted silicon, Si(Li), made by EG&G 
Co. through a 74-J.Lm Al absorber in order to atten­
uate X-ray intensities of CaKa and CaK,8 and an 8-
J.Lm thick beryllium window. The distance was 19 mm 
between the top of the Si(Li) crystal and the beam 
spot on the target. The detector position was kept 
at 135° with respect to the incident beam direction. 
PIXE spectra were measured by monitoring a beam 
current and accumulated for a total beam charge of 
10- 20 J.LC. The PIXE spectral intensities were analyzed 

Faculty of Agriculture, Kyoto University 

after subtracting background by means of the com­
puter program BATTY in PIXAN. 2) Concentrations 
of trace elements in the otoliths were estimated with 
the aids of theoretical X-ray yield calculated by the 
computer program THICK in PIXAN. Experimental 
errors were examined by using standard argillaceous 
SRM-1C certified by the NIST. 

Table 1 shows concentrations of trace elements in 
otoliths from red sea bream.3) There is a significant 
difference between concentrations of Sr (P < 0.0001) 
and Zn (P < 0.01). This difference appears due to 
ambient seawater temperatures, I.e. MS: 26.6 °C, HT: 
22.0 °C and MZ: 22.7 °C. Table 2 shows concentrations 
of trace elements in the rockfish otoliths. There is a 
clear difference between reared fish Sr concentrations 
and wild ones (P < 0.001). Although we have no di­
rect environmental data to explain this difference, it is 
important that we can distinguish artificial fish from 
wild fish by means of the analysis. 

Table 1. Number of specimens and mean trace element 
concentrations in otoliths from red sea bream reared in 
three stations, ppm ± s.e. 3

) 

Station N Sra ) Fe Mn Zna ) 

MS 29 2332±41 248±35 68±12 128±15 
HT 27 1752±32 194±31 60±6.6 65±9.5 
MZ 36 1635±32 170±14 43±4.9 103±10 

a) Kruskal-Wallis test, Sr: P < 0.0001, Zn: P < 0.01. 

Table 2. Number of specimens and mean trace element 
concentrations in wild rockfish otoliths and reared ones, 
ppm ± s.e. 

N Sra ) Fe Mn Zn 
Wild 19 1719±44 63±15 9±1.5 45±6.4 

Reared 13 1547±36 41±7.4 9±1.9 36±5.9 

a) Student's t-test, p < 0.001. 
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Microstructure and Chemical Composition of 
Duckbilled Dinosaur Eggshell 

K. Tazaki,*1 M. Aratani, S. Noda,*2 P. J. Currie,*3 and W. S. Fyfe*4 

A dinosaur eggshell with preserved embryonic bones 
has provided a clear record of micro-structure, miner­
alogy and chemistry of the eggshell. Six fragments 
of a duckbilled dinosaur eggshell collected from Al­
berta, Canada, were analyzed using X-ray powder 
diffraction, a scanning electron microscope (SEM), 
an energy dispersive analyzer, a transmission elec­
tron microscope (TEM), and heavy-ion probe Ruther­
ford scattering.1) Radial and tangential thin sections 
of two shell specimens showed two layers which were 
mainly composed of calcite with traces of apatite and 
aragonite. Silicate and iron oxides were also precip­
itated on outer surfaces, whereas apatite was pre­
cipitated between the two layers by diagenesis (Fig. 
1). The presence of Fe, Cu, and Zn, detected by 
energy dis-persive analysis, suggests the presence of 
hematite, goethite, pyrite and Cu-Zn oxides which 
were a result of fossilization. Under the SEM, struc­
tural eggshell morphotype shows characteristic fea­
tures of hadrosaurs, including irregular pore canals, 
columns, and crescent-shaped mammillary layers and 
cones. The outer surfaces of the shells show the typical 
columnar structure with pore openings. The organic 
material on the inner surface of the eggshell showing a 
mesh-like structure is interpreted as a fossilized mem­
brane (chorion) of the eggshell. This would be the 
first record of such a delicate fine structure. Mosaic 
and lamellar deformation features of calcite show 3.85 
A(102) lattice images, apparent from high-resolution 
TEM. Rutherford scattering analysis reveals that the 
eggshell contains C, 0, Si, Ca, Fe, and some heavy 
elements, together with a trace of iridium.2) The pres­
ence of iridium and the pathological repetition of lay-

*1 Department of Earth Sciences, Kanazawa University 
*2 Institute of Industrial Science and Technology, Shimane 
*3 Royal Tyrrell Museum of Paleontology, Canada 
*4 Department of Earth Sciences, University of Western On­
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Fig. 1. EDX line scanning analyses of the dinosaur 
eggshell sample 2; RTMP 87.79.85 at line A-B. High 
Si with Fe elements concentrated on outer surface, 
whereas high P with Ca elements concentrated between 
two layers. 

ers of Hadrosauria's eggshell may suggest that grad­
ual environmental changes adversely affected the re­
productive process. 
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Heavy-ion Rutherford Scattering Applied to 
the Investigation of Fire Causes 

K. Sato, H. Honda,* J. Ushimaru,* M. Yanokura, K. Maeda, and M. Aratani 

Heavy-ion Rutherford Scattering (HIRS) has been 
applied to the investigation of fire causes. 1-3) The 
Tokyo Fire Department performs a thorough investi­
gation for decision of fire causes. Recently, fires caused 
by one-push igniter types of gas tables have increased 
in number, and occupied ranks within the upper third 
in the Tokyo Metropolis. 

Usually, we observe soot deposited on the surface of 
a brass rod for ignition of the gas table with microscope 
to decide whether gas has been burned or not before 
the fire. But, this method is not advantageous, because 
even soot might have been burned by fire in cases above 
a certain scale. 

Thus we have employed the HIRS as an available 
method. The HIRS method enables us to decide 
whether the gas table has caused fire or not, depend­
ing on the distribution of oxygen atoms in the surface 
layer of the brass rod. The rod is equipped in the gas 
control valve and has a diameter of 3 mm and a length 
of 39.5 mm. 

A 50 MeV Ar6+ beam of about 250 nA was used 
as incident particles. The beam size was 0.2 mm x 
2 mm. We set a sample holder with the brass rod 
on the center of a scattering chamber, and a slit was 
located in front of the sample holder. Detector A for 
recoiled hydrogen, oxygen and carbon ions was located 
at 30° to the incident argon ion beam. Detector B for 
scatterd argon ions was set at 40° (Fig. 1). 

Target Beam 
30' 

Dete~:·~~;:;··~···~;·;~·····~········ 
\ 

D{~ 
350mm 

Fig. 1. Experimental apparatus. 

Figure 2 was obtained with the gas table (in use 
before fire) that was subjected to an artificial fire. 

The spectra are able to be transferred to the ratio 
of oxygen atoms to zinc and copper atoms (Fig. 3). 
Oxygen contents were graded into three levels, A, B, 
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Fig. 2. Spectra for a standard sample prepared by an 
artificial fire. 
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Fig. 3. Oxygen atom distribution in the surface layer of a 
brass rod. 

and C, and they corresponded to the three regions on 
the brass sample. 
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RBS Study of Tb-Implanted Sapphire (I) 

M. Kumagai and M. I waki 

A study has been made of the luminescence during 
Tb-implantation in Ab03. The substrates used were 
colorless and transparent single-crystal Al20 3 with 
the (1- 102) surface. The surfaces of all wafers were 
mechanically polished before ion implantation. The 
Tb+ ion implantation was performed at an energy of 
100 keV with fluences between 1 x 1013 and 1 x 1017 

Tb/cm2 at room temperature. The beam current den­
sity was about 0.05 J-LA/cm2 . The luminescence owing 
to Tb3+ from Tb-implanted Al20 3 was seen during 
Tb-implantation. 

In order to clarify the mechanism of ion beam in­
duced luminescence of Tb-implanted A12 0 3, the com­
position, damage and Tb-Iattice sites in the Tb­
implanted layers of Al2 0 3 have been estimated by 
Rutherford backscattering spectroscopy (RBS). RBS 
spectra have been measured at room temperature by 
using 1.5 MeV He+ ions with a scattering angle of 1500

• 

Figure 1 shows the spectra obtained at an approx­
imately random direction of an implanted specimen 
with 3.5 x 1016 Tb/cm2 . The depth profile of implanted 
Tb+ showed a Gaussian-type distribution. The Tb­
dose calculated from the spectra is in good agreement 
with the nominal value of the implanted dose. The 
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standard deviation calculat from the FWHM of the 
Tb spectra is about 21.1 nm, which disagrees with the 
predicted value of about 6.2 nm by the TRIM-90 code. 
The depth corresponding to the Tb peak in the spectra 
is about 19.6 nm, which shows a smaller value than the 
projected range of Tb of about 23.4 nm predicted from 
the TRIM calculation. 
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Design of a Moisture Monitor Based on H-D Exchange 
in a Glass Surface Layer 

T. Nozaki,* T. Kobayashi,* M. Aratani,** and M. Yanokura 

Using heavy-ion ERDA and RBS, we formerly stud­
ied on the cation-by-hydrogen replacement in glass sur­
face layers (less than a few micrometer thickness) and 
on the H-D exchange in them. The rates of the two 
reactions were highly dependent on the glass composi­
tion, and the exchange for some soda-lime silicate glass 
was found to be very slow at room temperature but al­
most completed in an hour at 80 DC.!) Based on these 
results, we have designed a time-integration monitor 
unit for moisture in dry soils; it is shown in Fig. 1. A 
chip of the deuterium-replaced soda-lime glass , a crop 
of a highly soluble salt (e.g., LiCI, CaCI2 , KI, or NaBr), 
and a known, small amount of D20 are contained in a 
small box (e.g. , 1.5 cm diameter, 2 cm height) with a 
window of a porous membrane. 

Tight Cap 

~ 
I POf"(JU' Memhrane 

Protect ion j\ rt 

............................ + .......... . 

Fig. 1. A monitor unit for moisture vapour pressure in 
the soil. 

Let us first assume that (1) the temperature and the 
moisture vapour pressure outside are constant, (2) the 
permeation constant through the film , I, is the same 
for H2 0 and D20 vapours, and the permeation is slow 
enough as compared with the time for the entering 
H20 to mix with the D2 0 and for the outgoing D20 to 
diffuse away. Then we can set up a pair of simultaneous 
differential equations, 

-d[D]/dt 

d[H]/dt 

I Vin[D]/([H] + [DJ) , 

I Vout - I Vin[H]/([H] + [D]) , (1) 
where [D] and [H] are the quantities of D and H as wa­
ter in the box, and Yin and Vout are the water vapour 
pressures inside and outside of the box, respectively. 
Equations (1) can be solved easily, and give the rela­
tion, 

[H]/[D] = {I + (R - l)tlr }R/(R-l) - 1, (2) 

where R = Vout/Vin and r = ([H] + [DJ)/I Yin' Figure 
2 shows the relationship between [H]/[D] and R for 
some values of tlr. Fairly linear dependence is seen of 
[H]/[D] on R and tiT, for [H]/ [D] < 0.3 and T < 0.5. 
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Fig. 2. Dependence of HID ratio in the monitor box on 
the moisture vapour pressure and exposure time. For 
Rand r, see text. 

The value of I can be obtained from the weight gain 
of well dried molecular sieves separated by the mem­
brane from an atmosphere of a saturated salt solution. 
For a given I, T and R can be varied by selecting the 
salt and the quantity of initial D20. Now, ultrafiltra­
tion membranes of various characteristics are commer­
cially available. A disposable set of ultrafiltration un­
der centrifugation consisting of a tiny box with the 
membrane can be used for our set with little modifi­
cation. After being exposed to the environment, the 
monitor box is capped tightly and kept at 80 DC for 
an hour. The [H] I [D] ratio in the glass surface is then 
measured by ERDA. The ERDA spectrum for Hand D 
of uniform distributions can be obtained as rectangles 
under a measurement condition close to the condition 
we have used for a long time. From such spectra, we 
can obtain the [H]/[D] value easily and reliably. A 
value between 0.05 to. 0.25 is suitable for the measure­
ment, owing to the higher sensitivity of H than D in 
ERDA. 

The effect of temperature change in practical use is 
not so serious, because the temperature changes less 
in the soil than its outside and because I for a real 
gas is proportional to the 0.6th to O.8th power of tem­
perature. Also, a saturated solution of any salt, being 
attached under the cap, can be used as a reference sam­
ple for the monitoring. The vapour pressure in the soil 
of desert lands often seems to be given by a saturated 
solution of some salt. 

There are other possible uses of deuterated glasses 
for moisture monitoring. For example, a bare chip 
of deuterated Pyrex glass might be used for mois­
ture minotoring at a high temperature range (150 to 
230 DC).2) 
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Status Report of the Nuclear Data Group 

Y. Tendow, A. Yoshida, Y. Ohkubo, A. Hashizume, and K. Kitao 

The Nuclear Data Group has been continuing the 
following data activities since previous years.1) 

(1) Nuclear reaction cross-section data (EXFOR) 
Compilation of nuclear reaction cross sections in­

duced by charged particles into the EXFOR format has 
been continued. At the launching point of our group 
in 1983, the scope of compilation was confined to the 
nuclear reaction cross sections to produce only 20 ra­
dioisotopes commonly used in biomedical fields includ­
ing He, 13N, 150, 18F, 28Mg, 52Fe, 67 Ga, 68Ge, 74 As, 
77Br, 82Br, 77Kr, 81 Rb, 82mRb, 111 In, 123Xe, 127Xe, 
1231, 1241, and 1251. We have afterward widened the 
range of radioisotopes to some extent and also started 
to search comparatively important data not yet con­
tained in the EXFOR master file until that time. 

A considerable amount of old data not included in 
the EXFOR master as well as the data appeared in 
recent journals have been picked up and stocked in a 
queue library and the compilation is in progress at the 
same time. 

(2) Evaluated Nuclear Structure Data File (ENSDF) 
We have been participating in the ENSDF compila­

tion network coordinated by the Brookhaven National 
Nuclear Data Center (NNDC). The evaluation and 
compilation of A = 120 mass chain is now in progress. 
A = 129 evaluation has come back from the review at 
NNDC and is now in post-review by us. Mass chains 
A = 127 and 118 are now in the stage of review at 
NNDC. 

The Table of Isotopes (8th edition) is scheduled to 
be published by LBL and a draft of the part A = 118 
through 129 has been sent from them for a pre-review 
by the Japanese group. 

(3) Nuclear Structure Reference file (NSR) 
We are engaged in collecting and compiling sec­

ondary references (annual reports, conference proceed­
ings, etc.) appeared in Japan since the previous year 
into the Nuclear Structure Reference (NSR) file and 
sending it to NNDC. 

The compilation of 1993 annual reports has been 
completed and sent to NNDC. Secondary sources sur­
veyed this year are the following annual reports (in 
code name in NSR); RIKEN (RIKEN Aceel. Prog. 
Rep.), JAERI-TV (JAERI Tandem & V.D.G.), INS 
(INS Univ. Tokyo) , UTTAC (Univ. Tsukuba Tandem 
Aeeel. Center), RCNP (Res. Center Nucl. Phys., Os­
aka Univ.) , OULNS (Osaka Univ. Lab. Nucl. Study), 
and CYRIC (Cyclo. Radioisot. Center, Tohoku Univ.). 

(4) Others 
The IAEA Advisory Group Meeting on the Coor­

dination of the Nuclear Data Centers was held at the 
OECD Nuclear Energy Agency in Paris on 25-27 April 
1994. A proposal for restructuring of the going co­
operation network was made at the meeting and an­
other Special Meeting was given at NDS IAEA on 31 
October- 1 November to discuss and adopt a new agree­
ment for the general restructuring of the international 
nuclear data cooperation. 

Recent developments in performance of desktop PC 
and peripheral storage equipments should bring revolu­
tionary improvements in the use of nuclear data as well 
as in the evaluation or compilation methods of these 
data bases. Whole ENSDF data base, along with the 
NSR files, the Table of Isotopes (8th edition) and other 
special data bases such as Evaluated High-Spin Data 
File (EHSDF) , Evaluated Nuclear Chart Data File 
(ENCDF) etc. are going to be disseminated in a single 
CD-ROM disk. The disk should also include softwares 
which provide interactive access to them literally, nu­
merically and graphically on PC's with Macintosh, 
Windows or UNIX platform. Because of the rapidly 
increasing quantity of information, nuclear data are to 
be published more and more on electronic media such 
as CD-ROM from now onwards. 
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Evaluation of Nuclear Structure Data of A=120 

A. Hashizume, * K. Kitao, and Y. Tendow 

The experimental nuclear data concerning the mass 
number 120 have been collected and evaluation was 
made so as to obtain a reliable new data-set file. The 
last evaluation was published in 1987.1) The cut-off 
date of data collections of this publication was march 
1986. This evaluation was made for the data collected 
from 205 references cited therin. Since then, 62 studies 
were reported to the end of 1993. The new file is a 
revised edition of the old one. 

The file is consisted of 4 new data-sets, 17 revised 
data-sets and 44 data-sets which remained essentially 
unchanged. The new data-sets are the adopted levels 
in 120Pd,120Pd ,B-decay and 238U(1Li,f). Here a data-
set means a set of data for an adopted level, a decay or 
a reaction defined by incident and outgoing particles. 

