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§1 Introduction

Present ectivities at the Institute for Nuclear Study (INS) are
presented. Firstly, a brief sketch of activities in our country in the
field of nuclear physics is given, since our imstitute is operated under
the inter-university base: Locations of major universities and research
institutes are shown in Fig. 1 in which the nucleer-physics research is
active, together with locations of various accelerators. Altogether

sbout 500 physieists are active in the experimental nuclear physies.

The Institute for Nuclear Study (INS) was established in 1955, in
order to promote research activities in the nuclear and particle physics
in our country. The facilities at the Institute are open to all researchers.
At present, the staff members are 55 in the scientific works, 62 in the
technicel works, and 42 in the office and other works.

Four research divisions are active at the Institute:l) the Low-
Energy Physics Division, the High~Fnergy Physics Division, the Theoretical-
Physics Division, and a Study Group for High~Energy Heavy-Ion Project,
%.e., the Numatron Project.

The accelerators in operation are an FM cyclotron (E_ = 52 MeV),
an SF cyclotron (K = 68), and an electron synchrotron (Ee = 1.3 GeV).
Historically, the FM cyclotron was the first ome built at the Institute,
which could also be operated as an ordinally eyclotron with a unique
capability of variable emergy. The electron synchrotron came into
operation in 1961, u.ud the energy has been brosted up to 1.3 GeV since
1966. The new SF cyclotron came into operation in 19Th.

The layout of the electron-synchrotron facility is shown in Fig. 2.
Three beam courses are provided in the experimental area, i.2., yl, Y2,
and v3. Recently, at the y2 course, precision measurements on the
micleon-resonance character have been performed utilizing a polarized
target or a proton polarization analyzer. Search for exotic states,
Z.2., dibarion resonances, has also been performed by Y+d + pt+n, and by
y+d4 3 ptn. At the y3 course, photodisintegration studies on nucleus
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targets have been performed utilizing the tagged-photon system and clear
proton spectra from & quasifree nucleon-mucleon system have been found.
Since the activity at the electron synchrotron is presented by Homma st
this symposium, no further detail is given here.

The activities by use of the cyclotron facility are given in 52.

The Instituté has alsse 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 Institute for the comstruction of the 12-GeV
proton synchrotron and the related research programs at the Laboratory
for BEigh-Emergy Physics (KEK); Activities conducted bty the cosmic-ray
research group at the Institute have led to the present-day expansion of
the Institute for Cosmic Ray Research; Presently, preparatory works are
actively going on for the construction of a high-energy heavy-ion
accelerator complex, the "Numatron", and the related research progrems.
In this connection, an active participation to the Bevalac experiment at
the Lawrence Berkeley Laboratory is promoted under the INS-LBL collabora-~
tion progrem.

Experimental results so far obtained by our group at the Bevalac
facility are given in §3, and the FMumatron project and its preparatory
works are described in §b.

In order to support the research activities at the Institute,
a computer network system for real-time data acquisition and processing
has been installed. The system consists of two mein computers, type
FACOM M-180 X AD, the operation speed of which is 2.5 MIPS, with aix
terminal minicomputers.

The Institute has also helped tc 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 initiated at the electron synchrotron in
early 60'9, and the activities have continued at the SOR facility, Z.é.,
an 300-MeV electron storage ring, located at the synchrotron laboratory
(see Fig, 2),

§2 Recent Experiments by use of the INS cyclotroms

Presently, the nuclear-physics experiment is mainly performed by use
of the sector-forcussed (SF) cyclotron. The K number of the cyclotron is
68, and the accelersted beams of particles so far obtained are shown in
Table I. An atomic-beam-type polarized-ion source is equipped in the
vertical inJection 1ine and prluirized protons and deuterons can be
accelerated.

The layout of the SF-cyclotron facility is sbown in Fig. 3. Eleven
beam courses are provided. Main measuring apparatus are a bombarding
system for radio-isotope production, an on-line isotope separator, an
in-beam gamma-ray gonicmeter, an 80-CM scattering chamber, a particle~
correlation chamber, and a QDD-type high-resolution spectrograph. The
QDD-type spectrograph is a broad-range type with E max/E i < 1.35 and
characterized by a high resolution of (p/Ap)max = 10" with a relatively
small dispersion and & small horizontal magnification. A 75-CM radius
air-core bete-ray spectrograph has also been instselled in a separate iron-
free lavoratory.

In the followlng, four topies are discussed among the results
recently obtained.

