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§1 Introduction

Present activit ies at the Insti tute for Nuclear Study (INS) are

presented. First ly, a brief sketch of act ivi t ies in our country in the

field of nuclear physics i s given, since our insti tute is operated under

the inter-university base: Locations of major universities and research

inst i tutes are shown in Fig. 1 in which the nuclear-physics research is

active, together with locations of various accelerators. Altogether

about 500 physicists are active in the experimental nuclear physics.

The Inst i tute for Nuclear Study (INS) was established in 1955, in
order to promote research activit ies in the nuclear and particle physics
in our country. The fac i l i t ies at the Insti tute are open to a l l researchers.
At present, the staff members are 55 in the scientific works, 62 in the
technical works, and U2 in the office and other works.

Four research divisions are active at the Ins t i tu te : the Low-
Energy Physics Division, the High-Energy Physics Division, the Theoretical-
Physics Division, and a Study Group for High-Energy Heavy-Ion Project,
i . e . , the Numatron Project.

The accelerators in operation are an FM cyclotron (E = 52 MeV),
an SF cyclotron (K = 68), and an electron synchrotron {E =1 .3 GeV).
Historically, the FM cyclotron was the f i r s t one built at the Inst i tu te ,
which could also be operated as an ordinally cyclotron with a unique
capability of variable energy. The electron synchrotron came into
operation in 1961, and the energy has been boosted up to 1.3 GeV since
1966. The new SF cyclotron came into operation in 1971*.

The layout of the electron-synchrotron facility is shown in Fig. 2.
Three b e n courses are provided in the experimental area, i.e., -yl, ySt

and Y3» Recent3y, at the y2 course, precision measurements on the
nucleon-resonance character have been performed ut i l izing a polarized
target or a proton polarization analyzer. Search for exotic s tates ,
i . e . , dibarion resonances, has also been performed by T+d -• pf+n, and by
Y+df •+ p+ti. At the Y3 course, photodisintegration studies on nucleus



targets have "been performed util izing the tagged-photon system and clear
proton spectra from a quasifree nucleon-nucleon system have been found.
Since the activity at the electron synchrotron is presented by Homma at
this symposium, no further detail is given here.

The act ivi t ies by use of the cyclotron facili ty are given in §2.

The Inst i tute has also acted as a center to promote research programs
of our country in the field of nuclear and particle physics: Preparatory
studies were done at the Inst i tute for the construction of the 12-GeV
proton synchrotron and the related research programs at the Laboratory
for High-Energy Physics (KEK); Activities conducted by the cosmic-ray
research group at the Insti tute have led to the present-day expansion of
the Insti tute for Cosmic Hay Research; Presently, preparatory works are
actively going on for the construction of a high-energy heavy-ion
accelerator complex, the "Humatron", and the related research programs.
In this connection, an active participation to the Bevalac experiment at
the Lawrence Berkeley Laboratory i s promoted under the IBS-LBL collabora-
tion program.

Experimental results so far obtained by our group at the Bevalac
facility are given in §3, and the Humatron project and i t s preparatory
works are described in 5U.

In order to support the research act ivi t ies at the Ins t i tu te ,
a computer network sy&tem for real-time data acquisition and processing
has been installed. The system consists of two main computers, type
FACOM M-180IAD, the operation Bpeed of which i s 2.5 MIPS, with six
terminal minicomputers.

The Insti tute has also helped to develop the applied science using
nuclear technology: The beam of particles accelerated by the cyclotron
has been used for bio-medical studies. The use of synchrotron radiation
to the solid-state studies was init iated at the electron synchrotron in
early 6O's, and the act ivi t ies have continued at the SOB faci l i ty , i.e.,
an 300-MeV electron storage ring, located at the synchrotron laboratory
(see Pig, 2).
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§2 Recent Experiments by use of the INS cyclotrons

Presently, the nuclear-physics experiment is mainly performed by use
of the sector-forcussed (SF) cyclotron. The K number of the cyclotron i s
68, and the accelerated beams of particles so far obtained are shown in
Table I . An atomic-beam-type polarized-ion source is equipped in the
vertical injection l ine and pr-prized protons and deuterons can be
accelerated.