After the compilation of data, the evaluation was 
made. For example, ,-ray data were tested by Rits '­
rule and intensity balance. Energies of excited states 
were obtained from the least-squares analysis. Spins 
and parities of states proposed by authors are tested 
by the log-ft in case of ,B-decay. In the course of eval­
uation, a group of computer programmes which are 
commonly used in mass chain evaluators in the world 
was generated to make and to check the data-sets. 

The changes common for all new data-sets are fol­
lowing. 

(1) Because new mass evaluation has been made by 
Audi and Wapstra in 1993, the Q-values of decays, ,B­
ray energies and log-ft values were changed. 

(2) The values of Ref. 2 were generally adopted for 
dipole- and quadrupole-moments because systematic 
corrections were applied to the original data. 

(3) The cross-references were made for adopted data 
so as to make clear the correspondence to each data-set 
follwoing a new rule to make the file. 

Figure 1 shows, for an example, a comparison of 
states in 120Te followed by 1201 decay for old and new 
files. 
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Fig. 1. The states in 12~Te excited by 120ln decay. 
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Status of RIKEN 10 GHz Electron Cyclotron 
Resonance Ion Source (ECRIS) 

T. Nakagawa, T. Kageyama, M. Kase, A. Goto, and Y. Yano 

Recently, we modified the RIKEN 10 GHz ECRIS 
by introducing so-called plasma cathode method to the 
first stage structure to increase the beam intensity of 
highly charged ions from gaseous elements 1) In this 
paper, we report the effect of this method to produce 
the highly charged ions from solid materials. 

To produce the ions from solid materials, ceramic 
rods were inserted into the plasma regions through an 
open space between poles of a sextuple magnet in the 
second stage and heated to obtain the sufficient vapor 
pressure. The supporting rod for a solid material was 
cooled by the water to prevent the temperature rising 
of the supporting rod. In the case of MgO, A120 3 , and 
ZrO, the diameter and length were 4 and 200 mm, re­
spectively. The NiO rod was rectangular prism with 
a base 4 mm x 4 mm and a length of 40 mm. The 
gas pressures of the first, second, and extraction stages 
were 1.0 x 10-5 , 5 X 10-7, and 8 x 10-8 Torrs, respec­
tively. The RF power of the second stage was about 
500 W. Extracted voltage was 10 kV. Under this con­
dition, we obtained the average beam intensity of 80 
eJ-LA for Af+ ions. Maximum current of A17+ was 
100 eJ-LA for short time. This value was about three 
times as high as that without using the plasma cathode 
method. The consumption rate of the rod was about 
0.01 mm/min. Figure 1 shows beam intensities of the 
highly charged Mg, AI, Ni, and Zr ions for each charge 
state. Closed and open circles are with and without 
using plasma cathode method. The beam intensity 
was strongly enhanced by using it. The beam inten­
sity of A18+ ions increased from 15 to 60 eJ-LA . In the 
case of the Ni 18+, beam intensity increased from 4 to 
12 eJ-LA: The beam intensity of Mg ions was relatively 
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Fig. 1. Charge state distributions of Mg, AI, Ni, and Zr 
ions. Closed and Open circles are the beam intensity 
with and without using the plasma cahtode method. 

lower than those of Al ions. The melting temperature 
of MgO is about 2800 DC, which is higher than that of 
Al20 3 (about 2000 DC). It seems that the temperature 
and density of electrons are still not enough to obtain 
the intense beam of highly charged ions produced from 
the solid materials having a higher melting tempera­
tures such as MgO. 
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Status of the RIKEN Polarized Ion Source 

H. Okamura, N. Sakamoto, T. Uesaka, H. Sakai, K. Hatanaka, K. Ikegami, J. Fujita, 
M. Kase, A. Goto, and Y. Yano 

An important progress of the ion source develop­
ment in this year is the improvement of the polariza­
tion degree. The present level of the polarization is 
summarized in Table 1. 

Table 1. Summary of polarization. 

pure vector pure tensor pure Jz 

Theor·1 pz +~ 2 0 0 0 +1 -1 --g 
value pzz 0 0 +1 -2 +1 +1 +1 

States at SX#I-exit 1,2,3 
SFT#1 2-+6 3-+5 
WFT#1 1-+4 1-+4 

States at SX#2-exit 1,2,3 2 ,3 2,3 1,3 1,2 

SFT#2 3-+6 2-+6a) 3-+5a ) 2-+6 

WFT#2 1-+4 
1-+4 
2-+3 

States at ECR 1,2,6 2,3,4 3,6 2 ,5 1,3 1,6 3 ,4 

Present I pz +0.57 -0.55 +0.76 -0.61 
value pzz b) +0.77 - 1.23 +0.58 +0 .67 +0.46c ) 

Previous I pz +0.40 -0.43 +0.49 -0.45 

value pzz b) - -0.92 - +0.45 +0.39c ) 

a) Transitions 2-+6 and 3-+5 for the SFT#2 are switched by peri­
odically changing the magnetic field while the frequency of the 
generator is kept constant. 

b) The input power to the WFT#2 cavity is set to less than 0 .4 W 
to keep pzz negligibly small. 

c) pzz increases as increasing the input power to the WFT#2 cavity 
and reaches a maximum at the power greater than 1 W. 

The possible sources causing the polarization reduc­
tion are: (1) a relatively strong radial component of 
the ECR magnetic field; (2) insufficient pumping of 
the ECR plasma region; (3) low efficiency of the RF 
transitions; and (4) insufficient dissociation degree of 
the dissociator. 

Concerning the ECR ionizer, the radial component 
of the magnetic field has been reduced by increasing 
the inner diameter of the sextupole magnet from 90 
mm to 120 mm. This resulted in the decrease of the 
field gradient from 122 Gauss/cm2 to 53 Gauss/cm2 . 

It should be noted that the axial field is typically 800 
Gauss at the plasma region to meet the ECR condition 
(Eo = 874 Gauss) for the 2.45-GHz micro wave. 

While the reduced radial field will minimize the in­
fluence of the transverse components on the polariza­
tion, the increase of the diameter of ionizing region, 
which is significantly larger than the atomic beam 
diameter, will cause an increase of the unpolarized 
background. Expecting the improved pumping of the 
plasma region, the diameter of the plasma chamber 
has been increased from 70 mm to 110 mm. Also a 
Ti sublimation pump has been installed in addit~on 
to the previously installed Ti-pump and the cryogenic 
pump, yielding the total pumping speed of 4000 f/s for 
hydrogen. 

Concerning the RF transition units, the magnet sys-
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tern with tapered- and background-coils has been in­
troduced so that the optimum gradient and strength 
of the magnetic field can be obtained. A typical field 
distribution is shown in Fig. 1. The dependence of the 
polarization on the magnetic field has been carefully 
studied as well as the dependence on the RF power fed 
to the cavity (see footnotes of Table 1). 
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Fig. 1. Magnetic field distribution of the SFT#2. 

Although the polarization degree is satisfactorily 
good in most cases, relatively low polarization is ob­
served for the mode using the SFT#l. This is probably 
attributed to the low efficiency of the first sextupole 
magnet (SX#l) in selecting the spin-up states of the 
electron. At present, the pure-J z modes are not prac­
tically used for the experiment. 

Concerning the dissociator, we tried to extract the 
dissociation degree by measuring the D / D2 - ratio of the 
atomic beam with the QMA. But the recombination 
rate in the QMA-chamber, which causes an uncertainty 
in the dissociation degree, was found to be significantly 
large. Instead, the performance of the dissociator has 
been studied by using a compression tube which was 
calibrated by the D2 gas flow and was installed in the 
middle of the ECR chamber. It should be noted that 
the previously used compression tube was uncalibrated 
and was installed upstream of the ionizer. 1) The flux of 
the atomic beam into the 25-mm aperture has been ob­
tained to be 2.3 x 1016 atoms/so This sufficiently high 
intensity implies that the dissociation degree is fairly 
large and not causing the reduction of the polarization. 

The current problem of the ion source operation is 
the short lifetime of the insulators, particularly at the 



beam-extraction section and at the Wien filter. Since 
the N 2 buffer gas is fed in to maintain the stable 
ECR plasma, an intense beam of nitrogen ions with 
various charge states and with a huge emittance is 
extracted. It hits the electrodes and yields a large 
amount of metallic vapor, rapidly deteriorating the in­
sulators. Recently all components of the extraction 
electrode which were made of stainless steel have been 
replaced by aluminum ones. The amount of metallic 
vapor is significantly reduced and the ionizer can be 
operated without maintenance for more than a couple 
of months. Modification of the electrode of the Wien 
filter is currently underway. 

Also we have modified the transport beam-line to the 
AVF (injector) cyclotron expecting the improved beam 
transmission. Although it is not sufficiently tuned, the 
beam with the intensity of 3.5 /-LA has been obtained 
at the exit of the AVF cyclotron. 

The spin-direction control is stably operated ow­
ing to the monitoring system of the single-turn 
extraction.2,3) Figure 2 shows an example of tuning the 
Wien filter angle. The polarization is measured at 270 
MeV and the polarimeter installed at the beam distri­
bution corridor (D-room) is operated very efficiently 
and reliably. A new polarimeter which also uses the 
d + p scattering as polarimetry4) has been installed 
at the exit of the beam ' swinger of the spectrograph 
SMART. It moves with the beam swinger and thus 
directly measures the polarization at the target. The 
CH2 target can be quickly inserted and removed by us­
ing a pneumatic actuator, which allows the periodical 
monitor of the beam polarization during the experi-
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Fig. 2. Dependence of px on the Wien filter angle, when 
the beam is purely vector-polarized and the spin direc­
tion is rotated by 90°. The data is neatly fitted by a 
sine function and its amplitude shows that the polariza­
tion degree, 77%, is not reduced. The statistical errors 
are well within the size of the data points. 

ment. 

References 
1) H. Okamura et al.: AlP Conf. Proc., 293, 84 (1994); 

RIKEN Accel. Prog. Rep., 27, 130 (1993). 
2) N. Inabe et al.: RIKEN Accel. Prog. Rep., 27, 133 

(1993). 
3) T. Kawama et al.: ibid., p. 135. 
4) N. Sakamoto et al.: ibid., p. 39. 

149 



RIKEN Accel. Prog. Rep. 28 (1995) 

Modeling of ECRIS Beam-Intensity Upgrading-Technologies 

M. Niimura, T. Kageyama, T. Nakagawa, A. Goto, and Y. Yano 

Progress was made in fundamental understand­
ing of physics for upgrading the beam-intensity 
(total-current and current-density) of high-charge­
state (HCS) ions available from an ECR ion source 
(ECRIS) and its extraction/transport optics. Due 
to the restriction of space, only the total-current 
upgrading-technologies such as (i) electron (e-) beam 
injection, (ii) wall-coating, and (iii) gas-mixing will be 
discussed here. Currently, the upgrading factor (TJ) de­
fined by the ratio of beam intensities 'with' to 'with­
out' upgrading-technologies is approximately TJ(z) ~ 10 
after (i) and (ii) are combined for argon ions, for in­
stance, at the charge state, z ~ 14. The physical model 
studied here seems to provide knowledge on how to in­
crease TJ beyond the present status. 

Which property does actually upgrade the total 
beam-current? In order to answer such a fundamen­
tal question and to investigate the individual roles of 
electron density (ne), temperature (Te) and ion con­
finement time (T) separately, we have developed an 
analytic code that can compute the charge state distri­
bution (CSD) under different parameters. The outline 
is following. 

The rate of increase of the z-times ionized ion den­
sity, nz (where z = 1,2,3 , .. . ,Zn) , is given by 

dnz dt = [neSz-1 ,z] nz-1 - [neSz,z+l 

+ nopz,z-l Vi + l/T] n z + [nopz+1,zVi] nz+l. (1) 

The first and third bracket terms in Eq. (1) are pro­
duction rates of nz ions due to the electron impact 
against nz-1 type particles (G 1) and due to the charge 
exchange of nz+1 ions with no (G2), respectively, while 
the second term consists of loss rates of nz ions due 
to the ionization (Ll) , charge exchange (L2), and ion 
diffusion (L3) processes. 

Sz-l,z :::::: ((Tz-1 ,zVe) in Eq. (1) is the ionization rate 
coefficient or an averaged (TV per particle averaged over 
Maxwellian distribution of the electron thermal veloc­
ity. Since we are interested in the HCS ions (z ~ 4), 
the stepwise electron impact ionization cross-section 
can be expressed by a simple form: 1) (Tz- 1,z = azqz(ln 
Uz/Uz) (E~l )-2 [cm2]. Here, Uz :::::: c/E~l ~ 1, 
c :::::: (1/2)mev; , Bethe coefficients azqz = 4.5 x 10-14 

because z ~ 4, and E~ 1 is the ionization (or bind­
ing) energy of z-1 type particles. The Maxwellian 
averaging results1) 

_ 3.02 x 10-6 (1). _ Te(eV) 
Sz-l,z - T~/2 .\ E1 ~ , If .\ = E~l (2) 

The exponential integral, E1 (1/ '\), appeared above has 
no analytic form except for the limit, .\ ---+ O. We thus 
have numerically derived relevant expressions: 
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(1) {CXJe- x ( 1) 
E1 ~ :::::: ll/A ~dx = .\exp - ~ 

(0~.\:::;0.5) (3) 

= -0.097 + 0.343.\ - 0.015.\2 

(O.5~'\~11.43) (4) 

= 1.863 (,\211.43) (5) 

Figure 1 shows the numerically integrated E1 (1/ .\) , 
whose polynomial form and saturation value are given 
by (4) and (5) , respectively. These approximations 
were found quite satisfactory compared with more rig­
orous calculation done by Lots (his Fig. 4).1) The L1 
and G 1 are now calculable. 
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Fig. 1. Numerically evaluated exponential integral, 
I:::::: E1(1/,X), used for the calculation of Sz-l,z('x). 

As for the charge exchange cross-section, we have 
used the Muller-Salzborn expression2): Pz,z-I = 1.43 
X 10- I2 z1.17 /(E~)2 . 76 [cm2] where E~ is the first ion­
ization potential of neutrals (no). The loss L2 takes 
place when z-ions collide with no, where the relative 
velocity of encounter is essentially the ion thermal ve­
locity, Vi. 

On the other hand, L3 :::::: nz/T is inversely propor­
tional to the ion lifetime, T :::::: L/Vi (L: effective wall 
distance). Within this report , we assume T to be inde­
pendent of z. The case T(HCS) ~T(LCS) will be studied 
elsewhere. 

At the steady-state (dnz/dt = 0) the rate equa­
tion (1) is in the form: [Az,z- I]nz- 1 - [Az,z]nz + 
[Az,z+dnz+I = O. The matrix equation for the first 5-
species can be expressed as 

All A12 , 0 0 0 nl -AlOno 
A21 A22 A23 0 0 n2 0 

0 A32 A33 A34 0 x n3 = 0 (6) 
0 0 A43 A44 A45 n4 0 
1 2 3 4 5 n5 ne 

The last row is the charge neutrality condition. 



Firstly, the complete 18 x 18 matrix elements 
Aij have been computed for argon (J..L = 40) ion 
system under the RIKEN f = 10 GHz ECRIS 
conditions: p = 1.8 X 10- 6 [Torr], noi == 9.66 
x 1018p/T(K) = 5.79 x 1010 [cm-3], ne == 1.24 x 
10-8f2 = 1.24 X 1012 [cm-3 ], no = nOi/2 = 2.90 x 
1010 [cm3

], a == ne/(ne + no) = 97.7%, Te = 500 eV, 
Ti = 0.5 eV, Vi == 9.79 X 105T i /(J..L)1/2 = 1.09 X 105 

[cm/s], R = 10 cm, and T = R/Vi = 91.7 J..LS. Then, 
the 18 simultaneous equations were solved by a Gaus­
sian elimination method. 

Figure 2 presents computer results of CSD, where 
a monotonical decay of nz with respect to z is 
characteristic for both curves with diffusion loss, 
l/T = 1.09 X 104s- 1 =1= O. However, magnitude of nz 
increases when ne is raised. This means that the total 
beam-current, Iz = ZenzvesS (ves: escape velocity) will 
be upgraded if all the electrons externally "injected" 
via technologies (i)-(iii) are ECR heated and ther­
malized to the same T e = 500 e V as the background 
plasma. What happens if they were not heated? Then, 
the density of hot electrons won't increase. However, 
if the e-beam injection could trap ions indefinitely so 
that no diffusion loss takes place (l/T = 0), a sig­
nificant upgrading much greater than the previous ne 
effect can be expected; e.g., TJ = 00 at z = 12. This is 
evident in Fig. 2 by comparing the l/T = 0 with l/T 
=1= 0 curve with ne = 1.24 x 1012 cm- 3 . 

6 8 10 12 14 16 18 
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Fig. 2. Theoretical CSD in log-scale with and without the 
ion diffusion loss (l/T) and the effect of various ne. 

Figure 3 shows linear plots of two 1/ T = 0 curves 
together with one l/T =1= 0 curve. It is evident from 
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Fig. 3. Theoretical CSD in linear-scale, for argon ions at 
Te = 500 eV, similar to t.he case of Fig. 2. 