2~1 Deep-hole states

Systematic studies have been performed on the deep~hole states via
{p, 4), (d, t), and (’He, a) reactions on Sn and 5m isotopes. RHistorically,
by looking at a deuteron spectrum from the !!5Sn(p, d)!*®sn reaction,
Sakai and Kuboz) noticed a possibility to study deep-hole states vig plck
up resctions (see Fig. 4-a)}). This possibility was realized especially by
using the (%He, a) reuction3)’ I as shown in Fig. 4-c) and in Fig. L-d).
This ias a clear experimental evidence for that the smell-structure orbits
persist in deeply-bound states even in heavy nuclel.

s L
In Fig. 5, the results obte: ned on the Sn isotopes are summarized. )
It is interesting to see that the neutron ceparation energy from the
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deeply-bound states 1s 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 mnuclei in the transitional regions

It has been 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 it theoretically if it
were, Sakais) pointed out such a posgible trend so called as a quasi-band
structure, from the available data in 1967.

6 at our institute on nuclei around Av80, such
as Se, Kr and Sr, and also sround Av120, such as Sn and €4, by the methods
of the in-beam gamma-ray spectroscopy and of the particle spectroscopy on
the (p, d) and (p, t) reactions. As an example, the level astructures on
nuclei around Av80 are shown in Fig. G-a)vc). If one compares the level
structures with those expected from schematic models of vibratiomal limit
and of rotational limit shown in Fig. T, ome can notice the observed ones

So far data accumulated

lie between those limits. The same situation is also found in the region
around AVI20,

2-3 ®Li induced reaction

The SF cyclotron has been equippsd with an internal cold-cathod
Penning ion source which can deliver a high-intensity beam of 1:1a+ 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 Li-ion beam provided
by owr SF cyclotron is E ~ 80 MeV and higher then that provided by the
conventional tandem Van de Graaff machines,

In taking advantage of such a high~energy beam, a study or the
180(°L1, d)?%Ne reaction has been done. ’ A deuteron emergy spectrum
is shown in Fig. 8-a). The line spectrum resulted from o-tramsfer to
the states in the ground-state band of 2°He is clearly seen, which is
free from continuum of deuterons due to °Li break-up, in contrast to the
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spectra obtained by the lower ineldent energies. The angular distributions
are shown in Fig. 9-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 ihe spectroscopic fmctors in
agreement with shell-model predictions.

2~ Spin-flip asymmetry in the 12(.3({;, p')2C* reaction

In the inelastic scattering of protons by 12¢ leading to the 1lst-
excited state (2+, 4,43 MeV), the spin-flip probability of protons can
be determined by measuring the gamme-ray intensity in the direction normal
to the reaction plane. This ic a well known experimental procedure
following the Bohr's theory., When polarized protons are utilized, one
can determine not only the spin-flip probability (SF) but also the spin-
f1ip asymmetry (SFA) besides the differential corss section (0,) and the
asymmetry (A), Z.¢., the left-right asymmetry of inelastically scattered
protons by incidence of rolarized protons. Then one can experimentally
decompose the process into the partiasl cross sections using the following
relations:

9o = (0, +0,_+0_ +0_)/2

++
= (o, +0, -0, - o__)/20°
P =(0,~-0_+0_ - o__)/eo,
SF = (u‘_ +0_ )/,

sFA = {o,_-o0_)/(o,_+o_)=(a-P)a(sF)
where °+_ (0_+) is the partial differential cross section for the process
from the initial spin up + (down -) to the final spin down - (up +), and
9., (@_) is for the non spin-flip process. Here the 5 axis is chosen in
normal to the reaction plane., Results of such measurementsp) are shown
in Fig. 9. This is an example of the effective use of the polarized beam
to the study of reaction mechanisms,



83 Experiments at the Bevalac Heavy-ion Facility

Since 197k, a group of Japanese physicists hes participated
experiments at the Bevalac high-energy heavy-ion faeility at the
Lawrence Berkeley Labolatory (LBL)., As an extension of the mctivities,
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 hes given a unique
opportunity to study a new domain of physics with use of relativistic
heavy ions. '

A nuecleus-nucleus collision at high energlies can be characterized
by a participant-spectator picture: The collision process is schemati-
cally drawn in Fig.,10-a) in the center-of-mass system, and the distribution

of emitted particles in the rapidity "y" is qualitatively given in Fig.10-b),

where ¥p and ¥y are the projectile and target rapidities. 1In such colli-
sions, chjectives 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
50 far for anything remctely unusual,

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

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

Productions of T, 7, p, d, 'H, %He, and “He have been studied at
large angles in high~energy nuclear collisions.lo)'"l'j) The experimental
setup is shown in Fig.l1l, Particles of momeuta from a few 100 MeV/nucleon
to a few GeV/nucleon were messured by a magnetic spectrometer at sngles
from 10° to 145°, Besides the magnetic spectrometer, three sets of tag
counter telescopes were provided to detect the assoclated multiplicity of

each event £0d also to study the particle correlations in plane and out of
plane with the spectrimeter.

