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Report of the Joint Seminar on Heavy-Ion Nuclear Physics and
Nuclear Chemistry in the Energy Region of Tandem Accelerators

Department of Physics

Tokai Research Establishment, JAERI

(Received April 16, 1984)

A meeting of the joint seminar on Heavy-Ion Nuclear Physics and
Nuclear Chemistry in the Energy Region of Tandem Accelerators was held
at the Tokai Research Establishment of the JAERI, for three days from
January 9 to 11, 1984.

In the seminar, about 50 nuclear physicists and nuclear chemists of
JAERI and other Institutes participated, and 30 papers were presented.
These include general reviews and topical subjects which have been
- developed intensively in recent years, as well as the new results
obtained by using the JAERI tandem accelerator. This report is a
collection of the papers presented to the seminar.

Organizing Committee

K. Harada (chailrman) Japan Atomic Energy Research Institute
N. Shikazomno "
E. Takekoshi "
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S. Baba n
S. Kubono Institute for Nuclear Study,
The University of Tokyo
T. Nomura The Institute of Physical and Chemical Research
T. Kishimoto The University of Tsukuba
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The organizing committee would like to thank all participants for
their assistance and cooperation in making the seminar so successful and
fruitful.

(1)



JAERI-M 84-085

57 AEROEA 4 Y BYE - BILFOFRAHEE
EY 7% ) BT 2 B o 5 T ) T

(1984F4H16BZHE)

19845 1 A9 HALGIIHD3EfE, 4 7 LHBOES 4 YEUE - BhFEOMELE
AARTFAREHERHFETICE C THES L. '
PRI ORET HIRT R OAADTIIER, KFOKME, HFRHOH0AD
Zmi, BOHERESFEEINL, INOCOREBFURELETNIKFRBEREN LT
—TDLEalbEy A, TLUTJAERI Y v FLollERICELDBONAEH L RN
aFEnT B,

COREBUAADLTRRINAWABE LI LD L EDTH 5.

A LETIN

HHE <8 (HEREFATRAD
EE EHHE ( ” )
frig EF ” )
LSRN i ( ¢ )
BE BT ( ” )
ARE K (HERRFERFHUZEE)
B F (EEUEPD

AR HEX (HBEKE

HHEecoOMTFA—TE, BRATHREOCEVHARESLEHR LI LEZEME—EICEBEL
7,



I.3

1.4

I.5

T.6

1.7

I.8

1.9

I.10

1.11

JAERI-M 84-085

CONTENTS

SKSSTON I. NUCLEAR REACTION (Jan., 9, Monday, 1984)

Status of the JAERT Tandem Accelerator .....csevsrrecevenavans

Michic Maruyama

Molecular Orbital Formation in the System of Nucleon and

Core~Nuclei ....... e revearesenes st e e enee s e aerasans vees

B, Imanishi and W.von QOertzen

Spin Alignment and Rescnances in Tnelastic Scattering
between Light Nucled .i.cniiiiennnrienanneiianennnaneenees
Norihisa Kato

Study of Competition between Fusion-Fission and -Evaporation

in Heavy Ion Reaction ....... e e i e e ereranes vee
T. Nakagawa, §.M. Lee, K. Furuno, W. Yokota, Y. Fukuchi,
T. Komatsubara, S. Kinouchi, Y. Nagashima, J. Shimizu,
T. Mikumo, J.C. Adloff, D. Disdier, A. Kamili, G. Rudolf,
and F. Scheibling

On the Competition between Fusion-Fission and Fusion~-
Evaporation in Heavy-Ton ReaCtiOnNS .eesvsesoantsassssoranansss
T. Matsuse

Heavy-Ion Fusion and Nuclear Level Density ..cveeverrvecsvecans

Masahisa Ohta, Koichi Hatogai, Sueji Okai and Yasuhisa Abe

Measurements of the Spin Alignment in the 120 + 12C Inelastic

Scattering via ¥ Recoil ......cvvvveennnn tererseneare s
Yasuharu Sugiyama, Naometo Shikazono, Yoshiaki Tomita,
Hitoshi lkezoe, Kenzo Nagano, Eiko Takekoshi,

Shigeru Kubono, Masahiko Tanaka and Michiro Sugitani

Possible Quasi-Molecular Band in 328 cerremaan ereeerenaneants
Shigeru Kubono

?Efect of the Exit Channel Distorting Potential in the lgF +

C Lnelastic Scattering .ceevvreeerssnncsnaarnescanssrraivans
Toshiki Tachikawa

Spin Polarization in (14N,a) Reaction +oceeressctscnanscnnssns
K. Ileki

Coincidence Measuremeni6betw26n Evaporation Residues and Light
0

Particles Produced in + Ca ReaCtion ...ceseseassersnanas

Hiroshi Tkezoe

12

16

18

20

23

27

30

32



JAERI-M 84-085

I.12 Breakup Effects o 6’7Li on the Elastic and Inelastic
Scatterings from C ....... Ceeeasas erarae e cererieaeenes 42
Kenji Katori, Tadashi Shimoda, Tomokazu Fukuda,
Susumu Shimoura, Atsushi Sakaguchi, Tamiho Yamagata,
Masayoshi Tanaka, Hiroshi Ogata, Noriaki Takahashi,
Yukinori Sakuragi and Masayasu Kamimura

1.13 Evsion an§7Deep &gelastic Coliision in the Systems of 3701 +
Al and ~'Cl + ~Ti below 200 MeV ...... Cereeanns eerareneans 46
K. Ideno

SESSTON IT. NUCLEAR STRUCTURE AND NUCLEAR CHEMISTRY
(Jan. 10, Tuesday, 1984)

II.1 High-Spin States {(Theoretical) ......ccivuniuvnnns cerearnens .. 49
Yoshifumi R. Shimizu and Kenichi Matuyanagi

II.2 Experimental Studies of High*Spih SEALES tvvrvrsencnrasasns «+ 53
Y. Gono

I1.3 Heavy Elements and Superheavy Elements ........ ceteaaas R 1

Ichiro Fujiwara, Shin-ich Tchikawa, Nobuo Shinohara,
Shigekazu Usuda, Toshio Suzuki, Hiroshi Okashita,

Toshiaki Sekine, Takayoshi Horiguchi, Yoshikazu Yoshizawa,
and Seiichi Shibata

I1I.4 Symmetric Fission in Relatively Light-Mass Reaction Systems . g1
. H. Nakahara, Y.Nagame, K. Sueki, M, Yanokura and I. Kohno
. . 12 93 .
1I1.5 Incomplete Fusion in the C + ""Nb Reaction .viesvevvaseee.e B5
Toshiaki Sekine, Sumiko Baba, Kentaro Hata and
Shin-ichi Ichikawa

11.6 Stability of Unstable Nuclel ... .cveeveineinreaenn. D 1
Kengo Ogawa

IT.7 Multiple Coulomb Excitation of Odd-Mass Nuclei ...... P & |
Takashi Inamura

II.8 In-Beam Gamma-Ray Spectroscopy through Heavy-Ton-Induced Fusic

Reagction .....cveeneen Lesesecraitantaracsararraressansaneness Th
Mitsuhiko Ishii and Akiyasu Makishima

I1.9 Deformed Ground Band States in 152Dy i
. 66786
Y. Nagai

I11.10 Nuclear Spectroscopy of Radioisotopes Produced by Heavy-Ion
ReactiOns sevevesreossssractsssssasassesacssasnacsssansesssanns 70
T. Tamura