Figs. 2 and 3 show that those l/T = 0 curves charac­
teristically increase with z, and the peak shifts towards 
higher-z to attain a higher-nz as ne is raised, followed 
by a decay due to the increase of L2 at large-z. On the 
other hand, if charge exchanges were negligible beside 
L3 = 0, then nz/nz-1 ~ G1/L1 = Sz-l,z/Sz,z+l which 
is always an increasing function with z. Such a condi­
tion (L2 = L3 = 0) may be satisfied when Vi or (Ti)1/2 
is lowered via the technology (iii), since L2, L3 rv Vi. 
For this case, the nz will start decaying abruptly, re­
gardless of ne, after a certain z at which A == Te/E~l 
:S 1, as observed by Antaya.3 ) 

Figure 4 shows one of our experimental results, 
where a tuning was made only for Arll+ ions, while ap­
plying technologies (i) and (iii). Although quite similar 
with l/T = 0 curves in Fig. 3, whether this is repre­
senting the case of L3 = 0 or L2 = L3 = ° is yet to be 
confirmed; the tuning for all z's may result in a profile 
similar to the l/T =1= 0 curves seen in Fig. 2. Since L3 
is actually scaled by Vi/c/>, the L3 = 0 condition may 
be satisfied if a potential-dip, (8c/>/8r ~ 0), is created 
via the technology (i). 
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Fig. 4. Experimental CSD in linear-scale for argon ions, 
after correcting the overlapping effects at z = 10 and 5. 

Among the upgrading technologies, either L3 = 0 or 
L2 = L3 = 0 type is more beneficial than the large­
ne type for the sake of AVF cyclotrons which accept 
only the particle at z ~ M/4. We presently inject ions 
with z close to the minimum z = M/4 (=10 for ar­
gon) into cyclotrons by automatically assuming that 
the beam-current always decreases with z. However, 
present study has revealed that the CSD can increase 
with z and its peak can shift towards higher-z un­
der loss-less cases; one can then accelerate ions with z 
higher than now without sacrificing the beam-current. 
Conclusion: The effect of large-T can be much greater 
than that of increasing ne by an order of magnitude 
which requires a raise of RF frequency by 3-times (to 
30 G Hz if lOG Hz now). The technology (i) lowers the 
hight of the plasma potential with a dip-c/> on the axis, 
thereby reducing the ion diffusion loss while raising ne. 

References 
1) W. Lotz: Z. Physik, 216, 241 (1968) . 
2) A. Muller and E. Salzborn: Phys. Lett., 62, 351 (1997). 
3) T. A. Antaya: J. de Phys. G1, 50, Cl-707 (1989). 

151 



RIKEN Accel. Prog. Rep. 28 (1995) 

Development of High-Te ECRIS Plasma Diagnostics 

M. Niimura, A. Goto, and Y. Yano 

The averaged excitation rate coefficients of helium 
(HeI) lines have been calculated for the first time be­
yond the range of previous calculation1) limited by 
Te ~ 100 eV. The result indicates that the electron 
temperature (Te) of ECR ion sources (ECRIS) can 
be measured spectroscopically up to T e = 1000 e V, by 
utilizing the helium atoms left from turbomolecular 
pumping. 

ECRIS plasmas are characterized by a high-T e 
plasma, which is a pre-requisite for production of 
high charge-state (z) ions. In a thermal plasma, 
T e 2: 1.44E~ 1 should be achieved if more than 50% 
of the electrons should participate in the production 
of z-ions from (z -1)-ions with the ionization poten­
tial, E~I(=539 eV for Ar, z = 11). A non-perturbing 
T e monitor is thus needed in order to readjust machine 
parameters for the efficient, stable ion beam produc­
tion throughout the course. 

On the other hand, ECRIS plasmas are practically 
a dual-gas plasma; mixing of a supporting gas with 
the target gas is a common practice for the purpose to 
enhance the extracted ion beam-current. Our idea is 
to utilize one of the light gas atoms like HI and HeI as a 
Te monitor. This would not raise the ECRIS working 
pressure (typically 10-6 Torr) since one can use HI or 
HeI left over in the vacuum system. High-T e low-ne 
(typically 1011"-'12 cm-3) characteristics of the ECRIS 
plasma tend to satisfy the condition of tenuous plasma 
model2) used below. 

As is well known, the hVmn photon emission due to 
the m---+n (m > n) line transition has the intensity 
expressed by Imn = (1.6 X 10-19/47r) (hvmn)AmnNm 
[W /cm3 sr]. Also known is that in a low-ne plasma 
the radiative decay rate balances with the collisional 
excitation rate, i.e., AmnNm = Ne(anm v)Nn, where 
a nm is the n---+m collisional excitation cross sec­
tion. This is called corona model, which is valid 
if T e ;::: 10 e Y in the plasma with ne = 1.24 x 1012 

cm-3 (critical density of 10 GHz ECRIS). Particu­
larly, if T e » ~Elm' a tenuous plasma condition holds 
meaning that the population of lower transition level 
is close to that of ground level (N n f"V N 1)' Then, 
Imn = (1.6 X 1019 /47r) (hvmn ) Ne(anmv)N1. Lees3) has 
experimentally confirmed the proportionality of Imn 
against Ne, N1, and a nm during his a nm measurement. 
Therefore, the relative line intensity (RLI) ratio of 
m---+n transition to m'---+n' (m' > n') transition is given 
by 

(1) 

Here, ~Enm[eYl == hVmn == 1239.8/Amn (where Amn is 
the wavelength of m---+n emission in units of nm). 
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The factor (~Enm/ ~EnJmJ) is missing from the Sovie's 
expression1) of Xc. The term (anm v) in Eq. (1) denotes 
the averaged excitation rate coefficient per particle de­
fined by 

Here, v( e) is the impacting electron velocity expressed 
by the kinetic energy, e = (1/2)mv2, and g(e) is the 
Maxwellian distribution in the 3-D energy space: 

Using de = mvdv, Eq. (3) can be reduced to a more 
familiar form: (m/27rTe)3/2 exp( -mv2 /2Te)47rv2 == 
g(v)dv, where 47rv2 is a volume element in the spheri­
cal coordinates. Substituting (3) and v(e) == (2e/m)I/2 
in to Eq. (2) we obtain 

Here, ~Enm is the threshold energy to observe a finite 
a nm , and (8/7rm)I/2 = 6.68 x 107 when Te and e are 
in eY. 

Our objective is to evaluate Eq. (4) for various 
atomic lines in the range of T e relevant to ECRIS. 
McWhirter4) has evaluated xo , but only for Te ~ 100 
eY (like Sovie's case) and for 471.3 nm (23P-43S) and 
492.1 nm (21 P_41 D). Sovie1) has later pointed out that 
the a nm of D (diffuse )-series has a peculiar pressure de­
pendence so that use of McWhirter's Xo may lead er­
roneous Te, while the a nm of S(sharp)-series has no 
such a peculiarity over the range, 0- 130 mTorr. This 
pressure range covers well the ECRIS working range, 
0- 0.01 mTorr. 

Figure 1 shows two profiles of the experimentally 
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Fig. 1. A veraged excitation cross sections of HeI sin­
glet-singlet eS) and triplet-triplet eS) lines. Symbols 
are data points read from Lees ' experimental curves. 3
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observed a mn (E) of HeI lines in the S-series:3) the 1 S 
and 3S denote 443.7 nm (51S-+21 P) and 412.1 nm 
(53S-+23p) transitions, respectively. These profiles 
are self-similar when the series of the upper state is 
same. The IS and 3S profiles peak at E = 36 eV 
and 30 e V, respectively, and the ratio of peak values 
is aeS)/a(1S) = (4.5 x 10-2°)/(2.8 x 10-2°) = 1.607. 
Lees' experimental curves of a mn ( E) terminate after 
a certain E, but they obviously ought to continue till 
amn(E) = o. In Fig. 1 a smooth extrapolation was 
thus performed for IS and 3S curves in the range of 
E ~ 500 eV and E ~ 120 eV, respectively. We suspect 
that Sovie1) has prematurely truncated both IS and 
3S curves at around E = 300 eV, as marked in Fig. 1, 
since he did not multiply the factor of (~Enm/ ~Enm/) 
in (1), but ended up with X o agreeable with ours. 

The curve of amn(E) may be approximated by ei­
ther Bethe approximation of a = a In(c) / E type or 
Wooley-Allen approximation of a = (a/E)[b - (l/E)] 
type,5) where a and b are constants. However, 
within the present work frame we have evaluated Eq. 
( 4) numerically. Figure 2 presents the numerically 
evaluated excitation rate coefficients for the IS and 3S 
transitions as a function of T e. 
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Fig. 2. Excitation rate coefficients of Eq. (4) as a function 
of T e for both 1 Sand 3S transitions. 

Taking the ratio of the two curves presented 
in Fig. 2, and multiplying it by a factor of 
(~Enm/ ~En/m/) = 2.79 eV /3.00 eV = 0.93, we have 
obtained the curve of Xo ::::::::; 14437/14142 as shown in Fig. 
3 over a wide range of 5 ::; T e ::; 2000 e V. This graph 
should be useful in the plasma diagnostics for deter­
mining Te from measured xo , up to 1000 eV; resolution 
deteriorates above 1000 eV. 

For the sake of comparison of our result with So­
vie's, the portion of Te ::; 100 eV has been re-plotted 
in linear scale in Fig. 4. A fairly good agreement is 
evident between the two curves. However, we can say 
that the same result as ours may be reached even af-
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Fig. 3. The computed RLI-ratio, Xo(Te) = 14437/14142 
which can determine Te in the range, 20 ::; Te ::; 1000 
eV. 
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Fig. 4. Comparison of our result with Sovie's in the do­
main 0 ::; Te ::; 100 eV. 

ter truncating the a nm (E) at around E = 300 e V if the 
multiplication factor (~Enm/ ~En/m/) was neglected in 
Eq. (1). 

In conclusion, we could extend the temperature 
range so that T e of up to 1000 e V can be measured by a 
non-perturbing method. The hot-component of Te (or 
T eh) in many two-temperature ECRIS is within this 
range. The energy analyzer diagnostics6) determined 
T eh = 240 e V for a typical ECRIS plasma, Caprice. 
The charge state distributions of the LBL and RIKEN 
10 GHz ECRIS agree well with theoretical predictions, 
if Teh rv 500 eV. 
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Construction of a High Density Polarized 3He Gas Target 

T. Uesaka, M. Wakasugi, T. Wakui, and A. Minoh 

A high density polarized 3He gas target system has 
been constructed. The 3He nucleus is polarized by 
a spin-exchange reaction with a polarized Rb atom. 
The polarized Rb atom is produced by optical pumping 
using a circularly polarized laser beam. Our goal is to 
realize more than 60% polarization of 3He at a gas 
density of about 10 atoms at room temperature. 

To achieve high polarization, both long relaxation 
time and high laser power are necessary. The 3 He po­
larization at equilibrium is expressed as follows: 

'YSE 
P3He = rPRb 

'YSE + 
(1) 

'YSE 'Yopt 

'YSE + r 'Yopt + rSD' 
(2) 

where 'YSE is the spin exchange rate between Rb atom 
and 3He nucleus , r the total spin relaxation rate, PRb 

the polarization of Rb, 'Yopt the optical pumping rate, 
and r S D the spin destruction rate of Rb atom. From 
Eq. (2), the conditions to obtain high polarization are 
found to be 

'YSE » r , 
'Yopt » r SD· 

(3) 

(4) 

Figure 1 shows a schematic view of the target sys­
tem. As a pumping laser, we chose a 4W laser diode 
(Spectra Diode Labs SDL-2382-P1), whose wavelength 
is 798 nm at room temperature and spectral width 
1.3 nm. The divergent beam from the laser diode is 
formed by lenses to have a proper beam envelope at 
the target cell. Circular polarization is produced by a 
)../4 plate. 

drive coil 

laser beam 

main coil 

Fig. 1. Schematic view of target system. 
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The target cell, which is made of aluminosilicate 
glass (Corning1724), is heated up in a 180°C oven 
to control the density of Rb atoms in the cell. 

The polarization of 3He is measured with the adia­
batic fast passage NMR (AFP-NMR) technique. The 
AFP-NMR system consists of 3 sets of coils: main coils, 
drive coils and a pickup coil. They are set perpendic­
ular to one another. Main coils produce a static field 
(B rv 30 Gauss) and the drive coils provide an RF field 
(w rv 100 kHz). When the static field which is swept 
slowly coincides a resonance (B = wl'Y, where 'Y is a 
gyromagnetic ratio), spin of the 3He nucleus is flipped 
and the signal which is proportional to the polarization 
of 3He nucleus occurs in the pickup coil. The main coils 
are designed so that inhomogeneity of the static field 
is sufficiently small (D..BIB S 10-3) in the volume of 
the target cell, to suppress the relaxation caused by 
the field inhomogeneity. 

Two Major relaxations are caused by a cell wall and 
impurities in the bulk gas. To reduce the wall relax­
ation, cleaning procedure of the cell is very important: 
first , we remove ferromagnetic contaminants on the 
surface of glass cell with nitric acid. Next, we get rid 
of organic impurities with acetone. Finally, the cell is 
cleaned in ethanol with a ultrasonic cleaner. 

Fig. 2. Cell making system. 

The vacuum system for gas filling was designed to 
reduce the impurities in the bulk gas (Fig. 2). A 
quadrupole mass analyzer is very useful to monitor 
components of the residual gas. A ballast and a liquid 
helium trap are devices to purify 3He gas. 1) The ulti­
mate pressure of this system is 9.3 x 10-9 Torr. The 
cell is baked at 250°C in the vacuum for several days. 
The glass ampule which contains Rb is broken in the 
vacuum and the Rb is chased to the cell by a heating 



gun. After that , a small amount of nitrogen gas, used 
as a quench gas, is frozen into the cell. A 3He gas pu­
rified through the ballast and the liquid helium trap is 
transferred to the cell at last. 

The construction of the whole system has been com­
pleted, and a preparation for the first cell production 

is now in progress. 
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Monitoring System of Single Turn Extraction in Cyclotrons 

M. Kase, N. Inabe, I. Yokoyama, T. Kawama,* A. Goto, and Y. Yano . 

In order to get a high-quality beam from the RIKEN 
Ring Cyclotron (RRC) , it is essential to realize the 
single turn extraction in the two cyclotrons (AVF cy­
clotron and RRC). As for RRC, the single turn extrac­
tion can be easily judged!) in both cases of the injec­
tions from AVF cyclotron and RILAC. In this year, 
the system was extended, involving the monitoring of 
the single turn extraction in the AVF cyclotron. And 
the beam phase measurement becomes possible at the 
same time. 

The principle of monitoring the single turn extrac­
tion is illustrated in Fig. 1. A beam bunch, which is ac­
celerated in the extraction orbit of the AVF cyclotron, 
is divided into two parts by a septum electrode of a de­
flector in the case of the double turn extraction. These 
two fragments from one bunch appear in the extrac­
tion beam line, being separated by a time difference of 
2 x To (To is the period of rf in the AVF cyclotron) 
because the harmonic number of the AVF cyclotron 
is 2. Normally the fragment is paired with a com­
plementary fragment from the adjacent turn, forming 
one beam bunch apparently, although their energies 
are slightly different. However, at the transient time 

Injected beam 

N bunch> h 

when a beam starts or stops, these fragments appear 
separately, as shown in Fig. 1. 

The beams are stopped partially (500 ns duration) 
and periodically (about 10 kHz) by a beam chopper in 
the injection beam line of the AVF cyclotron. Since the 
beam loss due to this effect is less than 1%, this beam 
modulation can be continued all the time, even during 
an experiment. The beam chopper is capable of switch­
ing on and off the beam completely within the duration 
of 2 x To. 2) A time structure of chopped beam from 
cyclotrons has been continuously monitored with two 
sets of probes with a micro-channel plate (MCP),l) one 
is at the location of beam line just after the AVF ex­
traction, and the other just after the RRC extraction. 
The block diagram of electronics is shown in Fig. 2. 
Two sets of preset counters are newly employed as a 
delay generator up to 100 J-LS. 

A typical time spectrum obtained at the extraction 
beam line of the AVF cyclotron is shown in Fig. 3. 
The small peaks appearing in the duration of beam­
switched-off are mainly due to the multi-turn extrac­
tion. When the single turn extraction is completely 
realized, these small peaks disappear except those due 

Extracted beam 

Nbunch -I 
In case of the double turn extraction 

In case of the single turn extraction 

- - -----~-- -- -----~--- ----- -- & -- -~ 
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r --
Fig. 1. A conceptional illustration of the principle of monitoring the extraction in the AVF cyclotron. The 

solid circles show the bunch of full beam, while smaller ones are partial bunch due to the transient effect 
of the chopping. The number of bunches, which are cut by the beam chopper, should be greater than the 
harmonic number (denoted by h) in this scheme. 

Sumitomo Heavy Industry Ltd. 
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Beam Chopper 
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t 

Fig. 2. A block diagram of electronics. Arrows with dot­
ted line show the remote connection to a host computer 
(Mitsubishi M60/500). The numbers of nl and n2 are 
the preset values to the counter used as a delay gener­
ator. 

to the transient imperfection of the beam chopping. In 
this way, one can know quantitatively how the single 
turn extraction is realized inside the A VF cyclotron. 