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 have been measured, so thet 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, 7.e., C + C,
Ne + NaF, end Ar + Kel, and heavy-mass elements such as Cu and FPb.
Dependences on the incident energy have been studied in the case of Ne
projectiles with 400 MeV/nucleon and 2.1 GeV/nucleon., For comparisons,
proton incident collisions have also been studied with 0.8- and 2.1-CeV
protons on various targets,

3-1-1 Inclusive spectra

Firstly, 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-arm" shape. The turning
point is located at a momentum close to & peak observed in the proton-
incident collisions as due to the pp or pn quasi-elastic scattering.

In the arm region, no proton would be kinematically allowed if a nucleus-
nucleus collisisn were merely a simple assembly of nucleon-nucleon
collisions. Thus, the spectra in such kinematical domains especially
contain the nuclear effacts, €.g., effects of internal motlion, short-range
correlation, cumulative effect, multiple scattering, ete.

The energy distributions of protons and pioneu)’ 12)

emitted at

c.m. 90° for 800-MeV/nuecleon incidence are shown in Fig. 13. The proton
spectra are characterized by a "shoulder-arm" type with an exponential
fall-off at high energies as discussed, while the pion spectra are almost
gimple exponential. The inverse of the exponential slope, Eo, for protons

is systematically lerger than that for pions, Z.e., Eo = 7090 MeV for
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protons and 60MTO MeV for plons, and Eo increases monotonieally with the
beam energy a: shown in Fig. 14. A saturation feature of Eo towards
higher beam energies is observed as Eo < m_"cz = 140 Mev. The Eo is also
systematically larger for larger-mass combinations between projectile and
terget, e.g., in proton spectra, E = 68 MeV for C + C and Eo = BT MeV
for Ar + Po {see Fig. 13).

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

The spectrum shapes of the composite fragments, 4, 9H, etc.,lS) are
well explained by the l\“1 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 interactlons:
According to & simple phase-space consideration, the probability of
forming deuterons at velocity V‘d is proportional to the product of
probabilities of finding protons and deutrons at tue same veloeity;

Pd(vd) « Pp(vp=vd)'Pn(Vn=?d). This is the well-known concept of coalscence.
In high energy nuelear collisions, the spectrum of neutrons cen be
approximated by that of protons. Thus, one can expect for the composite
fragment of mass A,

E (2%, /a%,) = cA[Ep(d’op/d’Pp)]A,
where PA = A-Pp, and CA is a constant, the coalescence coefficient. The
relation held very well at all fragments and all angles, and it 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. Slzes of the interaction reglon 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.lh) Three sets of tag counter
telescopes were provided at angles © = 40° and ¢ = 180°(R}, 90°(U), and
270°(D), the beam axls being the z axis, and the magnetic spectrometer
was located at ¢ = 0° and rotated between 6 = 15° and 110°. The 6 = Lg®
corresponds to ec.m_ A 90° in the nucleon-nucleon c¢.m., frame. Protons
of energies, Ep R 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(6, p) was determined;
5(8, p)-R/R
s(6, p)-U/u + 8(8, p)'D/D
where 6 and p are the angle and momentum of a proton detected by the

spectrometer. The quantity S(@, pi-R indicates the coinecldence counts
between the spectrometer and the R telescope, and the R indicates the

c(e, p) =2

single counts of the R telescope, and so on. The ratio C can be called
the degree of coplanarity, because the coplanar two-proton emission is
tyvor.d when C > 1,

Contour maps of the observed C(8, p), displayed in the plan of p';' and
p¥ of emitted protons in the nucleon-nucleon c¢.m. frame, are shown in
Fig. 16, for collisioms,of C + C and Ar + Kcl at BOO-MeV/A incidence.
The dotted circle indicates the free nucleon-nucleon elastic-scattering
kinematies, The value of C has a peak right on the circle at the opposite
side of the R telescope. The date thus clearly show the existence of
pp quasi-elastic scattering in the nucleus-nucleus collisions. Anelyses
of the data indicated that the fractions, P, of the clear knock-out process
for protons emitted at ec.m. A 90° were P A 508 for all tllxe studied

equal-pmass nuclear collisions,
3-1-3 High-multiplicity events

High-multiplicity events (HME) would be suitable to study nuclens-
nucleus collisions at small impact parameters, To select high-multiplicity
events, nine sets of tag counter telescopes were placed at 6 = 4o°, Each
teleseope detected particles of high energies, typiecally E_ > 100 MeV.
Apgular distributions of high-energy protonms (Ep > 100 MeV? in eollisions
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of 800-MeV/nucleon Ar + Pb are shown in Fig. 1T for inclusive events and
X-ME.ls) The inclusive spectrum shows a strong forward peaking, but ac
ineressing the multiplicity the forward emlssion is highly suppressed.