IT.11

IT.12

I11.1

IT1.2

ITT.3

117.4

I1L.5

JAERI-M 84-085

Difference between Renormalization Factors for Unique First

Forbidden AXIAL-R Transition and Those for Analogous M2-y

Transitions ......... e rssesat s P 4
Hiroyasu Ejiri

Nuclear-Spin Polarization of Heavy Tons Produced by Tilted
Foils and Detected by Coulomb Excitation ..e.veevesressssaces. 87
Kenzo Sugimoto

SESSTON III. RELATED TOPICS (Jan. 11, Wednesday, 1984)

Refinement of Brink Model —-—— Application to Massive
Transfers ——— ..... i rseeeaaas Chevaasan crsrasecaaasnn P b |
Atsushi Ichimura and Munetake Ichimura

TDHF Calculations of Heavy-Ton Collisions ..........00ss «ee. 96
Shuhei Yamajii

14
Preequilibrium Light Particle Emission in N Induced
Reactions ...sees-. crr e raan terresearieraennens reerrarenoas 99
Tomokazu Fukuda

Pre-Equilibrium Light Particle Emission in Heavy Ion Induced

Reactions .ievaveeascens cvresren cemmeec st vererese 102
Koji Niita

Evidence for Lower Angular-Momentum Cutoff in Heavy-Jomn
Fusion Reactions .......c..... ceseeras Wetesrereersssenannses 104
T. Nomura

The speakers in papers of collaboration are denoted by underlines ¢ .

(5}



JAERI-M 84-085

SESSION I. NUCLEAR REACTION
(Jan. 9, Monday, 1984)

Chairnans

Shiro Yoshida

Tohoku University

Seigo Kato

Yamagata University

Teruo Suehiro

Tohoku Institute of Thechnology

Hiroshi Taketani

Tokyo Institute of Technology



JAERI-M B4-085

I.1 Status of The JAERI Tandem Accelerator
Michio Maruyama

Department of Physics, Japan Atomic Energy Research Institute,

Tokai, Ibaraki, Japan

Introduction
The scheduled operation of the JAERI tandem accelerator for heavy ion

experiments started on September 1, 1982 and has been continued for 16 months
on the basis of 120 hours a week. This report describes some examples of the
performances and the present status of the accelerator. Experience of the

. continuous operation in the first one year is also presented.

Available Ion Species
The center terminal of the 350KV negative ion injector houses three dif-

ferent negative ion sources, NEC direct extraction duoplasmatron source,

Heinicke-Penning source, and Ia HA]EA]NA’VA}WA}WA! i l!a]Ha[[ﬂalNB]Va]Vla]Vﬂa C
1 2
Hiceonex sputter-cone source. 1 é% el 1
We have extracted reasonable > 3[4 5]6 ; 8910 >
Ll [Be c a | F INe
S b o 2 4
amount of negative ions of 69 N Gt
1z 13 14[15{16s7hie|
elements from these ion sources| < g:&q S iéﬁnr 3
, 19|20 |21[22[23{24|28] 2627|2820 [20]31 [32|33[34|35(36
and already tried to accelerate 4 | |caise|Ti|V [er Fo 1Co| Nt lcy | 7n |Ga| G [as kr| 4
e ot tate. T NN NN N7 NN 2527 4R
25 kinds of them to date. ey 3738 |30a0] a1 a2 a3 |e4 [45]a6 |47]a0]a9]50]51 [s2{=5 {54
. | 5 {rv{sr]y |zr(No|Me|Te [Ry R0 |Pd lagicd | In]Sn|so|Tel L Ixe) B
are now usable for experiments. NN NN NN R A e
. 5556|5772 (73|74 (75]76 77|78 |79 | 80|81 |82 | B3| B4 05|86
The extracted and accelerated 6 ¢ceiBa| | [He]To [w [Re[os Lir 1Pt [auftg | TL(Pb gl IPofar |RR 6
LS NN N
ions shown in the periodic ta- 87(88 (8990 91 |92
7 {Fr|Ra|Ac|{™h|Pafu 7
ble of fig.1.
57-71 57(58]59 [60(6r [62]63[6a 65|66 |67 |68 60 |TO{TI |57-71
.. . a La [Ce ] Pr | Nd|Pm|SmlEu|Gd | To | Dy [del Er |TmfYe Lo
1t is impossible to pro Lonthanide  hORINRNE N \\\\\\‘&K&\\\\ Lonthanide
[1a]nafmamalvaiama]  v0  [16] 06/ D6]valve[Wslms] 0 |

duce negative ions of noble gas

elements except for helium, be_Fig.l. Periodic table showing the extracted

cause they don't have positive (hatched) and accelerated(doubly hatch-

) d) i i
electron affinity. Minehara ed) dons

and Abel)of our laboratory extracted KrF and XeF from the Heinicke- Penning
source by using KrF2 and XeF2 gases. Now they are trying to accelerate them
by the tandem accelerator.

Ion Beam Performances

Table 1 presents some examples of ion beam performances observed after
the analysing magnet. In the cource of these performances we got a strong
impression that the folded beam line of tandem accelerators is excellent

configuration to accelerate heavy ions because of the high selectivity of



JAERI-M 84-085

charge states by the 180° terminal magnet. The current values seemed to be
limited by performance of the ion sources and loading of the accelerating
tube was very small.

In order to demonstrate the beam transmission through the accelerator,
ion beam currents Qbserved along the beam line are shown in fig.2, The steep
decreasing after the electron stripper is caused by dispersion of positive
charge states and multiple scattering by the stripper carbon foil of lQng/cm%

For hydrogen ions these effects are very small, so the transmission is very

10 T 3
Table 1 lon Beam Performance N H 7]
lon Terminal Voltage Energy Current Pulse Width B ]
(Continuous) (MV) {MeV) {puA) {ns, FWHM) - 1
i 18 % S 1
12 5+ -~ IE 3
C 14 84 0.2 < ]
16_6+ = F \§/”Cl'°‘”—
0 16 112 0.35 = F et ]
28g48* 13 117 0.025 = %
B 16 180 0.53 &
s t0F 13 143 0.02 310¢ 3
630,10 13 143 0.03 g8 L .
By 10+ 13 143 0.012 ! ]
L 58,110+
27,1+ 18 146 0.54 Ni'
(Pulse, IMHz) & | i 1 i | i
ry 5% e [
H 13 13 4000(peak) 0.6 ") w B
E U8 ZF WE L2 -
18 18 1100(peak) 0.9 3 EE 53 ga a9
 BEE R OB
127,84+ 18 162 12(peak) _ 1.9 Z2 Z4 on By &8 =
. : Fig.2. Beam current along the
Beam Pulsing beam line.
The ocutside and in~terminal beam puls- o L L
4
ing systems also worked fairly reliably. L - (\ =
+ . :
The result of the pulsed H beam at 18MV in gl. Ey © 35 Mev -
Iy (PEAX)=033mA
table 1 was obtained with the in-terminal ) FREPETITION 4MH: |
ion source and pulsing system. This is be- n ‘ i
lieved to be the world highest terminal volt- g ] i
=
age in performances of single ended electro- g . rerei
static accelerators. Figure 3 shows a typi-
— 4_ .
cal pulse shape of hydrogen beam produced by §
< L . J
the outside pulsing system in the vertical 3 .
low energy beam line at the terminal voltage Zr . 1
of 17.5MV. The time spectrum was obtainen I;Mﬂsfiﬁﬁﬁ; .k~‘m\%b?uj
observi -rays from Ta target bombarded (W S— s
by ving ¥ Y 8 0 380 400 420 440

by 35MeV hydrogen ions with two plastic scin- TIME ANALYZER CHANNEL

tillators. Fig.3. Time spectrum of pulsed
hydrogen beam.
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Charge Exchange

)1ng/cm2 thick have been used as

JAERT type longe-lived carbon foils2
the electron strippers. Table 2 describes consumption of the foils in the
first foil exchanger at the exit of the low energy accelerating tube. Dur-
ing one year from September, 1982, eighteen foils were used for H, D, B, C,
0, C1, Ri, Br and a little bit of other ions. Eight foils of them were bro-
ken and the others still usable. Figure 4 shows a profile of No. 240 foil
Which withstood frradiation of D, 0, and Cl ions for 249 hours. The irradi-

ated area seems to get very thin.