The turn numbers inside the cyclotrons are obtained 
from the values of delay time, ~tk = nk To (k = 1 for 
the AVF and k = 2 for the RRC) in Fig. 2, if the 
delay time of signals in cables and the flight time of 
beam outside the cyclotrons are taken into considera­
tion. The position instability of peaks in the spectrum 

300 

p 7 MeV 

To =6l ns 
::r:: 200 
U 

H 

~ 
~ o 
u 

10 0 

o 
.J ..j 

o 50 100 

Peaks due to 
the multi-tum extraction 

~ 
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Fig. 3. An example of time spectrum of 7 MeV pro­
ton beam measured with MCP probe at the exit of the 
AVF cyclotron. The spectrum involving a moment of 
beam-off structure was found after searching an appro­
priate value for nl in Fig. 2, and was stored in an MeA 
for 1000s. The peaks, which appear every 61 ns, are 
corresponding to one beam bunch. 

due to the drift of the delay-time was improved af­
ter the new digital delay generator was employed. It 
means that the measurements in the same system work 
also as a phase monitor which tells us how much mag­
netic fields drift inside the cyclotrons.!) 
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Study of the Beam Transport between the AVF 
and Ring Cyclotrons 

N. Inabe, T. Honma, M. Kase, A. Goto, and Y. Yano 

We studied the optics of the beam-transport line be­
tween the AVF and the Ring Cyclotrons (RRC) to im­
prove efficiency of beam transmission in the line. Fig­
ure 1 shows the transport line. At first we measured 
an emittance of the beam extracted from the AVF Cy­
clotron (AVF). And then we searched one of the best 
solutions for the optics. 

from 
RILAC 

~ 1 ------ PFS65 

PFC018 

PFS31 
/ 

1- 10 , .L. ' LJ"'U"""~~'~ -- _ .. ---0 - -

between the AVF and the RRC. 
_____ sport line 

Measurement of the emittance was performed with 
the beams of 22Ne10+ 5.3 MeV lu and 14N7+ 7.0 
MeV lu. The emittance of transverse beam c is rep­
resented by using matrix elements of a (J matrix as; 

(1) 

The relation between (J - matrices after ((J 0) and be­
fore ((Jj) passing through the transport line is given by 
a transfer matrix of the transport line (R) , 

(2) 

Since (Jll equals the square of a beam size , (Jj can 
be obtained from the measurement of beam sizes corre­
sponding to several transfer matrices and also the emit­
tance can be calculated from Eq. (1). We changed the 
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transfer matrix by two methods. One is performed by 
changing the field strength of the quadrupole magnet 
(Q-magnet) located just before a beam profile monitor. 
Another is done by changing a measuring point for the 
fixed field strength of all Q magnets in the line. By 
the former, the emittance of 22Ne lO+ 5.3 MeV lu beam 
was measured at PFCOIA, PFS31 , and PFS65. By the 
latter, that of 14N7+ 7.0 MeV lu was measured at the 
straight section after the AVF using three profile mon­
itors located at PFC01A, PFC01B, and PFC02. In the 
measurement we took care so that the intensity did not 
decrease with changing the strength of the Q-magnet. 

The results of the measurements are shown in Ta­
ble 1. For the horizontal direction of 22Ne10+, the 

Table 1. Measured emittances. 

Emittance (7r*mm*mrad) 
Location Horizontal Vertical 

22Ne10+ 5.3 MeV lu PFCOlA 14 9 
PFS31 7 15 
PFS65 6.5 25 

14N7+ 7.0 MeV lu 7.9 7.6 

measured emittances at PFS31 and PFS65 are almost 
in good agreement with each other. The one from 
PFCOIA is rather larger than those from PFS31 and 
PFS65. The reason might be due to two peaks of the 
profile clearly appearing at PFC01A since the beam 
was not extracted with single turn at that time. To 
check accuracy of the measured emittances at PFC01A 
and PFS31, we compared each beam size of the trans­
port line calculated from the obtained (Jj with the mea­
sured one. The beam sizes which were calculated using 
the result of PFS31 almost reproduced the measured 
ones but those from PFCOIA did not. We also com­
pared the emittance measured at the location of PFS31 
with that of 14N7+ beam. They were in good agree­
ment with each other. From the analysis we conclude 
that the beam emittance extracted from the AVF is 
rv77r mm*mrad in the horizontal plane. In the verti­
cal plane the emittances of 22Ne lO+ beam measured at 
PFCOIA, PFS31 and PFS65 are not in good agreement 
to one another. The emittance measured at PFC01A 
was close to that of 14N7+ beam. For the vertical di­
rection we also performed the same analysis as for the 
horizontal direction. The beam sizes calculated using 
the result of 14N7+ beam almost reproduced the mea­
sured ones but those using the others did not reproduce 
so well. From the analysis we adopt rv77r mm*mrad as 
the emittance of the vertical direction. 



With the measured emittance, we searched a solu­
tion for the optics of the transport line. Using the pa­
rameter searched, the transmission of the beam from 
PFS31 to PFS65 was raised up particularly and to­
tal transmission for the beam line amounted to more 
than 90%. Because the shape of the beam emittance 
depends on the way of extraction of the beam from 

the AVF, we must tune the AVF so as to extract the 
beam with almost the same shape of emittance. That 
is performed by checking the beam pattern of extracted 
region and the beam profile at PFCOIA. 

The obtained parameter is also applied to all kinds 
of beams and the transmission between the A VF and 
the RRC is more than 90% for all the beams. 
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Development of a New Type of Single-Bunch Selector 

N. Inabe, M. Kase, 1. Yokoyama, A. Goto, and Y. Yano 

A new type of single-bunch selector reported in the 
last progress report has been developed so as to have 
a high repetition rate. 1) Since the repetition rate of 
the old system (25 kHz) was limited by the talent of 
the switching module, we constructed a new switching 
module and raised the repetition rate up to 1 MHz. 
Figure 1 shows a schematic drawing of the circuit of the 

From 
AVF 
SG Pulse 

Fig. 1. Schematic drawing for the circuit of the new 
switching module. 

switching module. As shown in Fig. 1, the switching 
module has two trans-coupled switches with repetition 
rate of 1 MHz (HV 1000 P, N), which are sold from DEI 
inc in USA. One is for the charge-up of the electrode 
and the other for the discharge. To avoid an electrical 
oscillation between two switches and the electrode, we 
inserted two 20 ohm resisters and two 50 ohm ones. 
Two pulses for the switches are made by a pulse gen­
erator located at upstream of the switching module. 
One is a leading pulse which is sent to the switch for 
discharge and the other is a delayed pulse which is sent 
to the one for charge. The difference of time when each 
pulse arrived at each switch corresponds to the dura­
tion of the chopped beam. Characteristics of the pulse 
made by the new switching module are summarized in 
Table 1. Although the voltage of the pulse is lower 
than that of the old one, it is high enough to make 
a single selection because the voltage to be needed is 
500 V. Also the duration time is as short as that of 
the old one. From the properties it is shown that the 

Table 1. Characteristics of the pulse made by the new 
system. 
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Voltage 
Repetition rate 
Rise time 
Duration time 

0- 500 V (DC) 
< 1 MHz 

15 ns 
100- 250 ns 

new switching module can make a pure single bunched 
beam as the old one can. The system was also newly 
installed between the polarized ion source (PIS) and 
the AVF cyclotron (AVF). 

A performance study of the single-bunch selector 
was carried out for the 7.45 KeV Ht beam from 
the PIS which was accelerated to 7 MeV/nucleon by 
the AVF with an RF frequency of 16.3 MHz and to 
135 MeV/nucleon by the Ring Cyclotron (RRC) with 
an RF frequency of 32.6 MHz. The setup is shown 
in Fig. 2. A duration time during which the voltage 
between the electrodes was switched off was 150 ns. 
Voltage of the electrodes was 470 V. The variable de­
lay connected with the switching module was adjusted 
so as to get the purest single bunched beam for the 
RRC. Time structures of the beam after the AVF and 
RRC were measured by using a time of flight (TOF) 
between a reduced RF signal and a timing signal of 
micro channel plates (MCP's) with a target. 2) 

Fig. 2. Setup for a performance test of the single-bunch 
selector. 

Figure 3 shows a typical example of the TOF spec­
trum of the AVF. The main peak in Fig. 3 is due to a 
single bunched beam to be extracted. The peak next 
to the main one is due to the next bunch of the main 
one. The existence of the other two peaks means that 
the same bunch inside the A VF cyclotron is extracted 
with two-turns. Production mechanism of those peaks 
is explained in Ref. 1. The result of the many peaks 
in the spectrum might be caused by the adjustment 
of the variable delay that is suitable to the RRC. In 
fact, using the system we obtained the single bunched 
beam as shown in Ref. 1 by adjustment of the variable 
delay for the AVF and by singlet urn extraction from 
the AVF. 
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Fig. 3. An example of time spectra of the beam extracted 
from the AVF cyclotron. T_avf means the RF period of 
the AVF cyclotron. 

Figure 4 shows a typical example of the TOF spec­
trum of the RRC. The main peak in Fig. 4 is made by 
the single bunched beam to be extracted. The peaks 
next to the main one are due to the next bunches of the 
main one. The two small peaks correspond to another 
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Fig. 4. An example of time spectra of the beam extracted 
from the RRC. TJrc means the RF period of the RRC. 

turn of the RRC (right side) and that of the AVF (left 
side) . The purity of the single bunched beam is ",80%. 

Production mechanism of those peaks is explained 
in Fig. 5. As shown in Fig. 5, in principle, the other 
turn of the AVF gives a bad effect to the single bunched 
beam extracted from the RRC but the peak of the turn 
is not so strong. This might be due to bad transmission 
of the RRC for the turn. 

DeflectoLl::. TRRC 1 TRRC 

/ 

Next 
Bunch 

N 

\ Another turn in 
both AVF and RRC 

" Another 
turn in AVF • Originated from main bunch 

D Originated from next bunch 

TRRC RF period of RRC ( = O.5°T avf ) 

Time Structure of RRC 
r-------------------------------~ 

Another turn in 
both AVF and RRC 

Fig. 5. Time structure of the beam from the RRC for two 
bunches with two-turns extraction in both the AVF and 
the RRC. 

The value of the purity is large enough for usual 
experiments but not for those which need low back­
ground. The next step of the system is to get a purer 
single bunched beam. For the purpose it is planned 
for the frequency of the buncher located at upstream 
of the AVF to be 1.5 times as large as that of AVF. 
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Replacement of Computer for the RRC Control 

M. Kase, A. Goto, and Y. Yano 

The Ring Cyclotron (RRC) , the AVF cyclotron, and 
the heavy ion linac (RILAC) have been controlled by 
means of a network of three mini-computers (Mit­
subishi M60/500).1) About 10 years have passed after 
the first installation of these computers, and now it 
becomes gradually difficult to continue a maintenance 
contract with a computer maker due to a shortage of 
spare parts of these computers. Thus we decided to 
change the computer#1 (the oldest one of the three) 
into a new one (Mitsubishi M60/ AR), which is an up­
graded machine of M60/500, without changing a basic 
architecture of the control system. 

The computer#l, which was designed originally to 
be used for a program development, has been used 
for continuous monitoring, such as beam qualities, rf 
voltages and phases, temperatures at many points of 
the whole accelerator site, and also used for storage of 
these data in its memories. The computer#2 has been 
used for control of RILAC via a GPIB interface. The 
computer#3 has been a main control computer con­
nected with the whole devices of the RRC and the AVF 
cyclotron via a DIM-CIM system through a CAMAC. 1) 

The replacement was done in the following way; A 
new computer (M60/ AR) was installed in a place of 
the computer#1 which was removed this time, and is 
used as the main control computer instead of the com­
puter#3. The CAMAC system including a serial high 
way driver (SHD) board is unchanged. Man-machine 
interfaces at the control console, such as touch pan­
els and graphic displays, are the same as before. All 
the control programs, which have been developed by 
RIKEN staffs, are still available in the new system. 
The computer#3 is used in turn instead of the com­
puter#l , being also standby as a backup computer to 
the main control one. It can be connected back shortly, 
since old connection cables are kept remain under a 
floor of the control room. Some component parts of 
the computer#1 are stocked nearby as spare ones and 
will be used in case when some troubles occur with the 
old two computers in the future. 

A comparison of performance of M60/500 and that 
of M60/ AR is given in Table 1. The new system has 

Table 1. A comparison of the performance. 

M60/500 M60/AR 
Processor number 1 2 
Command speed 3.7 MIPS 9.7 MIPS 
Main memory size 5 MB 32 MB 
DMA channel 0 2 
Disk memory size 700 MB 1.4 GB 
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two direct memory access (DMA) channels in order 
to lighten the main cpu load under the condition of 
multi-task processing. Since the new system supports 
the standard network, it is easily connected with other 
computers. The final configuration of the new control 
system is shown in Fig. 1. 

·········1 
: CONTROL __ J~ 

CMT 

Fig. 1. The new control system of the RIKEN Ring Cy­
clotron and the AVF cyclotron. The shadowed parts are 
installed newly at this replacement . Figures in paren­
theses are the number of devices. FXD; fixed disc mem­
ory, FDD; floppy disc driver, CGD; color graphic dis­
play, TP; touch panel, RE; rotary encoder, PP; page 
printer, HC; hard copy, SHD j serial high way driver, 
CMT; cartridge magnetic tape, TSS; terminal, DW; 
data way controller. 

The replacement of hardware was done during a 
shutdown period in this summer. The software in­
stallation was completed before the end of September. 
The final adjustment to improve the performance be­
tween the CAMAC system and the computer is now in 
progress. 
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Construction of a New Injector System for RILAC 

A. Goto, o. Kamigaito, Y. Miyazawa, M. Hemmi, N. Inabe, M. Kase, T. Nakagawa, 
T. Chiba, S. Kohara, and Y. Yano 

A new injector system of RILAC is being con­
structed in order to increase beam intensities of heavy 
ions by one or two orders of magnitude. The system 
consists of a high-field, high-frquency ECR ion source, 
a variable frequency RFQ linac, and a beam transport 
system between them. Figure 1 shows a schematic 
drawing of the system. Details of each part are de­
scribed in Refs. 1, 2, and 3, respectively. 
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Main characteristic features of the designed ECR 
ion source are as follows: (1) it is operational at 18 
GHz, (2) it is of a single-stage type, (3) both of the 
axial mirror field and the radial hexapole field are high 
enough for not only the fundamental-frequency oper­
ation but also the twice-frequency operation, and (4) 
the plasma cathode method4) is applied to it. The rea­
son for adopting the single-stage type is that very high 
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Fig. 1. Schematic drawing of a new injector system of RILAC. 

charge states are not necessary for RILAC, and that 
this type has high performance for low charge states 
in contrast to a two-stage type. Beams are extracted 
with a maximum voltage of about 10 kV. 

The RFQ linac is required to have the same func­
tion as that of the existing 450 kV Cockcroft-Walton 
terminal. It is designed to accelerate ions with a range 
of m/q = 7- 28 up to 450 keY /q in the CW mode. 
The operational frequency should be varied between 17 
MHz and 35 MHz, which is one of the most important 
problems to be solved in the design of the RFQ linac. 
We have adopted a "folded coaxial" RFQ (FC-RFQ) 
structure,2) because it allows the cavity to be tunable 
in a wide range of frequencies and to be compact even 

in the low frequency region below 20 MHz. The FC­
RFQ structure can also enables the intervane voltage 
to be flat enough to obtain high beam-transmission 
efficiency. A half-scaled model for the cold test was 
completed at the end of the last year and the measure­
ments showed that the model had good performance 
in accordance with the design. The power losses are 
expected to be 6 kW at 17 MHz and 34 kW at 35 MHz. 

The beam transport system between the ECR ion 
source and the FC-RFQ linac consists of an Einzellens, 
a 90° bending magnet, and a solenoid magnet. This 
combination enables it to analyze beams with different 
m/ q's and match the emittance of a selected beam to 
the acceptance of the FC-RFQ linac. Beam diagnostic 
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devices such as a Faraday cup, a beam profile monitor, 
and a beam emittance monitor will also be installed. 

The new injector system is now being fabricated at 
the factory of SHI (Sumitomo Heavy Industries, Ltd) 
for completion by the spring of the next year. The 
beam test will be made at RIKEN before the installa­
tion on the due site of RILAC. 
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Design of RIKEN 18 GHz Electron Cyclotron Resonance 
Ion Source (ECRIS) 

T. Nakagawa, T. Kageyama, A. Goto, N. Inabe, O. Kamigaito, M. Nagase, T. Chiba, M. Hemmi, 
M. Kase, Y. Miyazawa, E. Ikezawa, and Y. Yano 

To increase the beam intensity of heavy ions accel­
erated by RILAC,l) we have designed a new 18 GHz 
ECRIS. A schematic overview of the ECRIS is shown 
in Fig. 1. 

118 GHz RIKEN ECRIS I 

TMP 1501/s 

Fig. 1. Schematic drawing of the 18 G Hz ECRIS and 
typical magnetic field distribution. 

The axial confinement of the plasma is obtained by 
two solenoid coils which provide a magnetic mirror. 
The source is completely enclosed by an iron york in 
order to reduce the current of solenoid coils. The ex­
pected power consumption is about 90 kW. The coils 
are independently powered. 

The mirror ratio has a nominal value of 2.7. In order 
to optimize the magnetic confinement of the plasma, 
we used the hexapole magnet structure proposed by 
Halbach. 2) The hexapole magnet consists of 24 seg­
ments made of Nd-Fe-B permanent magnets. The 
outer diameter (OD) and inner diameter (ID) are 180 
and 80 mm, respectively. All of the segments are 
made of a material with high coercitivity (NEOMAX-
40 Sumitomo Special Metals Co., LTD.). The design 
of the magnetic structure has been optimized by using 

the computer code PANDIRA. The field strength at 
the surface of the magnet is about 1.4 T. To protect the 
hexapole magnet from demagnetization by high tem­
perature, a water cooled plasma-chamber with ID = 75 
mm OD = 80 mm has been constructed. The water­
cooled haxapole housing protects the permanent mag­
net from the high temperature caused by the solenoids. 