The quantity M in the figure indieates the tag counter multiplicity used
to bias toward higher multiplicities, e.g., M = 5 corresponded to a total
multiplicity of approximsv-1v 49. 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. 18, in which the proton invarisnt cross sections

gsre plotted in the plane of rapidity ¥ and the normalized transverse
momentum (pT/mPr.'). Here both inclusive events and HME, M 2 5, are shown
for comparison. Each contour line connects the same invarient cross
section, and two consecutive thick curves differ by a factor of 10 im cross
section. For inclusive events, a strong influence from both projectile
and target fragments can be seen in the small Pp 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 paremeters. It is interesting Lo note that the angular
distribution of high-energy protons in HME is almost isotropic in & moving
frame whose rapidity yo = 0.43. The evidence that Pb is very opeque may
Plsy an important role in future experiments involving U + U.

3-2 Threshold pion production in nuelear collisions

Pion productions at 0° in Ne + NaF collisions have been studied at
incident energies from 125 to 400 Me‘i/nucleon.:L6 A 180° magnetic
spectrometer was used, as shown in Fig. 19, which has permitted measurements
of both m* and 1~ with kinetic energy between 3% and 155 MeV in the
lgboratory fleme.

A sharp peak in the T production and the 7" /n” ratio has been found
for plons of velocity close to the projectile veloeity. Typical pion
spectra are shown in Fig. 20 for 258-MeV/nucleon Ne + NaF collisions at
6 = 0° + 3°, The peak in the /" ratio can bve 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 reglon.

The observed differentidl cross section at 0° varied by about four
orders of magnitude over the beam-energy range studied. The rapid rate
of change of the cross section is not in accord with the first-collision
Fermi-gas production model.

Concerning to the study of laow-energy pion productions, it is noted
that & bump in the positive-pion yield hes been observedn) &t c.m. 90° at
Pp 0,5 mye for 0.8-GeV/nucleon Ne + NaF collisions. This 90° btump in 1T+
production is denoted to be specific for the nucleus-nucleus collisions
in comparison with the pion production in the pp collisions, though no
definite interpretstion is yet available.

§4 The Rumatron Project

A group of physicists in Japan has proposed a new project to construct
& hign-energy heavy-ion accelerator complex, named “!iumatron".la)’ 19)
The aim of the project is to open a new field of physics with use of heavy
ions of all elements accelerated up to a few GeV/nucleon.

From the nuclear-physies point of view, interesting new phenomena
can be expected to be rea_lizéd in getting into a domein which lies beyond
the ~ound velocity of nuclear nmatter atd beyond the meson-production
thresholds, as discussed in §3. It can also be expected that a vast
number of new isotopes far from the stability 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.
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4-1 Proposed facility

A plan view of the proposed accelerator complex, the Nu.matron,lg)’ 20)
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 two-ring synchrotron system. The two-
ring synchrotron system is introduced in order to obtain reliably the
final intensities of heavy-ion beams of ~ 10%° ions/s, by use of the
beam-accumulation technique in the 1lst ring. The operation scheme of

the system is as shown in Fig. 22, In the 1st ring, 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 pessing through the
final-stage stripper, fully stripped ions are injected into the 2nd ring
and further accelerated. The expected intensities of various ions ere
tabulated in Table . The ion~mass va, energy capability of the present
design is shown in Fig., 23, together with those of the other existing or
proposed projects.

h4-2 Preparatory works

In a construction of high-energy heavy-ion accelerator, one encounters
& number of new accelerator-physics and engineering problems different
from the proton-accelerator case; problems on the ion source, the low-
velocity linac, the high-vacuum system needed to avold the charge-exchange
processes of heavy ions, and methods to ottain 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 accumilation ring for heavy ions, named "Tarn", has been
constructed21) in order to develope especially the heavy-ion-beam
accumulation technique, as shown in Fig. 2. The heavy-ion beems, €.g.,
8.,5-MeV /nucleon N5+, accelerated by the INS-SF cyclotron were injected
and accumulated in the Tarn. The vacuum in the ring is required to be

107!° Torr for survival of 90% ions during the stacking time of 1 sec for
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the charge-exchange cross section of N5+, ~ 3 x 107 7cn?, The vacuum of
the Tarn has been attained to v 2 x 10~} Torr, and < 10 !° Torr in routine,
which has been confirmed from the lifetime of the circulating beam. Both
the milti-turn injection end tne RF stacking of ion beams have been

tested successfully. Further studies are in progress especially on the
transverse resistive-well instability for low-velocity and high~density ion

beems, which is a limiting factor for the intensity of the accumulated ion
‘beam.

The proposed Numatron project is a 5-year plan in its construction.
Tt is hoped that the project will be fully approved in the near future,
even though the site for the project and associated problems have not been
settled yet.
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Fig.l1 Major activitied in Nuclear Physics in Japan.
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