Table 2 Consumption of Carbon Stripper Folls
for One Year

Foil Irradiated Ion Dosage Injected Ion Status
Time{hours) (puyA-+hours)

240 249 187.3 n,C,0,Cl O(usable)

239 150 88.4 H,B,C,0,Al,S,Fe X{broken)

236 35 10 Cl,Ni X

235 200 58.6 C1,Ni 0

234 148 98.6 C,Cl,NL X

233 39 11.1 cl 0

279 38 47,8 Cl X

228 385 289.8 ¢,0,F,Cl,Ni,Pt X

226 61.5 89.5 D,0,Cl,Br X

225 24 24.2 H,D 0

224 163 227.,5 D,c,0,ClL 0

gi; gis 22 L g'DJu'Nl 8 Fig.4, No.240 foil. Diameters of the

212 47 3.7 C,clNi 0 h?lder opening and the irra-

211 321 100.5 D,8,C,0,CL,N1 0 diated area are 10 and 5mm,

210 127 72 D,0,F,Cl,Kr 0 respectively. Only triangle

582 ié; 2;2 gg'gi ; break in the irradiated area
- = was found when taken out.

Use of the second feil stripper on the high energy accelerating tube in
the upper dead section was tried to get higher emnergies for Ni ions and the

results are described below. Ion energies increased by about 40%. There

Terminal Injected Charge state after Transmitted Ton energy
voltage current 1lst stripper | 2nd stripper current

15.0 Mv 450 nA 11 18 3.1 pnA 248 MeV
14,2 170 12 19 1.6 249

seems not to be essential difficulty in the charge balance and the ion optics.

Since the lifetimes of the feoils are enough long and each foill exchanger
can hold 240 feils, we have not been forced to open the accelerator vessel
for recharging new foils since July, 1982.

Summary of Operation

The first continuous operation for experiments was performed for about
4 months in fall of 1981 prior to the acceptance of the accelerator and the
scheduled operation has been regularly continued since September, 1982, The

accelerator runs for 5 days every week on 24 hours basis. The following are
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summary of the scheduled operation from September 1, 1982 to September 2,1983.

1)Time distribution by terminal voltage

17—18MV. 2days 1.4% 11—12MV  2days 1.4%
16—17 15 10.3 10—11 5 3.4
15—16 31 21.4 9—-10 7 4.8
14—15 39 26.9 82— 9 1 0.7
13—14 30 20.7 — 8 1 0.7
12-—13 11 7.6 I— 4 1 0.7
2)Time distribution by type of projectile
H ddays 2.1% Cl 44days 30.6%
D 16 11.1 Ni 15 10.4
B 1 0.7 Br 1 0.7
C 23 16.0° Others 8 5.5
.0 33 22.9- {(P,Pt,Au etc. for test)
3)Time distribution by type of activity
Operatlon for research l45days 40%
Atomic and solid state physics 16
Radiation effects in materials 19
Nuclear chemistry 23
Nuclear physics ; 57
Fast neutron physics 17
_ “Accelerator development 13
.Voltage conditioning: 29 8
" Scheduled maintenance (3 openings) 71 19
Unscheduled maintenance(4 openings) 29 8
93 25

Unused time

References
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T.2 Molecular Orbital Formation in the System of Nucleon and Core-Nuclei
B. Imanishi* and W. von Oertzen**
*INS, University of Tokyo, **HMI and Freie Universitdt Berlin

In this present study we discuss adiabatic molecular orbital forma-

ticnl-a)

12C+I"3C. This system is expected to show strong CRC effects due to the

with particle-core model through an analysis of the system of

molecular orbital formation of the valence nucleon in 13C(*)(gr.,1/2_;

3.086MeV,1/2+; 3.854Mev,5/2+). The reasons are the following:

i) As the system involves two-identical core nuclei, 12C's, the transfer
and direct interactions work additively on the wave functions in the
total system with plus parity.

ii) The close vicinity of the lpl/2, and sd orbitals gives favourable
conditions fer a parity mixing of orbitals, similar to the s-p

hybridization effect in atomic physics.s)

To see the effect of the multiple interactions between different

channels, we investigate the Born series expansion in powers of the

following off-diagonal-channel interaction AU;

(am = (vij+1<'i:j)(1—<5ij) , (1

with the use of the distorting potential U0
0 t
= .
({u )ij (UCC+Vii+Kii)Gij) The operator U

| JLE B M B N A S B UL AL

1204 BC Eq=7.8MeV

s dang

CcC

Lo~ HC (gr) represents the core-core optical potential and

ig diagonal with respect to channel indices.

)

t . .
The operators V and K~ are the interactions for

af oy

W

direct and transfer processes, respectively.

P B\
3
T T T

In fig. 1 the strong divergences of the

serles of the differential cross sections o(n)

=
—
[ReTil

(n=1,2,+++) {(slim lines) are shown at the

b\

T T T T I

energy of Ecm = 7.8 MeV, The calculations

-

o [mh/sr]

include up to the n-th order of multiple

TR RTTT B \ S e

interactions (see fig. 2).

@
[

We divide the coupling interaction AU

T T T T

P EETTII

——— n=1 into two parts; the one AU responsible for the

2
—— 3 hybridization between pl/2 and s-d channels,

:l||rM||°[||||[

180° and the other Al responsible for the reorienta-

Fig. 1 tion of the 1d5/2 orbitals;
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AU = AT + al , ' (2)

The CRC effects due to the interaction'ﬁﬁ alone are tested with the

use of the series of the partial cross sections Gslz(n) (n=1,2,++-) going
+

to 13C*(S/Z )+12€ channel. Similarly, we estimate the CRC effects due to

the interaction AU alone. The schematic diagrams for the expansion series

are given in fig. 2, Both the series of the cross sections, Gs/z(n) and

{(n) (n=1,2,"""), showed convergence except cnly for the case for JH =

US/g

5/2 at Ecm = 7.8MeV, This means that complex operation of AU and AU

causes the divergence, which is expressed by the following expansion of

the T-matrix elements le (jiZ);
X0
~ (= = m,= ~(+
r.o= 7 <l aig ™ g, 3
3l n=0 3 1
’&”mmfifb where the wave functions
i ds2 o ~ (+} '
Tii(CRC)E ‘T = T + 5 + ke converge ml-l.i as well as Green's
| : . ~
=pl/2 — = =, function § are generated by
T ln=1" & 0
HO=DT, (n=3) ! the potential (U +AU). The
L]
physical meanings of the
d3/2 == 57 s
T—mRCﬁz:E ’ - [ %7:l - EE £ e cOMVErge divergence are the follow-
n - i :
(Cempl/2 ==, = & ings:
hybridization - P Tiin=1 ! B I
L:_Iﬁﬁfﬂyﬂﬂnéﬁ i) First, the reorienta-
5 T tions of 1d5/2 orbitals
reorientation+hybridization
2457 Ex £33 oceur, which are included
THCRO= | & |+ |} = [if £ e diverse i .
;;PUZ e ) i in the wave functicon u and
Green's function £ in eq-
Fig. 2 {3). In this situation the

density distribution of the valence nucleon extends along the axis jeining
the centres of the core nuclei.
ii) Second, the mixing due to AU is so strong between the 1pl/2 and the
"ropriented" 1d5/2 channels that the series diverges. This mixing
causes extremely biased density distribution {(called hybridization) of the
valence nucleon as is shown in fig. 5.