We have chosen a microwave frequency of 18 GHz 
because it is the highest frequency that can be obatined 
by a commercially available klystron tube and ap­
plied for 2 Wee (electron cyclotron resonance frequency) 
mode operation. 

The high vacuum of the plasma chamber is very im­
portant to produce the intense beam of highly charged 
ions.3) This may be due to the effect of recombination 
of the ions. In the case of 18 GHz ECRIS, the plasma 
chamber is evacuated with the 500 and 150 lis turbo 
molecular pumps. Using this pumping system, the ul­
timate vacuum of the plasma chamber will be of the 
order of 10-8 Torr. 

In order to produce the highly charged ions from 
solid materials, the matrials are directly inserted into 
the plasma axially using a same method as described 
in Ref. 4. 

To inject heavy ions into RILAC from the ECRIS, 
it will be connected with a new type variable energy 
RFQ5) which is designed as an injector for RILAC. 
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Design of a Beam Transport Line between the 18 GHz 
ECRIS and the RFQ Linac 

N. Inabe, M. Kase, O. Kamigaito, Y. Miyazawa, M. Hemmi, T. Chiba, 
A. Goto, Y. Batygin, and Y. Yano 

We designed a beam transport line between 18 GHz 
ECR ion source l ) and RFQ linac (RFQ)2) that will be 
newly installed as a pre-injector of the RILAC. Figure 
1 shows the transport line. In the design we required 
two conditions for the transportation of the beam. One 
is to separate a beam from the other unnecessary par­
ticles from the ion source and another is to match 
the emittance of the beam to the acceptance of the 
RFQ. From the conditions we separated the transport 
line into two sections: a beam analyzing section and a 
matching section. The beam analyzing section consists 
of a dipole magnet and drift spaces before and after it. 
In the section the end point is the analyzing point of 
the beam. The matching section consists of solenoid 
and drift spaces before and after it. The entrance of 
the section is the analyzing point and the exit the en­
trance of the RFQ. As shown in Fig. 1 the transport 
line has a beam diagnostic system such as a profile 
monitor, slits, and a Faraday cup around the analyz­
ing point. Two vacuum pumps (350 lis) are used. The 
designed vacuum pressure is less than 10-7 Torr. 

R 

Matching 
Section 

-+------ Analysing 
Section 

Fig. 1. Schematic drawing of the beam transport line 
between the 18 GHz ECR ion source and the RFQ linac. 

For the search of the parameters such as drift lengths 
and strength of the solenoid we used the computer code 
TRANSPORT. The properties of the beam such as 
emittance, dispersion, and size was calculated by the 
code. In the calculation the emittance of the beam at 
the exit of the ion source was assumed to be a stan­
dard ellipse of 11"*5 mm*29.0 mrad and the momentum 
spread, Llp/p, to be O. The half width of the beam of 5 
mm corresponds to the radius of the extraction hole of 
the ion source. The object of the optics was chosen at 
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the starting point of the analyzing section, since using 
another computer simulation code we confirmed that 
the shape of the emittance at this object point could 
be made to be the same as that from the ion source by 
locating an einzel lens after the ion source. The maxi­
mum magnetic rigidity was taken to be 76.13 kG*cm, 
which is the same as the designed value for the RFQ. 
In the cal-culation we did not take account of the space 
charge effect. 

The parameters of the analyzing section such as 
drift lengths and edge angles of the dipole magnet 
were searched under the conditions of mass separa­
tion (M/ LlM) > 100 and double focus at the analyzing 
point. For the dipole magnet we chose the same size 
as for the analyzing magnet between the 10 GHz ECR 
ion source and the AVF cyclotron (500 mm in radius, 
80 mm in gap and 90° in bending angle). The reason 
for the choice is that the both maximum rigidities are 
similar to each other. 

The parameters of the matching section such as 
strength and effective length of the solenoid and drift 
lengths were searched under the condition that the 
phase ellipses for the beam in both horizontal and ver­
tical directions of the beam should lie into those of ac­
ceptance of the RFQ. As an additional condition we 

Table 1. Designed parameters of the components in the 
beam transport line. 

Distances 
Object point rv 

entrance of the dipole magnet 
Exit of the dipole magnet rv 

analyzing point 
Analyzing point rv 

entrance of the solenoid 
Exit of the solenoid rv 

entrance of the RFQ linac 

Magnets 
Dipole 

Radius 
Bending angle 
Maximum magnetic field 
Edge angle (entrance and exit) 
Gap 

Solenoid 
Inner radius 
Outer radius 
Effective length 
Real length 
Maximum magnetic field 

1.1 m 

1.1 m 

1.0 m 

0.37 m 

0.5 m 
90.0° 

1.6 kG 
28.7° 
80mm 

45mm 
305 mm 

0.25 m 
0.31 m 
6.3 kG 



required that the total lengths of the section should be 
as short as possible. The reason to choose the solenoid 
as a matching element is that the phase ellipses of the 
beam in the horizontal and vertical directions are sim­
ilar at the entrance of the section and that the RFQ 
has the same acceptance in the both directions. More­
over it was because choice of the solenoid led the sec­
tion to be compact. The magnetic field of the solenoid 
was calculated by the computer code POISSON. From 
the calculation we determined the real length of the 
solenoid for the required effective length and strength. 

From the search we obtained the parameters of the 
transport line. The parameters are summarized in Ta­
ble 1. The maximum designed fields of the dipole mag­
net and the solenoid have 10 rv 20% margin of the 
required maximum fields. 

(cm) Dipole Solenoid 
6 

(ij 5 
C 4 0 
N .§ 3 
I 2 

1 

0 -+-_-I---! __ +-_.j.....j.-~ Entrance of 
the RFQ linac 

1 

ro 2 
,g 3 
iii 
> 4 

5 

6 
Analysing point 

Fig. 2. Calculated envelope of the beam from the ECR 
ion source to the RFQ linac. 

Figure 2 shows the envelope of the whole transport 
line. It is shown that the clearance of the beam for each 
aperture is large enough. The dispersion and magnifi­
cation in the horizontal direction at the analyzing point 
are 2.20%/cm and -0.98, respectively. From the val­
ues of dispersion and magnification, M/ ~M is about 
200 and it is large enough for the required one. Figure 
3 shows the phase ellipses of the beam in the horizon­
tal and vertical directions and the acceptance of the 
RFQ. As shown in Fig. 3, the ellipses of the beam are 
wrapped in those of acceptance of the RFQ and the 
matching between the emittance of the beam and the 
acceptance of the RFQ is very good. 

a) b) 
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Fig. 3. Phase ellipses of emittance of the beam and the 
acceptance of the RFQ linac at the entrance of the RFQ 
linac: a) in the horizontal direction and b) in the verti­
cal one. 
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Cold Model Test of the Variable Frequency RFQ Resonator 

o. Kamigaito, A. Goto, Y. Miyazawa, T. Chiba, M. Hemmi, s. Kohara, M. Kase, and Y. Yano 

Cold model test of the resonator of the variable fre­
quency RFQ linac, designed as a new injector for RI­
LAC, has been performed. This RFQ will accelerate 
ions with a range of M/q = 7- 28 to the final energy 
of 450 ke V / q in the cw mode, by varying the opera­
tional frequency from 17 MHz to 38 MHz. With the 18 
GHz-ECRIS,l) the RFQ injector is expected to greatly 
increase the intensity of the heavy ion beams for RI­
LAC in the near future. 

The RFQ resonator is based on the "folded-coaxial 
(FC)" structure.2) This RFQ has the following distinct 
advantages. Firstly, the resonator can be made very 
compact even in the low frequency region below 20 
MHz. Secondly, the operational frequency is changed 
widely with a movable shorting plate. Thirdly, the 
intervane voltage can be made flat enough to obtain 
high beam-transmission efficiency. 

Figure 1 shows a schematic drawing of the RFQ res­
onator. Horizontal vanes are held by front and rear 
supports fixed on the base plate. Vertical vanes are 
fixed on the inner surfaces of a rectangular tube which 
surrounds the horizontal vanes. This tube is supported 
by four ceramic pillars placed on the base plate. A 
stem suspended from the ceiling plate is in electrical 
contact with the rectangular tube. A shorting plate 
placed around the stem can be moved vertically, which 
varies the resonant frequency. Radio-frequency power 
is fed into the resonator through the side wall by a 
capacitive feeder. A capacitive tuner is set on the op­
posite side wall and two capacitive pickup monitors are 
set on the base plate. 

The resonator is separable into upper and lower 
parts, as shown in Fig. 1. The horizontal vanes and 

Fig. 1. Schematic drawing of the RFQ resonator. The 
size of the half-scale model is about 850 mm (L) x 350 
mm (W) x 500 mm (H). 
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the rectangular tube with the vertical vanes are rigidly 
fixed inside the lower part. The upper part contain­
ing the stem and the shorting plate can be removed 
as an unit. This separable structure permits accurate 
alignment of the vanes and easy maintenance. 

Figure 2 shows the schematic drawing of the mag­
netic flux of the fundamental mode. The flux sur­
rounds the stem, rectangular tube and the horizontal 
vanes. The direction of the flux is reversed at the mid­
dle of the vanes, and the magnetic field vanishes there. 

Stem Movable Shorting Plate Stem 

Vertical Vane Lower Stem 

Fig. 2. Schematic drawing of the magnetic flux of the 
fundamental mode of the RFQ resonator. The lower 
stem is installed only in the high frequency operation. 

In order to investigate the rf characteristics of the 
resonator, a half-scale model has been made of copper 
(CIlOO). The fabrication procedure for the real· RFQ 
linac was also studied in the design of the model res­
onator. In the initial measurements, the vanes having 
a constant bore radius and the ceramic pillars made of 
Macor were used. The vanes have been aligned within 
the accuracy of 30 j.tm. 

Figure 3 shows the measured resonant frequency of 
the fundamental mode along with the calculated values 
using the computer code MAFIA. The resonant fre­
quency varies from 34.0 to 70.0 MHz by changing the 
position of the shorting plate by a stroke of 330 mm, 
which means that the actual operational frequency will 
range from 17.0 to 35.0 MHz. The resonant frequen­
cies of the higher modes appear over 200 MHz, well 
separated from that of the fundamental mode. 

Figure 4 shows the measured Q-values and the shunt 
impedances of the fundamental mode. The MAFIA 
calculations are also shown in the figure. The calcu­
lation overestimates the measured values by 30-50%. 
This is considered to result from the fact that the cal­
culation does not realistically treat the roughness of 
the wall surface and the imperfectness of the electric 
contact. From these measurements, the power losses 
of the real RFQ linac are expected to be 6 k W at 17 
MHz and 34 kW at 35 MHz. 
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Fig. 3. Measured resonant frequencies (closed circles) and 
the values calculated using MAFIA (solid line) of the 
fundamental mode for the half-scale model. L denotes 
the distance in mm between the top surface of the rect­
angular tube and the bottom surface of the movable 
shorting plate. 
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Fig. 4. Measured Q-values (open circles) and the shunt 
impedances (closed circles) of the half-scale model. The 
solid lines indicate the MAFIA calculations. 

The intervane voltage distributions along the ac­
celeration axis were measured with a perturbation 
method. They were found to be in good agreement 
with the MAFIA calculations. The imbalance among 
the intervane voltages in the four quadrants was ±2% 
at most. 

Next, we replaced the un-modulated vanes with 
modulated ones and measured the rf characteristics. 

The modulated vanes have been fabricated by using 
the NC ball-end-mill machine within the accuracy of 
30 Mm. The resonant frequencies have risen up by 
about 1 % and little change has been found in the 
Q-values and the shunt impedances. Ceramic mate­
rials were also examined by measuring the Q-values 
with pillars made of several types of Ah03 and AIN 
being installed. At the present, ceramic pillars of 
Ah03(Kyocera A479) are to be used in the real RFQ 
linac . 

If we install an additional stem as shown in Fig. 
2, the power losses can be reduced in the high fre­
quency region above 35 MHz because the rf electric 
current is shared by the two stems. This lower stem 
is installed only in the high frequency operation. We 
have installed two kinds of lower stem in the half-scale 
model and measured the Q-values. As shown in Fig. 5, 
the operational frequency is restricted in the high fre­
quency region but the Q-values are larger than those 
only with the upper stem. This result shows that the 
operational frequency can be extended to 38 MHz with 
the power loss of 34 k W. 
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Fig. 5. Measured Q-values of the half-scale model of the 
RFQ resonator. The triangles are the Q-values using 
only the upper stem. The rectangles and the circles are 
the ones using lower stems of different shapes. 

The design of the real RFQ linac is under progress 
by taking these results into account. 
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Hollow Beam Formation in the Extraction Region of ECRIS 

Y. Batygin, A. Goto, and Y. Yano 

Beam quality of a heavy ion accelerator complex is 
mostly defined by the extraction region of ion source 
where a space charge and a nonlinear external focusing 
field are essential. The extraction region of the 18 GHz 
ECR ion source which is under construction to upgrade 
RIKEN Accelerator Research Facility consists of an 
extraction electrode under the voltage of Uext = 10 
k V followed by a three-electrode Einzel lens (see Fig. 
1). After passing the lens, the beam has to be focused 
into a spot with a diameter of 10 mm to be matched 
with the following transport system. 

4~--------4---+-~--4---------~ 

2~~====~--~--~======~ 

~o 
>< 

20 60 
Z,CK 

Fig. 1. Particle trajectories in the extraction region of the 
18 GHz ECR ion source. 

Numerical calculation of beam extraction was per­
formed with the computer program BEAMPATH.1) 
Ion trajectories start from a concave plasma emitting 
surface within the beam convergence angle 8 defined 
by an aspect ratio R/ d of extraction region and a ratio 

of beam perveance P = I/Uext 3/2 to Child-Langmuir 
perveance Po = (411" /9)Eo(R2 /d2)(2q/m)1/2 of one di­
mensional diode:2) 

o = -O.625~ (:0 -1). (1) 

For the expected value of beam current I = 100 /-LA 
of Ar+5 the flow of particles is not space charge dom­
inated and therefore initial convergence of the beam 
8 = - 0.075 is mostly defined by the focusing proper­
ties of extraction region. 

The value of normalized beam emittance E is defined 
by the magnetic field fulfilling the ECR resonance con­
dition 2WL = WRF and ion temperature T i due to ion­
ization processes in plasma: 

E=2R kTi [WLR] 
2 

- + -mc2 2c' 
(2) 
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where k = 8.617 X 10- 5 eV·K-1 is Boltzmann's con­
stant and WL = qB/2m is Larmor's frequency. For the 
considered case of the 18 GHz ECR ion source the 
resonant value of magnetic field is B = 0.637 T. The 
normalized beam emittance of an Ar+5 beam with the 
temperature kTi = 3 eV is: 

E= 2x5xl0-3xVO.8 x 10- 10 + 10-9 

= 3.3 X 10-7
11" m rad. (3) 

The beam emittance is mostly defined by the value of 
magnetic field. 

Particle trajectories obey the equations of motion 
derived from a single particle Hamiltonian: 

where Pn Pe and pz are components of momentum of 
the particle, U f is a potential of the focusing field, U c 

is a space charge potential of the beam and Ae = Br /2 
is a vector potential of the magnetic field. From com­
puter simulation of the beam extraction problem in the 
ECR ion source it follows that the beam can obtain 
hollow structure in the time of crossover (see Fig. 2). 
The same phenomenon was observed in high perveance 
electron guns3) and under focusing of an electron beam 
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Fig. 2. Cross section of the beam (top) and phase space 
projections of particles (bottom) at z = 16 cm (left 
column) and at z = 60 cm (right column). 



by short solenoid lenses with large aberrations. 4) For 
more details, let us consider the following analytical 
model. 

The particles are born in the magnetic field of ECR 
ion source, hence every particle has non-zero value of 
azimuthal component of canonical momentum: 

(5) 

After the solenoid the particles pass through the fo­
cusing lens and then move in a drift space. · Electric 
field of the lens provides focusing which consists of a 
linear term G and higher order terms. We restrict our 
consideration to the first nonlinear term of electric field 
G3 . The transverse equation of motion of a particle in 
this region is given by 

We assume the thin lens approximation which means 
that the length of the lens is small in comparison to 
the focal length. Therefore the radius of particle ro 
is not changed during the time of passing through the 
lens tl' Equation (6) can be integrated to obtain the 
relationship between the initial and the final radii of 
particle in the drift region: 

(7) 

where T = WL t is a dimensionless time of particle drift 
and the following notations are used: 

(8) 

To find the beam density redistribution let us assume 
that the number of particles dN inside a thin ring 
(r, r + dr) is constant during the drift of the beam, 
hence the particle density p(r) = dN/(27rrdr) at any z 
is connected with the initial density p(ro) by the equa-

tion p(r)dr2 = p(ro)dr6 or: 

From this relationship it follows that changing of the 
beam profile is observed when a nonlinear term of the 
focusing field is not zero (8 to). The linear focusing 
lens (8 = 0) conserves the beam profile and changes 
only sizes of the beam. Introducing the nonlinear com­
ponent of focusing field results in beam intensity redis­
tribution according to the above formula and finally in 
hollow beam formation. 