The layout of the SF-cyclotron facil i ty is shown in Pig. 3- Eleven
beam courses are provided. Main measuring apparatus are a bombarding
systera for radio-isotope production, an on-line isotope separator, an
in-beam gamma-ray goniometer, an 8O-CM scattering chamber, a part icle-
correlation chamber, and a QDD-type high-resolution speetrograph. The
QDD-type speetrograph i s a broad-range type with E ^ / E 1 . *= 1.35 and

characterized by a high resolution of (p/Ap) = 10* with a relatively
small dispersion and a small horizontal magnification. A 75-CM radius
air-core beta-ray spectrograph has also been installed in a separate iron-
free laboratory.

In the following, four topics are discussed among the results
recently obtained.

2-1 Deep-hole states

Systematic studies have been performed on the deep-hole states via
(p, d ) , (d, t ) , and (3He, a) reactions on Sn and Sm isotopes. Historically,
by looking at a deuteron spectrum from the U 5Sn(p, d ) n e Sn reaction,
Sakai and Kubo ' noticed a possibility to study deep-hole states via pick
up reactions (see Fig. U-a)). This possibility was realized especially by
using the (*He, a) reaction * as shown in Fig. lt-c) and in Fig. U-d).
This is a clear experimental evidence for that the shell-structure orbits
persist in deeply-bound states even in heavy nuclei.

In Fig. 5, the results obttned on the Sn isotopes we summarized.

I t i s interesting to see that the neutron separation energy from the
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deeply-bound states is independent of mass number A, while that from the
valance orbits is dependent of A. The results have stimulated interests
and induced extensive works at various laboratories.

2-2 Systematics on level structures of nuclei in the transitional regions

I t has tsen a long-standing problem whether there would be a systematic
trend of level structures due to collective modes throughout the region
from spherical to deformed and how to understand i t theoretically if i t
were. Sakai'^ pointed out such a possible trend so called as a quasi-band
structure, from the available data in 1967*

So far data accumulated at our inst i tute on nuclei around A^8o, such
as Set Kr and Sr, and also around AVL20, such as Sn and Cd, by the methods
of the in-beam gamma-ray spectroscopy and of the part icle spectroscopy on
the (p, d) and (p, t ) reactions. As an example, the level structures on
nuclei around A^O are shown in Fig. 6-a)-*c). If one compares the level
structures with those expected from schematic models of vibrational limit
and of rotational limit shown in Fig, 7, one can notice the observed ones
l ie between those l imits. The same situation is also found in the region
around AM.20.

2-3 6Li induced reaction

The SF cyclotron has been equipped with an internal cold-cathod
Penning ion source which can deliver a high-intensity beam of Li3 ions.
A piece of single-crystal LiF has been used as the charging material in
the arc chamber of the ion source. The energy of the Ii-ion beam provided
by our SF cyclotron is E ^ 80 MeV and higher than that provided by the
conventional tandem Van de Graaff machines.

In taking advantage of such a high-energy beam, a study on the
160(GLi, d)2ONe reaction has been done. A deuteron energy spectrum
is shown in Fig. 8-a). The l ine spectrum resulted from o-transfer to
the states in the ground-state band of 20Ne is clearly seen, which is
free from continuum of deuterons due to *Li break-up, in contrast to the

- 5 -

spectra obtained by the lower incident energies. The angular distributions
are shown in Fig. 3-b), which can be well fitted by DWBA predictions with
an assumption of direct a-cluster transfer, in contrast to the other works
so far reported. The analyses yielded the spectroscopic factors in
agreement with shell-model predictions.