We see in the calculations that the transfer interactions play an
essential role in the strong multiple interaction scheme due to the hy-
bridization. However, it should be noted that the direct interaction

gives non-negligible effects in the hybridization, since the direct
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interaction contributes additively to the transfer interaction in the
system of T = plus (gerade system), an effect which is caused by the
identity of the cores.

In the discussion of the adiabatic approach we introduce the base

6)

functions employed in the CRC method in the helicity represen-

¢n£jK
tation. The "rotating" molecular orbital (RMO) is expressed with the base

functions mentioned above:

JMI_,JT
- Z ) ¢n£JK nﬁjK p(r) ()

JMIE
The transformation ccoefficients A 02K, p (r) are obtained by the diagonali-

zation for the interaction of angular part of the relative motion -
Corioli's K-mixing term, and the direct- and transfer interactions in the
CRC coupled equation. Adiabatic potentials'VgH(r), are obtained as the
eigenvalues of the diagonalization at each point of r. If the coupling
interactions with the RMO representation are small perturbation, @? is
good base function describing the scattering process.

Fig. 3 shows the S-matrix elements between o = 1 and 2 and o = 1 and
3 (0m1.2,33(0dK)=(1p1/2,k=1/2), (251/2,K=1/2), (1d5/2,K=1/2)) with the

calculations of CRC, ISt-order perturbation

abe. g gt in the CRC representation (PWR l-step) and
1St—order perturbation in the RMO represen-~
tation (ADB l-step). At low incident ener-
gies ADB l-step calculation is much better
approximation of the exact calculation
(CRC) than the PWR l-step calculation. As
well, elastic scattering was well described
at low incident energies only with the
adigbatic potential.

In fig. 4 each o-component of the RMO

n
wave function of p=l and J = 5/2

drawn as a function of the relative dis-

tance r. In the region of the distance

from 9fm to 2fm a state with the components

[
!-—~~7A%4U? of o= 1, 2 and 3, each of which belongs to
—-mom-- PWR-ISTEP

the same K-quantum number of 1/2, is formed

Fig, 3 and each o-component changes rather smooth-
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ly with the change of the distance. At the distances r > 2 fm the RMO

Ji=+ . . ;
states Qp of p=1 define intrinsic molecular orbitals in the rotating

frame, because the RMO states belong to a pure K-quantum number.

IAE 377 B Boe 3 e
f
e 6.8 fn—]
p(u,r: 4{\]
L | o
N
‘H'uru”" t —
i
05 - .
F
[ \7\0315»‘
PR i T
iatm 1§54 T
a5}
i ™ 10~
= L51m — (MeV)
i, r 1 J._ﬁﬁ FeanTin ,J 0'%’ T ] T T T 1;0 '| p |) T
r(fm
L entrer of B—
e _ID—_/ adiabatic potential for gr.channel _|
ph  ranh 3w LIREL I HRTE )
i Win T - .
Fig. 4 Fig. 5

In fig. 5 examples of the density distributions,g)

JMIL 2
I (5)

for the state of p=! are drawn along the line of the Z-axis joining the

Psﬂ(xz,r) = gfdfl@

centres of two 120 nuclei. In the figure the linear chain structure,

12C—n—lzc is observed. Such a charateristic configuraticn is formed due

to the hybridization.
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7.3 Spin Alignment and Resonances in Inelastic Scattering between

Light Nuclei

Norihisa Kato
Department of Physics,Faculty of Science,Kyushu University

In the excitation functions of the inelastic scattering between light
nuclei like 12C and 160, pronounced gross and intermediate structures have
been observed in the energy region from Ecﬁg 18 to 30 MevV [1][2]. So far
many studies have been reported to explain these structures from various
theoretical bases[3][4]. At present it is basically understood that the
prominent intermediate structures are caused by the coupling of the entrance
channel to specific doorway states. In most of the models the inelastic
excitations teo the low-lying states (e.g. 2+state(4u44MeV),3—state(6.13MeV))
are thought to be the most important channels to couple with the entrance
one, Almost models predict the specific coupling scheme of the relative

orbital angular momentum between cutgoing partners and the intrinsic spin

of the residual state. Since these coup-
Eoy (Mev)

18
+1.0 T 2I0 2.2 2.‘ 2,6 2|8

ling schemes are directly connected to the

magnetic substate population of the resid-
ual state, measurement of the spin align-

ment of the residual state is expected to .05

be a crucial test of the proposed models,

A

The purpose of the present report is to

show the results of the experimental inves- 0

tigations of the magnetic substate popula-

— 3 - 0.3 _
tion in the 12c+160(3 } and 12c(2+)+1‘?'(:(2 ) ' L ' L 1

inelastic channels, and to clarify the

n
T

nature of the resonant structures by blief

—
(o]
T

qualitative discussions.

1) 12C+16O(3_) single inelastic excita~

om
¥

tion.

Relative Intensity

In the excitation function of this 0 1 1 1 1 1
40 50 60

system, prominent intermediate structures €L (MeV)

of several hundred keV width have been

observed in the energy region around E_ = fig.1

20 Mev. We have investigates the spin
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alignment of the residual state at energies properly selected on- and off-
resonances[3]. When the quantization axis is chosen along the direction
perpendicular to the reaction plane, only the substates with +3 and +1 can
participate in the reaction process according to Bohr's theorem. By the
particle-gamma angular correlation method, we extracted the spin alignment
defined as A=(Pi3-Pil)/2%Pm'

In fig.l,angle averaged spin alignments (upper panel) are compared with the
inelastic scattering excitation function. The arrows in the lower panel
indicate the energies where the spin alignments were measured. As shown in
fig.1l, the values of the spin alignment A are positive at all energies and
those at on resonance energies Ecm= 19.7, 20.5, 22.0 and 22.6 MeV are larger
than those at off-resonance energies. These results, which show the enhan-
cement of the population of m=+3 substates especially on the resonances, in-
dicate that the dominance of the aligned configuration between angular momen-—
tum and the intrinsic spin of the residual state play an important role in
the reaction process. Recently it is reported that this experimental fea-
ture is qualitatively reproduced by the band crossing medel[6].