The hollow beam profile formation can be under­
stood from the fact that spherical aberration of an 
electrostatic lens always increases focusing of particles 
in comparison with the ideal linear focusing. 5) As a 
sequence the peripheral particles in the drift region 
move faster to the axis than the inner beam particles. 
It results in a most populated boundary of the com­
pressed beam than the core of the beam at the point 
of crossover. 

Hollow beam formation is accompanied by emittance 
growth of the beam due to nonlinearity of a focusing 
lens. In the considered case the effective root-mean­
square emittance 

(10) 

is increased by 1.3 times (see Fig. 2). For keeping the 
quality of the beam obtained from an ion source the 
nonlinearity of the focusing lenses have to be mini­
mized. 
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Beam Dynamics Study in Variable Frequency 
RFQ Linac for RILAC 

Y. Batygin, A. Goto, O. Kamigaito, and Y. Yano 

An RFQ linac is characterized by the high transmis­
sion efficiency of particles and a large value of transver­
sal acceptance which allows us to use it for acceleration 
of charged particle beams with high current and low 
initial energy. The RFQ structure designed for up­
grading the RIKEN Linear Accelerator (RILAC)l) is 
aimed to accelerat e ions in a large range of charge to 
mass q/m ratio. Acceleration of different kinds of ions 
in the structure with a given value of intervane voltage 
U is performed by the change of operational frequency 
f and energy W of the beam fulfilling the conditions 
of invariance of acceleration gradient and geometry of 
the channel: 

vw 
- - = const· 

f ' 
qU 
m f2 = const. (1) 

Latest study of H- beam dynamics in Ground Test 
Accelerator2) under a space charge dominated regime 
shows that the transmission efficiency observed in ex­
periment was significantly lower than it was expected 
from calculations (73% instead of 90% under the beam 
current of 37 mA). Possible sources for it were found 
to be higher order terms in RFQ potential and im­
age charges. The purpose of this work is to examine 
how the transmission efficiency and other beam pa­
rameters are influenced by different representation of 
the designed RFQ field in the case of two lowest-order 
RFQ terms both neglecting space charge and under 
a high value of beam current including image forces. 
Multipole effects of RFQ potential can be investigated 
after choice of an exact shape of electrodes. 

Beam dynamics in RFQ accelerator is stud­
ied using the general-purpose particle-in-cell code 
BEAMPATH.3) The beam is represented as a collec­
tion of a large number of modeling particles (macro 
particles). The problem is solved in a right-hand 
Cartesian coordinate system (xyz). Particle trajecto­
ries obey the equations of motion followed from a single 
particle Hamiltonian: 

(2) 

where p = (Px , Py , pz) is a momentum of the particle, 
r = (x, y , z) is a radius-vector of the particle, URFQ is a 
potential of the radio frequency quadrupole structure, 
U c is a space charge potential of the beam. For inte­
gration of the equations of motion the second order 
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method is used: 

PISTEP+l/2 = PISTEP- l/2 + EISTEP * DT 

rIsTEP+l = rIsTEP + VISTEP+l/2 * DT. (3) 

The electric potential of the RFQ structure is given 
by the expression:4) 

• sin(27rft + <Po) (4) 

where X and T are focusing and acceleration efficiency 
respectively, and k = 27r / (3).. is a wave number. 

Space charge field of the beam is calculated at each 
time step from the Poisson's equation in the system of 
coordinates, moving with the bunch: 

p(x, y , z) 
(5) 

The Dirichlet boundary conditions for potential Uc are 
imposed on the surface of an infinite pipe and peri­
odic conditions in longitudinal direction are assumed. 
The region occupied by the bunch of particles is di­
vided into uniform rectangular meshes of dimension 
NX·NY·NZ. Charge of every particle is distributed 
among the nearest eight nodes inversely proportional 
to the distance from particle to each node. For obtain­
ing a solution of Poisson's equation the space charge 
density of the beam and unknown potential functions 
are represented as Fourier series: 

NX-l NY-l N2z-1 _ 

U ijk = ~ ~ ~ {[u~1wcos C~~k) 

w . (27rWk)] (7rUi) (7rVj) } + Uuvw sm NZ • sin NX . sin NY (6) 

analogously for p (x,y,z) . Calculation of series (6) 
is performed using the Fast Fourier Transformation 
(FFT) method. Space charge and potential expansion 
coefficients are connected by an algebraic relationship 
followed from Poisson's equation: 

which gives the solution of the space charge problem. 
Parameters of the numerical model used in simulation 



Table 1. Parameters of the numerical model. 

Number of macroparticles 
Spatial grid NX·NY·NZ 
CPU storage requirement 
Integration step DT·f 
Total number of integration steps 
CPU time (for VAX Alpha): 

1 = 0 
1= 1 rnA 

104 

64 x 64 x 256 
8 MBt 
1/40 
1600 

10 min. 
535 min. 

are listed in Table 1. 
Four different types of RFQ field representation were 

compared in calculations: (i) linear variation of accel­
eration efficiency T, focusing efficiency X and aperture 
of the channel a along the structure (P ARMTEQ -
type field5)); (ii) a step-wise function of above pa­
rameters assuming the values of (ai) = O.5(ai-l + ai) 
and (Ti) = 0.5(Ti- 1 + Ti) equal to mean values over 
each cell; (iii) a step-wise function of parame­
ters assuming the values of (ai) = 0.5(ai-l + ai) and 

Table 2. Beam parameters in RFQ structure. (A/Z = 5, f = 40 MHz) 

RFQ field approximation: 

Transmission efficiency, 
Initial emittance 1r mm mrad 
Final emittance, 1r mm mrad 
Energy spread dW /W 
Bunch length 

Linear 
(PARMTEQ-type) 
1=0 1= 1 rnA 

0.94 0.87 
0.3 0.3 
0.36 0.40 
0.034 0.023 
36° 28° 

(mi) = 0.5(mi-l + mi) equal to mean values over each 
cell; (iv) a step-wise function assuming all parameters 
are equal to the designed values at the end of each cell 
Til Xi, ai· 

In Table 2 the results of simulation of the beam with 
A/Z = 5 are presented. The value of transmission effi­
ciency obtained with a linear change of RFQ field along 
the structure agrees well with PARMTEQ prediction 
(94 % for zero beam current and 90% for I = 1 rnA). 
The step function of RFQ field representation gives 
smaller values of transmission efficiency especially for 
the space charge dominated regime. 

Most of the particle losses are observed in trans­
verse directions in the region between buncher and ac­
celerating section. This region is characterized by a 
sharp increase of electrode modulation which results in 
a quick change of acceleration gradient along the struc­
ture and non adiabatic oscillation of particles. Small 
changes of parameters T, X due to different represen­
tation of RFQ field results in deviation in synchronous 

Step-wise Step-wise Step-wise 
((ai),(Ti)) ((ai),(mi) ) (Ti,Xi,ai) 

1=0 1=1 rnA 1=0 1=1 rnA 1=0 1=1 rnA 

0.94 0.86 0.92 0.78 0.86 0.70 
0.3 0.3 0.3 0.3 0.3 0.3 
0.35 0.39 0.39 0.44 0.42 0.45 
0.034 0.025 0.034 0.024 0.023 0.018 
30° 30° 31 ° 24° 50° 38° 

phase of the bunch and mismatch of the beam with 
the channel. Beam losses in the longitudinal direction 
are much smaller (typically 2% for zero beam current 
and 4% for beam current I = 1 rnA). 

Further optimization of the acceleration structure is 
required to improve the beam transmission efficiency 
and to reduce the transverse beam emittance growth 
in RFQ linac. 
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Construction of the RIKEN-RAL Muon Facility 

K. Nagamine, T. Matsuzaki, K. Ishida, I. Watanabe, and R. Kadono 

The construction of the RIKEN muon facility at 
Rutherford Appleton Laboratory (RAL) which was 
started in 1990 came to the final completion stage at 
the end of 1993. The first beam is scheduled in the fall 
of 1994. t 

The rapid-cycling, high intensity proton synchrotron 
of the ISIS accelerator of Rutherford Appleton Labo­
ratory (RAL), which was constructed for a spallation 
neutron source, is most suited for the pulsed muon gen­
eration. The ISIS can produce 800 MeV protons in a 
double pulse time structure (70 ns width, 340 ns sep­
aration and 50 Hz repetition) at an average current of 
170 j.LA. 

The final form of the RIKEN-RAL muon facility is 
shown in Fig. 1 which is almost identical to the original 

Fig. 1. Schematic layout of RIKEN muon facility at RAL. 
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Note added in proof. The first beam was successfully gener­
ated on Nov. 9, 1994 with a confirmation of the achievement 
of expected intensity and quality. 

design proposed in 1990. The high intensity protons 
which have the double pulse time structure produce 
pions which are, after momentum selection, injected 
into a 5.5 m long, 12 cm bore and 5 T superconduct­
ing solenoid. During the passage in the solenoid field, 
intense pulsed muons are produced via pion decay in 
flight. The double pulse structure of the muons which 
is inconvenient to most of the muon science experi­
ments is changed into two beams of a single pulse struc­
ture by a magnetic kicker system, each of which is fed 
into a separate experimental part (port 3 and port 1 
or port 2). 

In the fall of 1993, the superconducting solenoid and 
associated supercritical He cooling system was com­
pleted at the final location of the site. As described 
separately, the pulsed magnetic kicker system was com­
pleted in March 1994. The rest of the facility inculding 
the septum magnet placed after the kicker, dc separa­
tor, etc. were all completed in the spring of 1994. Var­
ious installation works including services and cablings 
will be completed in the summer of 1994. 

The expected muon intensity is shown in Fig. 2, 
showing the world strongest pulsed muon facility to 
be realized at the RIKEN-RAL muon facility. 
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Optics Design for the RIKEN-RAL Muon Channel 

K. Ishida, K. Nagamine, T. Matsuzaki, 1. Watanabe, and G. H. Eaton* 

RIKEN is constructing a high intensity pulsed muon 
beam channel at the ISIS facility of Rutherford Apple­
ton Laboratory (RAL). 1) There, a rapid cycle proton 
syncrotron (800 MeV, 50 Hz) of high intensity (200 
/-LA) has been used mainly for a spallation neutron 
source. Our muon channel will take the pions gen­
erated from the intermediate target placed upstream 
of the main target. As the best beam channel for 
the negative muon production, we have adopted the 
beam channel with a decay section of super conducting 
solenoid like PSI or UTMSLjKEK. 2,3) 

The muon beam channel consists of four main parts, 
namely, a pion production target, a pion injection sys­
tem, a solenoid decay section, and a muon extraction 
system. Muons will be delivered to two of the three 
experimental ports simultaneously (port 3 and port 1 
or port 2).1) 

(1) The pion production target is a 10 mm thick 
graphite. The number of generated pions N7r is ex­
pressed as 

N7r = Nc x Ip X d2
(J' jdOdp x LlO Llp 

Ip = 1.25 X 1015 jsec (200 /-LA) 
Nc = 6 X 1023 jmol j 12 gjmol x 2.25 gjcm2 

= 1.12 x 1023 jcm2 

(10 mm = 2.25 gjcm2 

thick carbon target) 
d2

(J' jdOdp = (d2
(J' jdOdE7r ) (dE7rjdp) , 

where Ip is the proton beam intensity, Nc is the num­
ber of carbon nuclei in the target, and d2

(J' jdOdE7r 
is the differential pion production cross section at 90 
degrees to the proton beam. The pion production 
cross section was taken from the data of LAMPF (730 
Me V). 4) Some enhancement of the cross section may 
be expected at 800 MeV. Typical number of generated 
pions was estimated to be 1.3 x 108 jsec in a phase 
space of 100 mr x 100 mr and a momentum width of 
121 MeV jc ± 5%. 

(2) The pion injection system consists of two 
quadrupoles and a bending magnet to select the pion 
momentum. It is designed to have an acceptance of 
LlO = 75 msr and Llp = 10%. 

(3) In the solenoid decay section the solenoid is used 
for confining the muons produced from the decay of 
the pions in the solenoid. The muons may be produced 
in any direction and at any place along the solenoid. 
With the help of the solenoid, the exit of the solenoid 
can be considered as a muon source. 

( 4) The muon extraction system is essentially 
a QQQ-B-QQQ-B-QQQ system, where Q is a 
quadrupole magnet and B a bending magnet. In Fig. 1 

Rutherford Appleton Laboratory 

is shown the typical beam envelope in the muon extrac­
tion system for port 2. Each triplet quadrupole works 
as a lens, and the bending magnets are placed at the 
two nodes. Additionally, a kicker system5) is placed in 
the straight section after the first triplet (QQQ). Also 
two DC separators with cross field coils were installed 
to remove positrons and electrons in the beam. 
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Fig. 1. Beam envelope in the extraction system for port 2. 
The initial phase ellipse is ~x = ±30 mm, ~x' = ±80 
mr, ~y = ±20 mm, ~y' = ±80 mr, ~p = ±5%. 

The expected intensities of the muon beam for vari­
ous momenta were calculated and are shown in Fig. 2. 
The first muon beam was succesfully produced in 9th 
November of 1994. A detailed beam tuning is now in 
progress. 

~ 
107 

_ ... ----- -

~ 
>- 106 
[-

Vi 
z Decay J.1" 
(zl 

105 [-

~ 
z 
0 

10' :::> 
;:;;: 
0 
(zl 

103 [-
«: 
;:;;: 
§:: 
en 

102 
(zl M W W ~ 1M 

MUON MOMENTUM [MeV/ c ] 

Fig. 2. Expected muon beam intensity for the RIKEN 
Muon Channel. 
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Development of a Pulsed Kicker Magnet for the RIKEN-RAL 
Muon Beam Line 

1. Watanabe, K. Ishida, T. Matsuzaki, K. Nagamine, and E. G. Sandels 

A RIKEN Muon Beam Facility is being constructed 
at Rutherford-Appleton Laboratory (RAL) in UK.1) 
Intense double pulsed muon beams which have wide 
momentum from 20 MeV Ic to 120 MeV Ic will become 
available at the new RIKEN facility. The separation of 
the double pulse is about 340 nsec from peak to peak 
and the width of each single pulse is about 70 nsec with 
the repetition rate of 50 Hz. The RIKEN muon facility 
consists of a pion injection system, a superconducting 
solenoid magnet, a muon extraction system and three 
muon experimental areas.!) A fast pulsed kicker mag­
net is installed in the muon extraction system. In case 
of the low momentum beam, the double pulsed muon 
beam is separated by the kicker magnet and each single 
muon pulse is delivered to the two muon experimen­
tal areas simultaneously. The first muon pulse passes 
through the kicker magnet without magnetic field and 
the second pulse is deflected by the kicker magnetic 
field. To achieve a good separation of the muon pulse, 
the kicker magnetic field should be established within 
250 nsec pulse separation time by the pulsed high cur­
rent. In this paper the development of the fast kicker 
magnet is reported. 

Figure 1 shows the electrical circuit of the kicker 
system. The kicker system consists of a PFN circuit , 
a fast switching thyratron, power cables and the mag­
net. The PFN circuit consists of 18 sections of the 
combination of capacitors and coils, and has a charac­
teristic impedance of 6.73 O. The 7-coaxial cables with 
50 0 impedance are used in parallel. The thyratron is 
CX1725A (EEV, UK), and has a standing voltage of 
70 k V. Both of the PFN circuit and the thyratron are 
cooled by air. The PFN is discharged by the thyra­
tron. When the discharged pulse comes into the mag­
net, the reflection of the pulsed voltage occurs at the 
magnet end because of the magnet inductance result­
ing in the doubling of the voltage at the coil. This re­
flection causes the doubling of the current which passes 
through the magnet coil. This is the advantage of this 
circuit system compared with the impedance match­
ing type system. The discharge current comes into the 
magnet through the sheath of the power cable and the 
return current from the magnet comes into the PFN 
through the inner conductor of the power cable and 

" 
" ~ 
c.. 
E 
8 

+27.3kV 

Fig. 1. Electric circuit diagram of the kicker system. 
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is absorbed in a dump resistor at the other side of the 
PFN circuit. The dump resister is soaked in oil and the 
oil is cooled by water through a heat exchanger. Since 
any additional inductance in the circuit would increase 
the rise time of the kicker magnetic field , these induc­
tance should be minimized. For instance, the cathode 
of the thyratron is earthed to reduce the floating in­
ductance around thyratron as shown in Fig. l. 

The kicker magnet consists of four unit magnets of 
the same structure.2) Figure 2 shows the unit kicker 
magnet. The unit magnet is made of ferrite pieces of 
40 mm thickness, and designed to be a "C"-type struc­
ture. The aperture of the unit magnet is 250L x 200H 
(mm) and the length along the beam line is 200 mm. 
The total length of the kicker magnet is 800 mm. A 
single turn coil made of pure Cu plate is wound around 
a ferrite core. All of the ferrite pieces are supported 
directly and individually by ceramic supports. The 
outside surface of the ferrite core is covered by a thin 
Cu plate to prevent the leakage of the magnetic field 
with the help of the eddy current in the Cu plate. A 
thick Cu plate (Mirror Plate) is installed at the open 
side of the "C" -type structure to prevent the leakage 
field and to homogenize the magnetic field. 2) Some ca­
pacitors are installed in parallel to the magnet coil as 
shown in Figs. 1 and 2.2) The rise time of the mag­
netic field is improved because of the over shoot of the 
discharge current which is due to the impedance mis­
match of these capacitors in the magnet. The main 
parameters of the kicker magnet are as follows; 

Charge up voltage 27.3 kV 
Maximum current 4030 A 
Magnetic field strength 0.02 Tm 
Bending angle 7.6 0 

Rise time < 200 nsec. 
Flat top > 300 nsec. 