2-1* Spin-flip asymmetry in the 12C(p, p')12C* reaction

In the inelastic scattering of protons by 12C leading to the l s t -
excited state (2 , U.U3 MeV), the spin-flip probability of protons can
be determined by measuring the gamma-ray intensity in the direction normal
to the reaction plane. This is a well known experimental procedure
following the Bohr's theory. When polarized protons are uti l ized, one
can determine not only the spin-flip probability (SF) but also the spin-
flip asymmetry (SFA) besides the differential corss section (ao) and the
asymmetry (A), i.e.a the left-right asymmetry of inelastically scattered
protons by incidence of polarized protons. Then one can experimentally
decompose the process into the part ial cross sections using the following
relations:

* - «C • C - °.I -
P = (0"
SF = ( a ^ + a + )/Sao

SFA a ( 0 ^ - a + ) / (o \^ + O +) = (A - P)/2(SF)
where o (a ) ig the par t ia l differential cross section for the process
from the in i t i a l spin up + (down -) to the final spin down - (up +), and
o (a ) i s for the non spin-flip process. Here the z axis is chosen in

— 9)
normal to the reaction plane. Results of such measurements are shown

in Fig. 9. This is an example of the effective use of the polarized beam

to the study of reaction mechanisms.
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§3 Experiments at the Bevalac Heavy-ion Facility

Since 197^» a group of Japanese physicists has participated
experiments at the Bevalac high-energy heavy-ion facili ty at the
Lawrence Berkeley Labolatory (LBL). As an extension of the ac t iv i t ies ,
the INS-LBL'collaboration program started in 1979 as a five-year program.
The Bevalac facility has so far successfully accelerated heavy-ion beams
of C, 0, N, Ne and Ar up to 2 GeV/nucleon, and has given a unique
opportunity to study a new domain of physics with use of re la t iv is t ic
heavy ions,

A nucleus-nucleus collision at high energies can be characterized
by a participant-spectator picture: The collision process i s schemati-
cally drawn in Fig.lO-a) in the center-of-mass system, and the distribution
of emitted particles in the rapidity ny" is qualitatively given in Fig.lO-b),
where y and y are the projectile and target rapidi t ies . In such co l l i -
sions, objectives to study are, therefore, the projectile or target
fragments on the one side and the overlap region involving participant
nucleons on the other side. Interesting high energy- and matter-density
states of nuclear matter can be expected to be realized at the overlap
region, even though no convincing experimental evidence has been found
so far for anything remotely unusual.

In the following, two topics are diBcussed from the experiments so
far performed under our collaboration program.

3-1 Particle speutra at large angles in high-energy nuclear collisions

Productions of IT , IT", p, d, 3H, sHe, and *He have been studied at
large angles in high-energy nuclear collisions. ' The experimental
setup i s shown in F lg . l l . Particles of momeuta from a few 200 MeV/nucleon
to a few GeV/nucleon were measured by a magnetic spectrometer at angles
from 10° to 11*5°. Besides the magnetic spectrometer, three sets of tag
counter telescopes vere provided to detect the associated multiplicity of
each event and also to study the particle correlations in plane and out of
plane with the spectrometer.
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In the laboratory frame, the projectile fragments are mostly emitted
in a very small forward cone with high energies while the target fragments
are stayed in low energies, and particles from the overlap region tend to
be emitted over a wide range of angle in relatively high energies. In the
present experiment, light particles emitted at large angles in high
energies nave been measured, so that the data mostly reflected features
of the overlap region.

Heavy-ion beams used were C, Ne, and Ar at 800 MeV/nucleon, to study
the projectile mass dependences. Targets were elements of nearly equal
mass to the projectiles for equal-mass nuclear collisions, t . e . j C + C,
Ne + NaF, and Ar + Kcl, and heavy-mass elements such as Cu and Fb.
Dependences on the incident energy have been studied in the case of Ne
projectiles with U00 MeV/nucleon and 2.1 GeV/nucleon. For comparisons,
proton incident collisions have also been studied with O.fl- and 2.1-C-eV
protons on various targets.