In fig.2 the contributions of the m=+3 and +1 components to the angular.
distributions are shown with those of the summed cross sections(solid lines
without data points), It is clearly indicated that only the w=+3 components
increase on the resonances and those of m=+l stay -almost constant at all en-
ergies. Additionally we can get more regular dependence of the differential
cross sections for each component than those for summed ones and then the

assignments of the resonant angular momentum may be possible even from the

19.7 MeV 20.5 MaV ' 21.3 MaV
on resonance On resonance off resonenca

01

1 1 J S| i 1 t 1 1 1 1 1 1 1
80 120 150 80 120 150 _90 ] 120 150
(Pm <m cm
fig.2
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inelastic scattering Eon 125.6 Ma¥ : o Eome27.3 ey
data, Y r PR
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limited only to the = | 3
3 us} 3 osp
following four combina-'& | ] &
tions (2,2),(2,0),(0,0) ol —un o™ podin a
0 50 o 90 x
and (1,1) according to Bem
fig.3

Bohr's theorem. Angu-
lar distributions of the spin alignments were measured at seven energies
around the resonance structure at Ecm=25 MeV using the Heidelberg crystal
ball spectrometer(7]. Correlated increase of the spin alignments with the
excitation functions of the cross sections was observed at resonance energies.
This result indicates that the aligned configuration dominates again on thé
resonance. In fig.3 the angular distributions of the spin alignments and
the populations of each substate component are shown. Components of the
aligned configuration (2,2) are given in the middle panels, and the solid,
dotted and dashed lines in the lower panels correspond to the population of
the components (2,0),(0,0) and (1,1), respectively. The above experimental
features are in contrast with the results obtained for the single excitation
12 12

+
C+°C(2') case, where the enhancements of the aligned configurations were

not clear at resonance energies[8].
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I.4 STUDY OF COMPETITION BETWEEN FUSTON-FISSTON AND -EVAPORATION
IN HEAVY ION REACTION

& N

& %* 3 * & *
T.Nakagawa , S.M.Lee , K.Furuno , W.Yokota , Y.Fukuchi , T.Komatsubara

) 2 )

& x = *
S.Kinouchi , Y.Nagashima , J.Schimizu , T.Mikumo , J.C.Adleff x,
fk sk %k ok

D.Disdier , A.Kamili , G.Rudolf  and F.Scheibling
#* Institut of Physics, University of Tsukuba, Ibaraki, Japan

#% Centre de Recherches Nucleaires, Strasbourg, France

In heavy ion reacticn for Light-Heavy system, The total reaction cross
section is nearly equal to fusion cross section and there are two different
decay modes ; fusion-fission and fusion-evaporation. Recently we reported

the existance of constant critical angular momentum .J in compound nucleus

ER
for which the dominant regions of evaporation- and fission-decay can be
clearly distinguished%)z) Using JER and JC , fusion,fusion-evaporation and
fusion-fission cross section can be given by
_ 2 2
0= Uf_f+ Gf_er =(Th /ZpECM)X(Jcr + 1) (1)
<
i Jcr - ER
6. _ =(m/2E Jx(T__+ 1P 2
f-er CM cr o
T g =0 (3)
> T
it Jcr — ER
6. _ =(mR%/E_)x(I__ + 1)° ()
f-er 5 CM ER 9 5
= - +
| Opg (TR /2UEQ)X((I + )T = (Jpg + 129 (5)
where Uf, Of_f and Gf-er are fusion, fusion-fission and fusion-evaporation

cross sections respectively.

For studying the comﬁound nucleus effect for J and its isotope

ER

dependence, we have measured fusion-fission and fusion-evaporation cross
l6O +170,174Yb and 325 +144,1545

The beam of 16O in energy range 70-88MeV were porduced by 12UD peretren

gections for the system of

tandem accelerator of University of Tsukuba. The beam of l60 in energy range
100-140MeV and the beam of 328 in energy range 140-200MeV were produced by
the up-graded MP tandem accelerator of Strasbourg C.R.N.

For measurments of fusion-evaporation cross sections, we used T.O.F
methbd with the time resolution of At=2ns made by pulsed beam, which was
enough to distinguish evaporation residues from the elastic tails, 8 silicon
detectoes were placed at 30cm from the target to measure evaporation residues,

2 R
The thin target (about SOug/cmZevaporated on 20ug/cm” C) were used to minimize



multiple scattering effect and energy loss in target.
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fusion-fission cross sectioms, 8 angle AE-E

where the ionization chamber was used as AE

as E counter.

Fig.l shows the excitation function of

evaporation cross sections as a function of

fusion-evaporation cross

threshold energy. Fig.2

/|
328 +15%Sm which lead to
ental fusion-evaporaticn

J as indicated in table

ER

1.

shows JER and J

section is proportional to

same compoud nucleus

In crder to measure
counter telescopes was used

counter and silicon detectors

fusion, fusion-fission and fusion-
l/ECM. Tt clearly shows that
1/E__ above the fission
M 16 170
for the system of 0+ "Yb and

6Pt. Comparing the experm-

cross section and eq.(4), we obtained the values of

From these results, it is clarified that JER

is strengly dependent on the nature of compound nucleus 'gnd is influenced

quite sensitively by numbers of neutron.

JERof various compound nucleus are

shown in fig.3 as a function of ZZ/A, where Z and A are charge and mass

number of compound nucleus. In fig.3, it seems that JFRdecreases rapidly

above ZZ/AJSO.
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Table 1

svstem compound nucleus - Jgr(R)
o 4 %y 190, 46
160 + l7OYb 186Pt 42
328 v 154Sm 186Pt 42
32

.S + 1448m 176Pt 59
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1.5 On the competition between fusion-fission and
) S , *)
fusion-evaporation in heavy-ion reactions.

T. Matsuse
Department of Physics, University of Tokyo, Tokyo, 113, JAPAN

Recently we have showed that the energy independent critical angular
momentum Jer in fusion-evaporation cross section may exist in highly excit-
ed energy region and the jer has the very interesting compound nucleus
dependence. A possible interpretation for the existence of Jer is to be
discussed in terms of the competition between fusion-fission and fusion-
evaporation. The essential point of the existence of Jer has been presen-
ted by T. NAKAGAWA in this symposium.l)

In order to reproduce the essential quantities of fusion-fission and
Jer’ we adopted Hauser-Feshbach method to the fission part. All avairable
two-body decaying nucleus pairs are taken into account and the effect of
excitation of fission fragment pairs is included in the phase-space célcu—
lation.

The most difficult problem in this extended Hauser-Feshbach method is
to determine the transmission coefficient between fission fragments. We
parametrized the transmigssion coefficient so as to reproduce the observed
mass and kinetic energy distributicns. The ﬁery preliminary calculated
results are presented in this report.

In order to make clear the physical meaning of the observed Jer’ at

first we investigate the effect of multi-chance fission through the neutron

evaporation.

In the case of 19F+181

Ta system, the contribution of multichance

fission is shown in table I. We can see that the effect is very large in
this system. In the lighter system, for example 32S+76Ge system, the
multi-chance effect is negligible small,

Although the physical picture is very different from that of RLDM,
this result is very consistent with that of other calculation [2].

As a result of our calculation, in the heavier system (A % 180),

cn
the effect of multi-change fission becomes very large. Then the deduced
Jer from experimental cross section does not correspond to the first chance

fission in our model. Furthermore it is expected that more wide domain of

%) This work has been performed under the collaboration with S. M. LEE

and T. NAKACAWA.
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angular momentum than that expected from experimental result may contrib-
ute to the fully equilibriated compound nucleus formation as we discussed
in Ref.[3].

The calculated Jer for the several systems are shown in table II.
The values Jer in parenthesis indicates the calculated Jer included multi-
chance fission effect, the other values show the first chance contribution
only. From these results our approach by the use of extended Hauser-
Feshbach methed is very promising for understanding the competition

between fusion-fission and fusion-evaporation induced heavy-ion reactions.
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5 1744 431.0
5 116.5 5075
7 17.0 564, 5
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9 2.0 - 665.7 38 TABLE I.
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I.6 Heavy Ion Fusion and Nuclear Level Density

s

* ® * *
Masahisa Ohta , Koichi Hatogai , Sueji Okai and Yasuhisa Abe

"Research Institute for

*

%
Department of Physics, Konan University,
Fundamental Physics, Kyoto University

Fusion process, as nuclei involved are composite particles, has recently
disclosed its many-body nature in many aspectsl). At the beginning, the
notations used in this note are defined with brief comment. oy is referred
to as the complete fusion and defined to be the cross section for the process
via the compound nucleus (mass number A), which composes of all constituents
of projectile (Al) and target (Az): A=Al+A2. Incomplete fusion cross section

a__ is distinguished from ¢, as processes via ancther compound nuclei

IF Ccr
< -+ .
A < A HA Under @ g Ve understand the sum of UCF and GIF

172 E

Experimentally, UCF is the cross section characterized by the full
linear momentum transfer: Incident particle imparts all its linear momentum
to the compound nucleus A (=Al+A2). One of the important problem in this
case is to answer the gestion: Is it always possible td form the compound
nucleus without any limitation on the excitation energy ? There is mno
evidence to support it in the affirmative way, but it is supposed implicitly

to be the case, since GER is assumed tending to zero as bombarding energy

increases infinitely.