Fig. 2. Unit kicker magnet. View from the upstream side 
of the beam line. 



Figure 3 shows an integrated kicker magnetic field 
along the muon beam path. The kicker field was mea­
sured in the air at a half of the maximum current. 
The double pulsed muon beam structure which is cal­
culated from the proton beam structure is also shown 
in the figure to clarify the relationship between the 
muon beam and the kicker field. At the tail of the first 
muon pulse the magnetic field starts to rise. After the 
establishment of the flat top of the field the second 
muon pulse comes into the kicker. The flat top of the 
field is kept during the passage of the second pulse. 
The rise time from 5% to 95% was less than 200 nsec 
and the flat top was kept for about 300 nsec. There­
fore, it is concluded that the kicker magnet has enough 
capability to separate the double pulsed muon beam. 

Kicker Field vs Muon Pulse 

o 200 400 600 800 1000 

Time (nsec) 

Fig. 3. Relationship between the calculated double pulsed 
muon beam and the measured integrated kicker mag­
netic field. 

Figure 4 shows the distribution of the integrated 
kicker field along the axis from the coil to the mirror 
plate including the beam center. Each data is shown 
by a percentage deviation from the measured value 
at the beam center. The field distribution shows the 

Kicker Field Homogeneity 

· 100 -so so 100 

Horizontal Distance from Center (mm) 

Fig. 4. Distribution of the integrated kicker magnetic 
field. 

symmetric distribution. Although the magnetic field 
decreases slightly at the both ends of the axis, it is 
confirmed by the beam trajectory calculation3) that 
more than 90% muons can be transported in the ho­
mogeneous region. 

The integrated kicker field was measured to be 35% 
larger than the one estimated from the coil current and 
the ferrite length, indicating the expansion of the effec­
tive field length. The 2-dimensional field calculation3) 

indicated that there was a leakage field from the mag­
net edge along the beam line in the real case and this 
leakage field increased the effective length of the kicker 
magnetic field. Based upon the calculation the effec­
tive length of the kicker magnetic field should be about 
1.38 times as large as the designed one and this expan­
sion is the same with the one observed from the field 
measurement. This expansion will help to transport 
higher momentum muons than originally expected. It 
is concluded that this kicker magnet can be in use for 
the muon beam with the momentum up to 65 MeV/c. 

Figure 5 shows a result of the kicker magnet opera­
tion test at RAL using the real double pulsed surface 
muon beam. As the trigger timing of the discharge 
was changed from the early to the late, the first pulse 
was kicked away and disappeared with no change of 
the pulse structure of the second pulse, and then the 
second pulse disappeared when the first pulse recov­
ered. Therefore, it was confirmed that each single 
muon pulse could be completely transported by the 
kicker magnet. 
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Fig. 5. Separation of the surface muon beam (25.4 MeV Ic) 
by operating the kicker magnet. 
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Concept ural Design of Accelerator Complex for 
RIKEN RI Beam Factory 

Y. Yano and A. Goto 

The RARF proposes "RIKEN RI Beam Factoryj' as 
a next facility-expanding project. The factory takes 
the aim at providing RI (Radioactive Isotope) beams 
of the whole mass range with the world-highest inten­
sities in a wide energy range up to several hundreds 
MeV /nucleon. This short report describes a con<.;ep­
tual design of an accelerator complex most suitable for 
realizing the factory. 

The best means to generate such RI beams is the 
utilization of the so-called "projectile fragmentation" . 
In general, the reaction cross section for this projectile 
fragmentation steeply enhances with increasing an en­
ergy of a primary beam up to 100 MeV/nucleon, and it 
saturates above around this energy. Thus , in order to 
efficiently generate RI beams of the whole mass range 
using this method, firstly, primary-beam energies are 

18GHz 
ECRIS 

[constr.] 

required to exceed at least 100 MeV/nucleon even for 
very heavy ions such as uranium. Due to this con­
dition, the availability of RI beams at the RARF is 
presently restricted to their mass less than around 60. 
Yet it should be noted that much higher energies up 
to 1 GeV /nucleon are not very advantageous because 
of the saturation effect in the cross sections mentioned 
above. Secondly, needless to say, intensities of primary 
beams must be as high as possible. Thirdly, from the 
cost-effectiveness point of view, the existing machines 
should be exploited and utilized as much as possible. 
Based upon these considerations, we propose an accel­
erator complex as illustrated in Fig. 1 which possesses 
such acceleration performance that a 150 MeV/nucleon 
uranium-beam with 0.5 p/-LA is obtainable. 

A new injector composed of a frequency-tunable 

FCRFQ RILAC CSM RRC SRC 
f=18-38MHz 

h=6 
[design] 

f=18-38MHz f=18-38MHz f=36-76MHz f=18-38MHz 
h=9 

[constr.] [existing] [design] [existing] 

Fig. 1. Proposed accelerator complex for the RIKEN RI Beam Factory. 

folded-coaxial RFQ linac (FCRFQ)l) equipped with an 
18 GHz ECR ion source (ECRIS-18)2) is under con­
struction in order to greatly upgrade the RILAC per­
formance especially in the beam intensity. We use this 
machine as the initial-stage of the accelerator complex. 

A high-intensity heavy-ion d.c. beam produced by 
the ECRIS-18 is bunched and accelerated by the 
FCRFQ with transmission efficiency of about 90% even 
at 1 rnA. The value of the efficiency was calculated by 
the computer code PARMTEQ. This pre-accelerated 
beam is fully accepted and accelerated by the existing 
RILAC. 

The output beam from the RILAC is passed through 
a charge-state multiplier (CSM, under design) to re­
duce its magnetic rigidity without velocity gain and 
injected into the existing RRC. The CSM consists of an 
accelerator, a charge stripper and a decelerator. The 
accelerator and decelerator are of frequency-tunable 
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IH linacs, whose operational radio-frequencies are two 
times that of the RILAC to double an acceleration gra­
dient. In the present design a maximum gap voltage 
is set to be 340 k V, and total lengths of these linacs 
are 8 meters (the partition into two or three units are 
necessary) and 3.7 meters, respectively. Transmission 
efficiency through the CSM depends only on charge 
state distributions behind the charge stripper foil be­
cause the 6-dimensional emittance of the RILAC beam 
is already adiabatically dumped so as to be fully cap­
tured by the acceptance of the CSM linacs. We es­
timate the yield of a given charge state in terms of 
Shima's formula3) which is reliable in the relevant en­
ergy region. The CSM is a decisive device to obtain a 
higher-intensity or higher-energy very-heavy-ion beam 
in the proposed accelerator scheme; with this device 
the magnetic rigidity of a most-probable charge-state 
beam can be decreased down to the acceptable value 



of the RRC even when the injection velocity into the 
RRC is increased. 

Velocity of the RRC output beam is amplified by 
a factor of 2.4 with a six-sector superconducting ring 
cyclotron (SRC, under design), when the mean extrac­
tion radius (5.70 m) of the SRC is taken to be 2.4 times 
the mean injection radius (2.37 m). This mean injec­
tion radius is 2/3 times the mean extraction radius of 
the RRC. To meet a good matching condition, the har­
monic number in the SRC is taken to be 6 as that in 
the RRC is 9. The preliminary calculation of betatron­
frequency excursions implies that when we set the sec­
tor angle to be 20 degrees the maximum attainable 
energy is limited to be around 500 MeV/nucleon to 
avoid the crossing over l/z = 1.0 resonance. 

Here, we illustrate acceleration of a uranium-ion 
beam up to 150 MeV/nucleon. The rf frequency of the 
RILAC is 25.5 MHz. A 238U19+ beam with an intensity 
(IECR) of 60 eJ-LA from the ECRIS-18 (this intensity 
is extrapolated from the 10 GHz CAPRICE data) is 
accelerated by the RILAC-CSM to 1.31 MeV/nucleon 
(ERILAC) . In the CSM the charge state is increased 
from 19+ (qECR) to 49+ (qCSM). The yield of 49+ 
and the transmission efficiency of the FCRFQ are es­
timated to be 0.17 and 0.94, respectively, and thus a 
beam intensity of 0.5 pJ-LA is to be obtained. This beam 
intensity (ISRC) is preserved up to the final energy, pro­
vided that the transmission efficiency of both of the 
RRC and the SRC is 100% (this can be achieved by the 
off-centering acceleration technique which is routinely 
used for the RRC). The RRC output energy (ERRC) is 

21.7 MeV/nucleon, and the SRC final energy (ESCR) 
is 150 MeV/nucleon. The SRC sector field (BSRC) is 
needed to reach 5.48 T. Similarly, the maximum beam 
intensities for typical gaseous elements are attainable 
as listed in Table 1. 

Table 1. Prospects of SRC beams. 

RF frq qECR IECR ERILAC qCSM ERRC ESRC ISRC BSRC 
MHz ettA MeV/u MeV lu MeV /u pttA tesla 

16 0 38.0 5 875 2.92 8 50.2 500 160 4.4 
40Ar 35.0 7 880 2.48 16 42.1 370 43 4.7 
84Kr 32.0 11 280 2.07 28 34.8 280 6 4.8 

129 Xe 29.0 14 165 1.70 35 28.3 210 2 5.0 
238 U 25.5 19 60 1.31 49 21.7 150 0.5 5.5 

Quite high beam intensities can be provided espe­
cially for light ions, but use of such primary beams 
is not realistic from a viewpoint of the radiation­
shielding-problem. We consider that a primary-beam 
intensity of 1 pJ-LA is sufficient to generate RI beams in 
the whole mass region with desirable intensities: These 
primary beams will give us possibility to create and 
identify as many as one thousand kinds of new iso­
topes. 
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Double Storage Rings for Multi-Use Experimental Storage Rings 
Proposed for RIKEN RI Beam Factory 

T. Katayama, J. Xia, Y. Rao, Y. Yuan, and Y. Yano 

A new type of experimental facility, MUSES (Multi­
Use Experimental Storage Rings) is proposed for 
RIKEN RI beam factory. 1) It consists of Double Stor­
age Rings (DSR) and a small-sized Accumulator­
Cooler Ring (ACR): The DSR is followed by the ACR. 
This MUSES is installed downstream from an RI-beam 
generator for the Superconducting Ring Cyclotron 
(SRC). The DSR permits various types of unique col­
liding experiments: ion-ion merging or head-on col­
lisions; collisions of electron and ion (stable or RI) 
beams; internal target experiments; and atomic and 
molecular physics with cooled electron beams. On the 
other hand, the ACR functions exclusively for the ac­
cumulation and cooling of RI beams as well as for the 
acceleration and radiation damping of electron beams: 
i.e., RI or electron beams are improved in quality by 
the ACR, and are injected into the DSR. 

This report outlines the DSR. As for the ACR, refer 
to Ref. 2. 

Figure 1 shows a conceptual view of the DSR. The 
two rings of the same specifications as shown in Table 1 
are vertically stacked. Each lattice structure takes the 
form of a racetrack to accommodate two long straight 
sections. These straight sections of one ring vertically 
intersect those of the other ring at two colliding points. 
The ring circumference is 178.7 m, which is 5 times 
the extraction circumference of the SRC. The maxi­
mum Bp-value becomes 12.76 Tm when a dipole field 
strength is 1.5 T at the maximum. If high-energy ion 
beams are demanded, the DSR serves as an ion syn­
chrotron as well. The maximum energy is given, for 
example, to be 3.0 GeV for protons; 1.2 GeV /nucleon 
for light ions of q/ A = 0.5; and 0.82 GeV /nucleon for 
U92+ ions. For electrons the ACR boosts them up to 
the maximum energy of 2.5 GeV, and these electrons 
are stored in the DSR. In the present lattice structure, 
the betatron tune values are 6.335 (horizontal) and 

(Slable or R I ) 

Fig. 1. Conceptual view of the DSR. 
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Table 1. Parameters of the DSR. 

Circumference C (m) 
Max. Bp (Tm) 
Average radius R (m) 
Radius of curvature p (m) 
Max. beam energy (Ge V / u) 

Proton 
Ion (q/A = 0.5) 

(q/ A = 0.387) 
Electron 

Betatron tune values (Qx/Qy) 
Momentum compaction 
Transition 'Y 
Max. betatron amplitude ({3x / (3y, m) 
Max. dispersion function (Dx/ Dy , m) 
Betatron amplitude at interaction 

point ({3x * / (3y *, m) 
Length of field-free section 
at colliding section (m) 

178.694 
12.76 
28.44 
8.506 

3.00 
1.20 
0.82 
2.50 

6.350/5.763 
0.0424 
4.859 

22.0/13.5 
3.023/0.666 

0.600/0.600 

5.016 

5.763 (vertical). The operating beam energy is kept 
to be under the transition energy, since the transition 
gamma is as high as 4.86. At the colliding points the 
beta-function amplitudes are 0.6 m for both directions. 
The field-free section near the colliding points where 
experimental detector systems are installed is 5.0 m in 
length. These two long straight sections are dispersion-
free. . 

One of the key researches planned in the DSR is the 
colliding experiment of an electron beam with an RI 
beam: in one ring of the DSR, 2.5 Ge V electrons are 
accumulated and collided with an RI beam stored in 
the other ring. This electron energy is determined so 
as to obtain a sufficiently short de-Broglie wave-length 
of 0.2 fm in the rest frame of the RI beam. To keep a 
sufficiently long Toushek lifetime, the RF voltage of 2.0 
MV is applied to the electron beam. The detailed spec­
ifications of stored electron beams in the DSR are given 
in Table 2. The number of stored electrons amounts 
up to 1.9 X 1012 particles. The typical colliding lumi­
nosity for the electrons and RI ions is estimated to be 
5.6 x 1026 /cm2 /sec., provided that 1 x 107 particles of 
RI ions are stored. In order to further improve the 
luminosity, installation of a powerful pulsed heavy-ion 
source e.g. a laser ion source, and use of the electron 
cooling (the parameters are given in Ref. 2) in the DSR 
should be considered. 

Other experiments such as ion-ion merging collisions 
at small angles are also envisaged. The luminosity is 
expected to be around 1 x 1026 /cm2 /sec. when the 



Table 2. Parameters of the stored electron beam. 

Max. stored beam energy Emax (Ge V) 
Max. stored beam current I (A) 
Max. stored No. of electrons N 
Injection energy Ei (GeV) 

2.5 
0.5 

1.86 x 1012 

2.5 
Beam emittance at 2.5 GeV (cx/cy) (nm.rad) 

707.0/349.7 
Energy spread ~E/E 7.09 x 10- 4 

Bunch length (J' (cm) 2.17 
RF voltage VRF (MV) 2.0 
Revolution frequency frev (MHz) 1.677 
RF frequency fRF (MHz) 503.3 
Harmonic No. h 300 
Toushek lifetime at 2.5 GeV (sec.) 4.06 x 105 

Synchrotron radiation loss at 2.5 GeV (keV /turn) 
423 

number of stored ions are assumed at the space charge 
limit of 4 x 1012 particles. 

For internal target experiments in the DSR, the 
stochastic cooling method is used. The band width 
is conservatively assumed at 500 MHz, and the feed­
back gain is 130 dB which is limited by an available 
wide-band RF power of 100 kW. Some details are given 
in Table 3. 

Table 3. Parameters of the stochastic cooler. 

Cooling time (sec.) 
Longitudinal 1 
Transverse 15 

Band width W (MHz) 500 
Ambient temperature T (K) 18 
Total microwave power P (k W) 100 

References 
1) Y. Yano et al.: This report, p. 178. 
2) T. Katayama et al.: This report, p. 182. 
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Accumulator-Cooler Ring for Multi-Use Experimental Storage 
Rings Proposed for RIKEN RI Beam Factory 

T. Katayama, J. Xia, Y. Rao, Y. Yuan, and Y. Yano 

Supposing that RI beams possessing relatively low 
quality of emittances are accumulated in the DSR 1) up 
to the space-charge limit, the acceptance of the DSR 
is required to be intolerably large. Thus, we are inves­
tigating the net cost-effectiveness for introducing an 
extra small-sized Accumulator-Cooler Ring (ACR) be­
fore the DSR. This ACR functions exclusively for the 
accumulation and cooling of RI beams as well as for the 
acceleration and radiation damping of electron beams: 
i.e., RI or electron beams are improved in quality by 
the ACR, and are injected into the DSR. With the 
ACR, the acceptance required for the DSR is signifi­
cantly reduced. 

Taking the accumulation and cooling of an ex­
tremely neutron-rich 132Sn50+ (a double-magic nucleus 
of 40 sec. in half-life) beam of 210 MeV/nucleon for an 
example, we give some specifications of the ACR. This 
RI beam is produced via the projectile fragmentation 
of a primary beam of 136Xe ions with a peak current 
of 2 pJlA (see Ref. 2). Typical beam characteristics 
are estimated: The production rate is nearly 1 x 107 

particles per sec.; the momentum spread is ±0.1 %; the 
phase width relative to RF frequency is ±10 degrees; 
and the transverse emittances are 4.5 7r mm.mrad in 
both horizontal and vertical directions. 