3-1-1 Inclusive spectra

Firs t ly , results of the inclusive-type measurements are discussed.
Proton momentum spectra in the Ar + Kcl collisions are shown in Fig. 12.
At forward angles, the spectra show a "shoulder-ann" shape. The turning
point i s located at a momentum close to a peak observed in the proton-
incident collisions as due to the pp or pn quasi-elastic scattering.
In the arm region, no proton vould be kinematically allowed if a nucleus-
nucleus collision were merely a simple assembly of nucleon-nucleon
collisions. Thus, the spectra in such Kinematical domains especially
contain the nuclear effects, e*g*t effects of internal motion, short-range
correlation, cumulative effect, multiple scattering, eta.

The energy distributions of protons and pions * emitted at
cm. 90° for 300-MeV/nueleon incidence are shown in Fig. 13. The proton
spectra are characterized "by ft "shoulder-arm" type with an exponential
fall-off at high energies as discussed, while the pion spectra are almost
simple exponential. The inverse of the exponential slope, EQ, for protons
is systematically larger than that for pions, i.e., E = 70^90 MeV for
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protons and 6ovfO MeV for pions, and E increases monotonieally with the
beam energy at shown in Fig. lk. A saturation feature of E towards
higher beam energies is observed a s E Q i m^c2 = 1̂ 0 MeV. The EQ i s also
systematically larger for larger-mass combinations between projectile and
target, e.g.j in proton spectra, EQ = 6B MeV for C + C and EQ = 87 MeV
for Ar + Pb (see Pig. 13).

The proton angular distributions show sharp forward and backward
peaking in the cm. frame and the anisotropy for protons increases with
the beam energy, while those for pions are less anisotropic and does not
shov a strong beam-energy dependence.

The spectrum shapes of the composite fragments, d, 3H, eta.a are
well explained by the A power of the observed proton spectra, where A is
the mass number of the composite fragments, as shown in Fig. 15. This
fact strongly indicates the importance of the final-state interactions:
According to a simple phase-apace consideration, the probability of
forming deuterons at velocity V. is proportional to the product of
probabilities of finding protons and deutrons at t'ue same velocity;
P*(VA) * P (V*=v\)»p (V=V'). This is the well-known concept of coalscence.a a p p a n n d
In high energy nuclear collisions, the spectrum of neutrons can be
approximated by that of protons. Thus, one can expect for the composite
fragment of mass A,

where P , and C. is a constant, the coalescence coefficient. TheJA " V *"u "A •
relation held very well at a l l fragments and a l l angles, and i t turned
out that the coefficient CA is almost independent on the beam energy but
dependent on the fragment type and the projectile and target masses.
This fact told us about the geometrical aspect and dynamics of the final-
state interactions but not about the formation or dynamics of the primary
stage. Sizes of the interaction region were evaluated from the determined
coalescence coefficients.

3-1-2 Two-proton correlations

Energy and angular correlations of two protons emitted in high-energy
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nuclear collisions have been studied. ' Three sets of tag counter

telescopes were provided at angles 6 = 1*0° and 41 = l8o°(R), 90°(U), and

2?0°(D), the beam axis being the z axis, and the magnetic spectrometer

was located at $ = 0° and rotated between 9 = 15° and 110°. The 6 = 1*0°

of energies, E ^ 200 MeV were counted by the telescopes. From the

coincidence counts between the spectrometer S and the respective counter

telescopes, R, U and D, a ratio C(8, p) was determined;

S(6, p)*R/R
C(9, p) = 2 :

S(6, p)*U/U + S(9, p)'D/D
where 0 and p are the angle and momentum of a proton detected by the
spectrometer. The quantity S(9, p)*R indicates the coincidence counts
between the spectrometer and the R telescope, and the 3 indicates the
single counts of the R telescope, and so on. The rat io C can be called
the degree of coplanarity, because the coplanar two-proton emission is
fVvor..-d when C > 1.