In this note, we will show from the theoretical consideration that the
compound nucleus can not be formed beyond an upper bound on the excitation
energy. Compound nucleus has a finite size in the configuration space and
thus the wave function is limited within this region. With this in mind,
the state density of the compound nucleus is calculated to show that there
is a certain excitation energy beyond which we can not confine a set of
nucleons to the finite region. Finiteness of the nucleus, on the other
hand, means that for the respective excitation energy the angular momentum
of the nucleus has the maximum value, which is identified to be the critical
angular momentum for fusion.

Finiteness of nuclei is realized by making all nucleons occupied in
the bound states available in the single particle potential. There are
only a finite number of bound states in the potential with finite range.

. 2)

It is well kpnown in the statistical mechanics that as far as states available

for nucleons is finite, the nuclear temperature defined by T = (dSAiE)_l
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increases from zero to infinity as E starts from zero to a certain excitation

energy E Here, S is the entropy and E is the exciiation energy. As E

0

becomes still larger than E the temperature suddenly changes its sign

H,
(negative infinity) and then tends eventually to minus zero at the excitation

energy E Thus, the finite nucleus can not accomodate anymore excitation

M
energy greater than EM'

What is emphasized here is that there is an upper bound on the
excitation energy of the compound nucleus. However, both EM and EH are
not the least upper bound which we want to know, because the compound nucleus
is treated as an isolated system-and do not contain any components of open
chamnels. As one method to get the bound, it is suggested to calculate
the transition probability between the states of the compound nucleus and
the degenerate states of open channels. Tentatively, we calculatedithe
neutron decay width of the compound nuclear state. It turns out that we
have a certain excitation energy EL’ almost idependent of angular momentum
of the compound nucleus, for the lifetime assumed to be 10_225ec. The
energy EL is always less than a half of EH for nuclei A < 100.

"For the excitation energies higher than EL’ the compound nucleus should
decay so fast that the complete fusion is no more of useful concept. In an
incident energy giveing rise such a highly excited compound nuclear state,
another compound nucleus formed by incomplete fusion remains still a long-
lived system. Then, the procedure mentioned above is applied to the system
to obtain the critical angular momentum for fusiom.

Finally, it is pointed that observed value of GE;bS is approximately

cal
CF
for large bombarding energy partly leading to incomplete fusionm. In other

words, some parts of O cal are really © obs
obs CF CF

attributed to UIF . This last statement is based on the approximate
C;al ¥ Glgal which is easily proved using Egs. (2) and (3) in

equal to calculated one of O for the compound nucleus A (=A1+A2) even

, while the remaining part is

relation ©

Ref. 3.
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1.7 Measurements of the spin alignment in the 12C+12(1 inelastic

scattering via x'recoil_

* * : *
Yasuharu Sugiyama , Naomoto Shikazono , Yoshiaki Tomita ,

* * *
Hiroshi Ikezoe , Kenzo Nagano , Eiko Takekoshi , Shigeru

* % *k *k
Kubono , Masahiko Tanaka  and Michiro Sugitani

%*
Department of Physics, Tokai Research Establishment, JAERI,

*%
Institute for Nuclear Study, University of Tokyo

It is known in experiments with heavy ions that Y—decay in flight
of an excited nucleus broadens a line width in the momentum spectrum of
the outgoing nucleus, reflecting the Doppler shift of the emitted Y-—
raysl). The shape of thé line is determined by angular
distributions of the Y—rays, which have characteristic patterns for
different m substates. Characteristic line shapes were observed in the
momentum spectrum and the m substate population was deduced by unfolding
the line shapes, when a high momentum resolution was achieved for the

12 1601)

particle spectrum like as C or . Some formulas were

presented for deducing the substate population from the line shapesl).
The z axis was taken to be the direction of scattering angle 9b of
laboratory system with which an excited heavy ion left the reaction

region. The orientation of the nucleus produced in the reaction was
specified by the components f)nm{of the nuclear density matrix,

where substate m or m* was quantized with respect to the z axis, In
these formulas, however, in addition to the diagonal matrix element non-
diagonal matrix elements became important and affected the line shapes
for large kinematic factor k(=dp/p/d9). These made the analysis for
obtaining the substate populations of excited nucleus complicated and

less accurate. We introduced here a new z axis which was chosen to

1

point into the direction of 9b+tan- k in the reaction plane. By

taking this z axis , the line shapes are definded only by the diagonal
density matrix elements and the substate population can be extracted
.precisely from the line shapes. This analysis was applied to the
single and mutual excitations of the 2+ state of 120 in the

12C+12C inelastic scattering which was carried out at JAERI tandem
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Van de Graaf by using a newly constructed heavy ion magnetic
spectrographz). The spectrograph, named ENMA, has a characteristic
feature that a kinematic momentum shift k is compensated from k=-0.7 to
2.0, so that a high momentum resolution is achieved for a wide range of
kz). Fig.l shows a spectrum of the inelastically scattered 120 for

the Q-value of -4.,44MeV. The kinematic broadening (aE=1,%6MeV) due to
a large horizontal acceptance angle is compensated well and the line
shape broadened by x’emiSSion in flight is clearly observed in addition
to the sharp peak. The m substate populations of the single and mutual
excltations of the 2+ state wére derived from those line shapes.

Some typical examples are shown in Fig.2. Angular distributions of m
substate populations are presented in Fig.3. It was found that the
substate populations of the single excitation were characterized by
angular oscillations which increased in frequency with bombarding

energy, while such oscillations were not observed for the substate

populations of the mutual excitation.
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1.8 Possible Quasi-Molecular Band in 328

Shigeru Kubono

Institute for Nuclear Study, University of Tokyo,
Tanashi, Tokyo, 188 Japan

325 have recelived a great

Highly excited states of
attention from several thepretical approachesl—e), which all
predict cluster states or isomeric states with di-nuclear
configuration of 165 + 16g, However, little experimental
studies have been made on high-lying states at excitation
energy of 10 - 20 MeV in 325, There is no rotational band
structure known in 32s. It is known only up to spin 5
state?), but not 67 states below the 1% + 160
threshold. Therefore, it is very interesting to study highly
excited high spin states in 32g specifically by using the
) particle transfer reaction 16O(ZONe,a)BZS.

A 51.9-MeV 20ne4* peam was obtained from the
SF-cyclotron of the Institute for Nuclear Study, University of
Tokyo. The target is a self-supporting Ta,0g foil of 30
and 10 pg/cmz. Singles a-spectra were obtained at 0° by
using a QDD-type magnetic spectrographs) and a
position-sensitive gas proportional counterg) placed on the
focal plane. A plastic scintillator placed behind the gas
counter was used to get a fasﬁ timing signal for the
coincidence and the time-of-flight measurements. Other
experimental setups are the same as used previously for the
study of 285110},

In the excitation energy range of 11 - 16 MeV, there are
about 12 states excited clearly through the (20Ne,a)
reactions. Typical angular correlation functions obtained for
the reaction l60(20Ne,a)328*(0e)ZBSi(g.s.) are shown
in Fig. 1 together with the best fit curves of a + bx
]PL(cose)lz. Previously, there had been no spin assignments
for these states. The values of T, are also derived from
Qg branching ratios and total widthg (I" ). Since Bgo
is, in principle, proportional to the a-spectrroscopic factors,
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this value provides a test if two states belong to the same
band or not.