The above RI beam is stored in the ACR, firstly 
with the conventional multi-turn injection method. 
About 1 x 10 particles are injected for each one turn 
revolution, because the orbit frequency is nearly 1 
MHz. Provided that the acceptance of horizontal 
phase space of the DSR is designed to be 125 7r 

mm.mrad, and that the dilution factor is 1.25, after 
22-turn injection the emittance of the stored beam be­
comes as large as the full acceptance. At this mo­
ment, the number of the stored particles increases 
up to 2 X 102 particles. Secondly, the stored par­
ticles are RF -stacked: The RF voltage of 24 k V 
is applied, and the frequency is swept from 29.12 
MHz (corresponding to 210 MeV /u) to 29.44 MHz. 
This frequency sweep brings about changes in the 
beam momentum and average radius by 1.8% and 
17 mm, respectively. This multi-turn-injection plus 
RF-stacking process is repeated at 10 Hz. During 
this process the RF -stacked beam continually under­
goes the electron cooling at the top energy. Typical 
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parameters of the electron cooler is tabulated in Table 
1. The longitudinal and transversal cooling times are 
estimated to be as short as 0.1 sec. and 10 sec., re­
spectively. After a sufficiently longer period than the 
intrinsic half-life, the number of the coasting particles 
accumulated in the ACR amounts up to the equilib­
rium value of 1 x 105. The momentum spread and 
emittances become less than 0.15% and nearly 1 7r 

mm.mrad, respectively. This high-quality stored beam 
is fast extracted, and is injected into the DSR by one 
turn. 

Table 1. Paramters of the electron cooler. 

Maximum electron energy (ke V) 300 
Maximum cooled ion energy (MeV lu) 500 
Maximum electron current (A) 10 
Cathod diameter (mm) 5.81 
Electron diameter at cooling section (mm) 50 
Length of cooling section (m) 3.0 
Cooling time (sec.) for 210 MeV lu 132Sn+50 

Longitudinal (~p/p = 0.1%) 0.1 
Transverse (c = 125 7r mm.mrad) 10 

The ACR serves also as an electron synchrotron to 
accumulate electrons from a 0.5 GeV linac and to boost 
them up to 2.5 GeV. At the initial energy of 0.5 GeV, 
the radiation damping is induced: The damping times 
are estimated to be 0.5 sec.' for the transverse direction, 
and 0.26 sec. for the longitudinal direction, which are 
short enough for accumulating electrons. The acceler­
ation up to 2.5 Ge V is done within 1 sec., and the equi­
librium transverse emittances become as small as 0.43 
nm.rad for the horizontal direction and 0.11 nm.rad for 
the vertical direction. The number of stored electrons 
is estimated to amount up to about 2 x 1012 particles. 
This top-energy electron beam is fast extracted and 
injected into the DSR by one turn. 

The optimization of parameters of the ACR is under 
way. 

References 
1) T. Katayama et al.: This report, p. 180. 
2) Y. Yano et al.: This report, p. 178. 
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Leakage Radiation Measurements in the Ring Cyclotron Facility 

S. Fujita, N. Nakanishi , S. Nakajima, M. Watanabe,* H. Ohishi,* K. Tanaka,* 
Y. Uwamino, and T. T. Inamura 

The measurements of leakage radiation were carried 
out with three kinds of beams: 135 MeV /u deuteron 
and 28Si beams, and 113 MeV proton beam. The 
beam intensities were 200 pnA for proton, 10 pnA for 
deuteron, and 4 pnA for 28Si. The beams were stopped 

(a) 

(b) 

(c) 

ruR
X 

rucx 
OUtL x 

r 
Beam Distribution corridor 

.\.. ... 
Test target point 

I 

Fig. 1. Partial layout of the RIKEN Ring Cyclotron 
facility where the leakage radiation measurement was 
made. (a) Part of the 2nd basement floor; (b) Part 
of the 1st basement floor; (c) Part of the 1st floor. 
The target point is denoted by a closed circle. Leak­
age-radiation-dose measuring points are denoted by x . 
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at an iron target in the beam distribution corridor. 
Leakage radiation of neutrons from the corridor was 

measured with four neutron dose rate meters, TPS-
451S's (Aloka). The beam current at the target was 
read with a current integrator (ORTEC 439) and 
recorded with a personal computer. Figures 1-(a) , (b), 
and (c) show the target point and positions where leak­
age radiation was measured in this experiment. The 
positions, IFc and B2c, are on the first floor and 2nd 
basement floor just right upper and under the target 
point, respectively. Leakage of neutrons was detected 
at the several points outside of the building. Results 
are summarized in Table 1. Dose rates were normal­
ized with respect to the beam intensity of 1 pJ-LA. 

Table 1. Dose rates of neutron leakage radiation from 
a target point in the beam distribution corridor. [see 
Figs. 1-(a), (b), and (c)]. 

Measured 
date 

Accelerated 
Particle 

Energy 
measured 
position 

1F a 
IF c ------- - -
1F b --- - -----

ES a 
ES c ---- ---- -
ES b ---- - - -- -
E4 a 
E4 c ------ -- -
E4 b 

Out R 
--Out-C-
---------

Out L ---------
W R 
we 
W L 

May. 19 - 20, 1994 Oct. 1 - 2, 1994 Oct. 16 - 17. 1994 

d p 
135 MeV/u 135 MeV/u 113 MeV 

dose rate dose rate dose rate 
(~Sv/h)/(p ~ A) (~Sv/h)/(p ~ A) (~Sv/h)/(p ~ A) 

1.11E+OO 2.1SE-02 ------------ ------ - -- -- - ------------
------------ --?~~~~~~~ - - 1.22E-02 

-------- - -- -
2.66E+02 2.81 E+02 1.04E+01 ------------ - - -------- - - ------------

__ ! .~~.!=_+_O_2 _____ ]~~~~~~~ _____ l.:~!~:!"Q~ __ 
3.40E+02 2.45E+02 4.84E+01 

==~~!~!P]~~~ ==]~~~~~q~~= ===~§~~~QQ== 
3 .99E+01 S.93E+01 2.75E+OO ------------ ----- - -- ----

2.70E-01 
5.45E+Ol 2.26E-01 

On the other hands, the automatic monitoring of 
leakage radiation using a computer (MX-3000) was also 
done continuously during this year. From the accumu­
lated data for leakage neutrons, the radiation levels 
have been found to be less than the safety limit in the 
controlled area (1 mSv /week) and at the boundary of 
the controlled area (0.3 mSv /week) through the whole 
year. Leakage of neutrons has been recorded with one 
of the environmental monitors in the above deuteron 
experimental period. This radiation level, however, is 
far less than the safety limit (1 mSv/year) required at 
the boundary of the facility. 
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Residual Activities in the Ring Cyclotron Facility 

S. Fujita, M. Watanabe,* H. Ohishi,* K. Tanaka,* N. Nakanishi, Y. Uwamino, and T. T. Inamura 

Residual activities were measured at various points 
in the Ring Cyclotron facility. The measurements were 
performed during the routine overhaul period and after 
almost every beam time. In the following we describe 
significant activities observed in the measurements. 

Just after the last experiment of the spring term, 
which was carried out with an 180 8+ beam of 100 
MeV lu in the E6 experimental vault from August 2 to 
8, the routine overhaul started. The dose rates caused 
by the residual activities in the Ring Cyclotron and the 
injector AVF cyclotron were measured on Aug. 23 and 
30, during the overhaul period. The results are shown 
in Figs. 1 and 2 along with the detection points. 

Fig. 1. Detection points around the RIKEN Ring 
Cyclotron: EDC, the electrostatic deflection channel; 
MDC1, the magnetic deflection channell; MDC2, the 
magnetic deflection channel 2; MDP1, the main differ­
ential probe 1; MDP2, the main differential probe 2; 
MDP3, the main differential probe 3. Indicated numer­
als are dose rates in units of J.LSV /h. 

In the period from Oct. 1, 1993 to Sep. 30, 1994, 
residual activites were measured along the beam lines 
with portable ionization chambers. The points a-y 
in Fig. 3 denote the places where the dose rates ex­
ceed 50 J-tSv Ih. Table 1 summarizes the observed dose 
rates along with the dates on which the measurements 
were performed. The maximum dose rate was found 
to be 50000 J-tSv Ih at the production target chamber 
of RIPS, denoted by point I in Fig. 3. 

Faculty of Science and Technology, Chuo University 
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Beam DOSE UNIT: pSv/h 

Fig. 2. Dose rates measured inside the injector AVF cy-
clotron. They are given in units of J.LSV /h. 

Table 1. Summary of the residual activities measured 
along the beam lines with ionization-chamber survey 
meters. The points a-y indicate the detection points 
shown in Fig. 3. 

Detection Measured Date 
point dose rate 

(J.LSv/h) 
a 400 Aug. 15, 1994 
b 300 · Aug. 15, 1994 
c 100 Aug. 15, 1994 
d 1500 Feb. 8, 1994 
e 110 Nov. 29, 1993 
f 800 Nov. 29, 1993 
g 350 Apr. 4, 1994 
h 220 Apr. 4, 1994 

60 July 20, 1994 
j 1400 July 20, 1994 
k 230 July 20, 1994 
I 50000 Apr. 4, 1994 

m 120 Apr. 4, 1994 
n 50 Dec. 7, 1993 
0 120 Dec. 7, 1993 
p 120 May 2, 1994 
q 56 Aug. 16, 1994 
r 110 Oct. 12, 1993 
s 50 Oct. 28, 1993 
t 120 July 28, 1994 
u 800 Dec. 7, 1993 
v 400 May 18, 1994 
w 120 May 18, 1994 
x 150 May 18, 1994 
y 80 May 18, 1994 



Fig. 3. Layout of the RIKEN Ring Cycrotron facility as of 1994. Monitoring positions are denoted 
by x. Detection points of residual activities along the beam lines are denoted by a-yo 

References At almost all the detection points, larger values of 
the residual activities were observed compared to those 
of the previous report. 1) This is due to the increase of 
the beam intensities since last year. 

1) S. Fujita, K. Tanaka, M. Watanabe, N. Nakanishi, and 
T. Inamura: RIKEN Accel. Prog. Rep., 27, 169 (1993). 
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A Film Badge Reading System for the Radiation Safety Control 

S. Fujita and N. Nakanishi 

The radiation safety control system of the Ring Cy­
clotron Facility has worked steadily since 1986, per­
forming radiation protection control continuously and 
automatically. 1) 

Since the facility was completed, a card-operated 
gate-bar system has been employed in the controlled 
area. In this system, when one enters into and leaves 
from the controlled area, all he has to do at the gate 
is to insert his own ID card into a card reader. A host 
computer (MX-3000) confirms that he is a good regis­
trant and then opens the gate, recording the entering 
time together with his name in its memory. Accord­
ing to the radiation protection rules of the facility, he 
is required to have his own film badge (denoted by 
FB, hereafter) with him inside the area and to record 
a place and purpose of his work there when he en­
ters. These rules had not been followed very much by 
users, since the system could not check them. Thus, 
we started to improve this situation. 

In 1988, a personal computer PC9801 was installed 
at the entrance gate of the controlled area in order to 
input the place and purpose easily. But the place and 
purpose could not be recorded correctly, because the 
computer had not been connected with the existing 
radiation safty control system. 

In 1993, the card readers were replaced with FB­
readers. The procedure to keep records for entering 
and leaving the controlled area was much improved 
by introducing the FB-reading system. In the new 
system, no one can enter the controlled area without 
bringing his FB and inputting his own record. First, 
one has to show his FB to a FB reader at the entrance 
gate bar. Then the selection menue only for him starts 
automatically on a display of the PC9801. He can 
easily input the place where he is going and the purpose 
of his work there with a touch panel on the display. 
The computer stores these data and transfer them to 
the host computer (MX-3000). Finally the MX-3000 
confirms the person and opens the gate bar. 

Figures 1 and 2 show the photograph and the block 
diagram of the FB-reading system. 

The system has a lot of new functions as follows: 
(1) Display of names of all persons in the controlled 

area, 
(2) Display of the message for the available interval 

of the film badge, 
(3) An unallowed person is restricted to enter the 

controlled area and the display shows the message for 
the reason, 

(4) Automatical register of in-out data for the con­
trolled area, 
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Fig. 1. The photograph of the film badge reading system. 

MPX 
(RS-232c) 

PC9801 
(touch ponel) 

(RS-232c) 

entrance 
gate-bar 

HFC 
')--_----'lmonilor 

Fig. 2. The schematic block diagram of the film badge 
reading system. 

(5) Automatical recovery from the system error be­
tween the card-operated gate-bar and the personal 
computer, and so on. 

Now we are planning to install new film badge read­
ers for all gate-bars in the Ring Cyclotron Facility. 

References 
1) 1. Sakamoto, S. Fujita, T. Wada, and H. Takebe: 

RIKEN Accel. Prog. Rep., 20, 206 (1986). 
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Measurement of Activities Induced by 135 MeV lu 28Si Incident on 
an Iron Target with the Activation Method 

N. Nakanishi, S. Nakajima, S. Fujita, T. Minemura,* and M. Watanabe* 

A series of measurements have been carried out for 
135 MeV lu various incident particles on a thick iron 
target with the activation method in order to get infor­
mation on the incident particle dependence of a neu­
tron yield. 

Here, the activity induced in metals by neutrons pro­
duced by 135 MeV lu 28Si beams incident on a thick 
iron target is briefly presented. Seven metals of C, AI, 
Fe, Co, Ni, In, and Au are used as neutron detectors 
and 11 reactions are adopted as the probe of activa­
tion intensity. These metal detectors were placed at 
scattering angles of 0, 30, 60, 90, 120, and 140 degs. 

Si+Fe 
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26 
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Fig. 1. Angular distributions of activities of 11 isotopes 
produced by 135 MeV lu 28Si incident on a thick iron 
target. 

Faculty of Science and Technology, Chuo University 

Gamma rays were measured after irradiation. Details 
of the experiment are described elsewhere. 1) Figure 1 
shows the angular dependence of induced activities in 
the detectors through various nuclear reactions. The 
activity is basically represented as the product of a 
neutron activation cross section and the neutron num­
ber produced by an incident particle. In this kind of 
experiment , only the activity is obtained. Thus, we 
must have information on activation cross sections of 
employed detectors in order to get the information of 
the neutron yield and vice versa. The reactions and 
characteristics of detectors are also given in Ref. 1. 

Unfortunately, activation cross sections are known 
at most up to several tens MeV only in a neutron 
energy, while even energetic neutrons whose energies 
are much higher than energies per nucleon of incident 
beams are emitted from a target in the case of inci­
dence of composite particles. To get activation cross 
sections at high neutron energies, we are now going on 
experiments using protons with specific high energies 
at which neutron flux data exist. 

Hereafter, the activity will be unfolded using newly 
obtained activation cross sections, and the neutron flux 
will be evaluated and a further mechanism producing 
neutrons in the target will be examined based on the 
intra-nuclear cascade evaporation model. 

References 
1) N. Nakanishi et al.: Proc. 9th Symp. on Accel. Sci. and 

Tech. , Tsukuba, p. 425 (1993). 
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Neutron Dose Equivalent near a Thick Iron Target 
Induced by 135 MeV In Ions 

S. Nakajima, N. Nakanishi, and S. Fujita 

We once measured an angular distribution of the 
neutron dose equivalent around a thick iron target us­
ing a commercially available rem counter when the tar­
get was being bombarded by a 135 MeV/nucleon 14N 
beam. Since then, we have observed the dose equiv­
alent near the target at a right angle to the beam 
direction every time when an experiment using the 
activated-foil method was done. A part of these re­
sults is shown in Fig. 1. The figure shows that there is 
some incident particle dependence in the dose equiva­
lent. 

According to a text,1) a dose equivalent of neutrons 
produced by protons of energy below 1 GeV on a thick 
iron target is roughly described by equations: 

¢(O) = 864 x 5000(1 - e-q)/(O + 40/VE)2Sv /h/pf-LA 

at 1 m distance, and 

q = 3.6E1.6 , 

where E is an incident proton energy in GeV and 0 an 
angle in degree. 

The angular distribution calculated by the equation 
is also plotted in Fig. 1. The magnitude is a few times 
larger in the case of 14 N than the calculation for pro­
tons, but the shape of them resembles each other. This 
indicates that the dose equivalent induced by heavy 
ions can also be described by a similar equation with a 
slight modification including the incident particle de­
pendence. When such an equation is found, a total 
neutron flux will be able to be obtained by a sim­
ple measurement of the dose equivalent using a rem 
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Fig. 1. Neutron dose equivalent measured with a com­
mercially available rem counter and that calculated for 
protons. 

counter. 
But a commercially available rem counter clearly 

catches only a small fraction of produced neutrons, 
then an ingenious invention is necessary to obtain an 
accurate dose equivalent. 
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IMAMURA Mineo A, "'1 i': lift (Inst. Nucl. Study, Univ. Tokyo) 
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ISHIZUKA Takeo ;fi ±j( JE\ ~ (Dept. Phys., Saitama Univ.) 
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SHIRAI Toshiyuki B 1t fiX Z (Res. Inst. Fund. Phys., Kyoto Univ.) 
SUEKI Keisuke * * ~ it- (Dept. Chern., Tokyo Metrop. Univ.) 
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TOMOTA Toshiaki 1X EE fi:t. (Fac. Eng., Aomori Univ.) 
TORIYAMA Tamotsu ,~LiJ 1* (Dept. Phys., Musashi Inst. Technol.) 
TSUNEMOTO Hiroshi ,t!i 5t tw: (N.I.R.S.) 
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