Contour maps of the observed C(9, p ) , displayed in the plan of p;* and
pj* of emitted protons in the nucleon-nucleon cm. frame, are shown in
Fig. 16, for collisions^of C + C and Ar + Kcl at 800-MeV/A incidence.
The dotted circle indicates the free nucleon-nucleon elastic-scattering
kinematics. The value of C has a peak right on the circle at the opposite
side of the R telescope. The data thus clearly show the existence of
pp quasi-elastic scattering in the nucleus-nucleus collisions. Analyses
of the data indicated that the fractions, P, of the clear knock-out process

for protons emitted at 9 ^ 90° were F ^ 50% for a l l the studied
c ,m.

equal-mass nuclear collisions.

3-1-3 High-multiplicity events
High-multiplicity events (HME) would be suitable to study nucleus-

nucleus collisions at small impact parameters. To select high-multiplicity
events, nine sets of tag counter telescopes were placed at B *= 1*0°. Each
telescope detected particles of high energies, typically E > 100 MeV.
Angular distributions of high-energy protons (E > 100 MeV) in collisions



of 800-MeV/nucleon Ar + Pb are shown in Fig. 17 for inclusive events and

HME. The inclusive spectrum shows a strong forward peaking, but ar

increaaing the multiplicity the forward emission is highly suppressed.

The quantity M in the figure indicates the tag counter multiplicity used

to bias toward higher multiplicities, e.g., M = 5 corresponded to a total

multiplicity of approximately 1*9- In Ar + Pb collisions, complete suppres-

sion of projectile fragments for HME can be clearly seen if one plot the

data as shown in Fig. l8» in which the proton invariant cross sections

are plotted in the plane of rapidity y and the nornialized transverse

momentum (p_,/m c). Here both inclusive events and HME, M >. 5, are shown

for comparison. Each contour line connects the same invarient cross

section, and tvo consecutive thick curves differ try a factor of 10 in cross

section. For inclusive events, a strong influence from both projectile

and target fragments can be seen in the small p_, region, while such an

Influence completely disappears for HME. Complete suppression of projectile

fragments in HME is consistent with the picture that HME are selecting

small impact parameters. It is interesting to note that the angular

distribution of high-energy protons in HME is almost isotropic in a moving

frame whose rapidity y & 0.1(3. The evidence that Pb is very opaque may

play an important role in future experiments involving U + U.

3-2 Threshold pion production in nuclear collisions

Pion productions at 0° in Ne + NaF collisions have been studied at

incident energies from 125 to 1(00 MeV/nucleon.1 ' A 180° magnetic

spectrometer was used, as shown in Fig. 19, which has permitted measurements

of both TT and IT" with Kinetic energj between 3k and 155 MeV in the

laboratory flame.

A sharp peak in the IT production and the TT'/TT* ratio has been found

for pions of velocity close to the projectile velocity. Typical pion

spectra are shown in Fig. 20 for 258-MeV/nucleon Ne + NaF collisions at

8 = 0° +_ 3°. The peak in the TT~/TT+ ratio can be qualitatively explained

in terms of Coulomb distortion of pion wave functions in the vicinity of

the projectile charge. Further detailed studies on the Coulomb effects

may be effective to elucidate the microscopic structure of heavy-ion
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interaction region.

The observed different!il cross section at 0° varied by about four

orders of magnitude over the beap-energy range studied. The rapid rate

of change of the cross section is not in accord with the first-coll ision

Fermi-gas production model.

Concerning to the study of low-energy pion productions, i t is noted

that a butnp in the positive-pion yield has been observed at cm. 90° at

Pm ̂  0,5 rn^c for 0.8-GeV/nucleon Ne + NaF collisions. This 90° bump in IT

production is denoted to be specific for the nucleus-nucleus collisions

in comparison vith the pion production in the pp collisions, though no

definite interpretation is yet available.

5U The IJumatron Project

A group of physicists in Japan has proposed a new project to construct

a high-energy heavy-ion accelerator complex, named "Numatron".

The aim of the project is to open a new field of physics with use of heavy

ions of a l l elements accelerated up to a few GeV/nucleon.