Some states which have similar o-reduced widths were
connected by dotted lines in Fig. 2, and they seem to follow
straight lines in the figure. Clearly, there are three
possible positive parity bands with a large moment of inertia,
the rotational constatnt k =—ﬁ2/2£'= 91 - 109 kev, and also a
negative parity band in between with a similar moment of
inertia and with roughly the same a-reduced widths {(connected
with dashed lines in Fig. 2) 'similar to those of the lowest
positive band. This large k value is quite close to k = 91 keV
of 18 + 160 quasi-molecular band calculated with a
microscopic oa-cluster model by Schultheis and SchultheisS).
However, these possible bands seem to be quite different from
the band predicted'by Ragnarsson et al.s) in a sence of the
moment of inertia. In the case of Schultheis and Schultheis,
the band head energy and the k value have been adjusted
simultaneously with a same multiplication factor. Therefore, if
the band head energy is set to a lower value, for example 7.5
MeVv, with their way, the k value becomes smaller, and the band
predicted become similar to that of Ragnarsson et al. On the
other hand, the band predicted by Ragnarsson et al.6) has
also a large parentage of 165 + 1&g configuration. Thus,
these two calculations predict very similar bands. One
puzzling fact is why there are three bands with roughly the
same k values but with completely different a-reduced widths
within an energy range of about 1.5 MeV. Since the highest
positive parity band has very small a-reduced widths and the
energies are close to the 16O + 16O threshold, it could be

£ 160 + 160. And an interesting

the shape isomeric state o
question is what the origin for the positive and negative
parallel bands is. One possibility is that these two bands are
of well developed a-cluster states and form an inversion
d0ublet.ll) However, the moments of inertia are too large

for o-cluster states as shown by the dashed line for the rigid
rotor of a + 28gi in Fig.2. This could be an interesting

question to be solved theoretically.
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*%x This work is made in collaboration with K, Morita, M. H.

Tanaka, H. Utsunomiya, S. Kato, M. Sugitani, J. Schimizu,

T, Tachikawa, and N. Takahashi,
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1.9 Effect of the exit channel distorting potential

. 19 12
in the C 1nelast1c scattering

Toshiki Tachikawa
Department of Physics, Faculty of Science, Kyushu University

Recently the angular distributions for the elastic (1/2 y and inelastic
(5/2 ,3/2 } scattering of 12c from lgF have been measured with the 30, 40 )
50 and 60 MeV 12C beams from the Kyushu University tandem accelerator. The
data show a remarkable feature, i.e. the oscillations of the transitions to
the 5/2+ and 3/2+ states are almost in phase with those of the elastic sca-
ttering. And this phase anomaly has.not been able to be reproduced with the
DWBA calculations using collective model form factors.

One of the possible origins may be a channel coupllng effect However,
the full L=2 CC calculations among the three states (1/2 . 5/2 and 3/2 )
can not improve the fit. The purpose of the present study is to make a cal-
culation including the coupling effects which can not be incorporated or
might have not yet been considered correctly. Especially we are interested
in the coupling of the 2+ state in lzC. According to the study of Kube and
Hodgsonz), we have tried to obtain a DWBA exit channel distorting potential
which reproduces the oscillations of the data. In the calculations the ent-
rance potential is the same as the elastic optical potential (e.g. "D&0-A"
for 40 MeV, see table 1.) and the exit channel potential has been searched
(The form factor is also the lst derivative of the elastic potentlal }. The
search of the exit channel potentials has been done only for the 5/2 tran-
sition and the calculations of the 3/2 transition have been made simply
using the searched potentials.

The results are shown in fig. 1 and the deduced potential parameters
are listed in table 1. The calculations give excellent fits to both the
5/2 and 3/2+ data at all energies. The modified exit chanmmel potentials (
denoted by "AB") have much deeper real depths than the elastic optical pot-
ential at the nuclear surface (see fig. 2) and this variation is essential
to shift the phase of the oscillations. As shown also in table 1, the nucl-
ear deformation lengths (B R) are 1.2-1.7 times larger than the Coulomb
deformation length (B R) = 1. 27 fm (from the Coulomb excitatin analysis).
For the 2+ transition of 2C the modified potential (''D40-AB2") have a sli-
ghtly shallower depth than the elastic one and the calculation using the
potential "D40-AB" -can not explain the data at all.

The large discrepancy between real parts of the entrance and exit cha-
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Fig. 1. DWBA czlculations using the modified potentials (solid lines) and the original elastic
optical potentials (dashed lines) as the exit channel distorting potentials.

nnel potentials is a contrast to the result for the 40Ca + 16O systemz)’3),

where only an imaginary part is required to be modified. Qur result agrees
. . 1

with the analysis of the Sasm(a,a') data4). However, the present exit cha-

nnel distorting potential can not reproduce the data at all when it is used

as a CC potential. Another problem is what (including the elastic optical
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potentials and the Table 1. Optical Potentials for modified DWBi*c:alculations

modified exit cha-

nnel potentials) SET Va FoR ap Wi Tor a1 BRIy
Should be used for (MeV) {£m) (£m) {MeV} (fm} (£m) (€m)
the form factors. D40-A  286.7 0.862 0.654 22.6 1.030 0.819 1.58

The (BZR)N values

are much influenced pgo-ap 310.6 0.997  0.684
(If DSO-AB 296.5  1.008  0.668

by this choice.

the exit channel — o ___ e ————————
D40-AB27327.4 0.824 0.5%7

potential is used,

too small value (

0.85 fm for 40 MeV)

*2) Ty, = <o T vpe, U

‘ £ r r
is needed.) (aB)  (A) (A)
Finally it is «) 12 5%y ae B(tec)=40 Mev

found that 2+ cou-

pling does not seem to be effective to improve ﬂ

the fit. Indeed there is no rule that the two
potentials, "D40-AB" and "D&40-AB2", must be

equal. Exact CC calculations including the 2+

coupling are required to solve this problem.
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I.10 Spin Polarization in (ldﬁ,d) reaction
K. Ieki

Department of Physics, Tokyo institute of Technology

1-3 : . :
In recent years, several measurements of spin polarization
have been made in heavy ion dissipative reactions, providing valuable

information for reaction mechanisms. In this work, we study spin polarization

of residual nuclei in (14N,d} reactions by measuring circular polarization
of emitted X ray. In such light heavy ion induced reactions, energetic
light particles{p,X,...) are known to be emitted strongly in forward
directions. Systematic study of spin pelarization will bring a new sight

“or fast light particle emission phencmena.
ngTb, 181Ta gaNb, natNi, whose thicknesses

Self suppeorting foils of

are 3.4, 4.3, 4.3 and 2.7 mg/cm2 respectively, were bombarded with 115
4

MeV 1 N beam from the RIKEN cyclotren. The experimental method used was

. . 4 ,
ezgsentially the same as that of Trautmann et al ). Gamma ray circular

polarization was measured using two identical sets of forward scattering
type polarimeters, in which j rays were Compton scattered on the surface
of iron magnet and detected in 6”#x6“ Nal detector. The peolarimeters

were placed at both sides of the normal directions to the reaction plane.