Prom the nuclear-physics point of view, interesting new phenomena

can be expected to be realized in getting into a domain which l ies beyond

the round velocity of nuclear matter and beyond the meson-production

thresholds, as discussed in §3. I t can also be expected that a vast

number of new isotopes far from the stabi l i ty line will be effectively

produced, e.g., by the projectile-fragmentation process.

A study group for the Numatron project was assembled in 1976 at INS,

and the preparatory works have been done including the detailed design

study of the accelerator complex and related technical developments.



i+—X Proposed facility

A plan view of the proposed accelerator complex, the Numatron, *
is shown in Fig. 21. The accelerator complex consists of a heavy-ion

linear-accelerator system, as the injector of 10-MeV/nucleon ion beams to
the following synchrotron, and a tvo-ring synchrotron system. The two-
ring synchrotron system is introduced in order to obtain reliably the
final intensities of heavy-ion beams of i> 10*° ions/s, by use of the
beam-accumulation technique in the 1st ring. The operation scheme of
the system is as shown in Fig. 22. In the 1st r ing, ion beams injected
from the linac are accumulated by a combination of the multiturn-injection
and RF-stacking methods, then accelerated up to 150 MeV/nucleon and
extracted by the one-turn ejection method. After passing through the
final-stage stripper, fully stripped ions are injected into the 2nd ring
and further accelerated. The expected intensities of various ions are
tabulated in Table JT . The ion-mass VB. energy capability of the present
design is shown in Fig. 23, together with those of the other existing or
proposed projects.

!»-2 Preparatory works

In a construction of high-energy heavy-ion accelerator, one encounters
a number of new accelerator-physics and engineering problems different
from the proton-accelerator case; problems on the ion source, the low-
velocity l inac, the high-vacuum system needed to avoid the charge-exchange
processes of heavy ions, and methods to obtain a high intensity of the
heavy-ion beam in spite of the low-intensity-beam capability of the present-
day ion-source technique. Our group has devoted efforts to study such
problems in detail .

A test accumulation ring for heavy ions, named "Tarn", has been
21)constructed in order to develope especially the heavy-ion-beom

accumulation technique, as shown in Fig. 2k. The heavy-ion beams, e.g.,
8.5-MeV/nucleon Ns , accelerated by the INS-SF cyclotron were injected
and accumulated in the Tarn. The vacuum in the ring is required to be
10"10 Torr for survival of 90% ions during the stacking time of 1 sec for
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the charge-exchange cross section of H5 , ^ 3 * 10~17cm2» The vacuum of
the Tarn has been attained to ^ 2 x 10~ u Torr, and < 10~10 Torr in routine,
which has been confirmed from the lifetime of the circulating beam. Both
the multi-turn injection and tne RF stacking of ion beams have been
tested successfully. Further studies are in progress especially on the
transverse resistive-wall instabil i ty for low-velocity and hifih-density ion
beams, which is a limiting factor for the intensity of the accumulated ion
beam.

The proposed Numatron project is a 5-year plan in i t s construction.
I t is hoped that the project will be fully approved in the near future,
even though the s i te for the project and associated problems have not been
settled yet .
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Energy and intensity oi the extracted beams
of the SF cyclotron so far achieved.

Ion
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Energy
(HeV)
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CO
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Extracted
Beam

Current
(eiiA)

30

0.06

30
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25

30

0.1

2

2.2

0.003

3.5

5

4.3

3.5

0.3

0.3

0.1

1.5
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0.001

Conments

LiF+Xe, natural

LiF+Xe, enriched

LiF+Xe

BN+Xe

co2
N,, 3rd harmonic

N

co2
co2

Ne

Nef 3rd harmonic

Ne

He

Ar

The extracted beam current is not necessarily achieved at
the energy quoted in the table.

Table I Beam of particles so far accelerated by the
INS-SF cyclotron
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Fig.3 Plan view of the INS SF-cycloton laboratory.
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Fig.11 Experimental setup for particle production
at large angles in high-energy nuclear
collisions.
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Fig.25 Numatron miniature