Ejected particles were detected with two sets of counter telesceopes consisting

of 50 pm and 1500 per Si-solid state detectors. They were placed at symmetric

angles with-respect to the beam axis.

In fig. 1, the peclarization specira vs energy Ey of ejected & particle
Getected at 30 are shown for various targets. For lighter targets(natNi,
93Nb), pclarization values Pz are small and shows rather flat distributions.
These results are gualitatively consistent with a simple picture that

nucleons are transfered in multi step process, reducing P_ value significant-
P2l
159 131

ly. On the contrary, the results for heavier targets( To, Ta) show

a2 quite different feature. PZ values are mainly negative and depend on

E on

4 .
Pz values for §=20°, 30°, 4C°, 50° in 159'1‘13(1 N,o) reactions at

115 MeV are shown in a form of a contour plot(fig.2}). This figure clearly

shows a dip structure of the negative PZ located at beam velocity energy

and grazing angle for this reaction. These facts are characteristic for

geripheral type reactions and suggest a contribution of direct-type process,

. . . 1 . . e
in which a massive cluster( 0B) may be transfered to the target, in addition
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to the multistep process.
This work was performed in collaboration with l.Ishihara, T.Inamura,
S.Kohmoto(RIKEN), H.Utsunomiya(lsU), K.Sueki(Tokyo Metropolitan Univ.)
and H.Kudo(Niigata Univ.).
references
1) X.Sugiroto et al., Phys. Rev. Lett. 39 (1977} 323.
2) W.Trautmann et al., Phys. Rev, Lett. 39 (1977) 1062.

3) T.Sugitate et al., Nucl. Phys. A388 (1982} 402.
4} W.Travtmann et al., Nucl. Inst. Meth. 184 (13981) 443.
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1.11 Coincidence Measurement Retween Evaporation

Residues and Light Particles Produced in 160+40Ca Reaction

Hiroshi Tkezoe

Division of Physics, Tokai Research Establishment, JAFRI

1. Introduction

The incomplete fusion precesses where full linear momentum has
not been transfered to the compound nucleus have been observed at higher
bombarding energies(E>8-10 MeV/A).I)

experimentally characterized by a velocity deficit of the fusion

These processes are

residues or too large a folding angle of the fusion-fission
fragments.2’3) The phenomenological studies such as velocity
measurements of evaporation redidues or the target-projectile dependence
on the linear momentum transfer,have been performed.a) Since
experimental distinguishing of the incomplete fusion preccesses from the
complete fusion processes is difficult, the detail of the reaction
mechanism giving rise to the incomplete fusion process is not well
understood. In the present study the velocity(or energy) spectra of both
the evaporation residues and the light particles detected in coincidence
were measured with the motivation of better understanding the reaction

mechanism.

2. Experimental Procedure

Coincidence measurement of the evaporation residues with the
light particles were performed for the reaction 0+ "Ca using
beams of 160 157 MeV from the Argonne National Laboratory
Superconducting Lineac. The masses and the velocities of the evaporation
residues were measured at elab=9° using a channelplate/Si detector
time—of-flight telescope with the flight path of l.lm. The velocity
versus mass spectrum obtained is shown in Fig.l. The light particles
were identified and their energy spectra measured in six triple Si
detector telescopes located at Blab=+58.6°,+28°,~15°,—25°,—40°,—70°,
where the negative angles indicate angles on the opposite side of the

beam from the time-of-flight telescope. During the coincidence
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4OCa(dash—dotted line) and
12 .40 .

¢+ Ca(dashed line).

evaporation residues were also recorded. The solid line is the sum

The residue velocities were corrected

for the thickness of the target and the

of the two calculations.

carbon foil of the channel plate detector. However the velocity

corrections due to the plazma delays in the 8i detector was not

performed and only taken into account in the error estimation.

3. Experimental Results

The singles evaporation residues VR

the mass number
+ 3 % lower than
consistent with

velocity of the

from 40 to 52 have the

the value V cos9 of
c lab
the results of Chan et

center of mass system.

-2.,2
£
d“o/d RdVR of
average velocity centroid 9.4
the complete fusion,
al.,S) where Vc is the

The summed spectrum(Fig.2) of the

singles residue masses from 40 to 50 was compared with the statistical

6)

model calculation using the program code LILITA. In order to avoid

the ambiguity of the calculation due to the unknown complete fusion

cross section, the three different fusion cross sections(500,830,1100

mb) were assumed as a input parameter. Since besides the velocity

deficit the observed width of the velocity spectrum was larger than

those of the calculations, we considered that the observed velocity
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spectrum has an extra compoment besides the statistical evaporation
compoment. I1f the LILTITA predictions are normalized to reproduce the
higher velocity side of the observed velocity spectrum and subtructed
from the data, a Gaussian shape compoment is obtained, whose velocity
centroid is about 18% lower than the Vccoselab' The position of the
velocity centroid of the extra compoment does ot depend on the assumed
values of the fusion cross section. If one assumes that the fast o
particles with the beam velocity escape from the projectiles toward the
forward direction before the thermal equilibrium is reached and the rest
of the projectile and the target fuse together with smaller linear
momentum 12/16 of the initial one, the velocity centroid of such fused

system would be 197 lower than the VccosB Therefore the extra

compoment may correspend to the eVaporatii:bresidues from an
incompletely fused system where the beam velocity o particles are
emitted before fusion. In order to confirm this possibility, the
simulation calculation of the 12C+4OCa fusion reaction using the
LILITA was performed, assuming that 160 projectiles break up into
12C and a and then 120 fuse together with the 4OCa target. In this
calculation, the same incident energy per nucleon(9.8 MeV/A) as those of
beams.and the angular momentum window of £=29-34% were assumed.Figure 2
shows the fitting of the data with the two LILITA calculations (the
16O+4OCa fusion and the 1ZC+40Ca fusion), where only relative
normarization was changed to reproduce the data. From this analysis, the
relative yield of the incomplete fusion reaction was estimated fc be
35-50% of the total fusion yield at the Blab=9°, where the

uncertainty mainly comes from the plazma delay in the &i detector{less
than 3% of the Vccoselab)'

The proton energy spectra in coincidence with the evaporation
residues are shown in Fig.3 together with the LILITA predictions, where
the fusion cross section 830mb was assumed. There is no higher energy
component and their spectrum shapes can be reproduced by the predictions
except the most probable energies. The fact that the most probable
energies are smaller than those calculated bhas ?§en also found by

Gonthier et al. in the 16O(310MeV)+Ti reaction. Although it is not

obvious wheter or not this smaller most probable energies are caused by

the proton evaporations from the incompletely fused system, the protons
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Fig.3 Proton energy spectra detected in coincidence with
evaporation residues(massz40) observed at 9° in the reaction

of 157 MeV 160 with 400&. Error bars represent the statistical

errors.

are seemed to be mainly evaporated from the statistically equilibrated
compound nucleus.
The velocity shift of the evaporation residues spectra

VR—zdSG/dQRdﬂédVR in coincidence with proton are plotted

in Fig.4a as a function of the proton detection angles. The measured
centroids have the middle values between the complete fusion and the
incomplete fusion calculations. If the velocity centroid predicted for
the 160+40Ca fusion reaction are shifted toward lower velocity with
the amount of 9.4% which is shown as the dotted line in Fig.5a, the
measured velocity centroids can be reproduced. Therefore this result,
together with the evaporation like character of the proton energy

spectra, suggests that the protons are statistically evaporated from a
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slow moving source whose
velocity 1is about 9.4%
lower ccmpared with that
of the completely fused
system. The value 9.4%
is also the velocity

centroid shift of the

Siﬁgles evaporation -
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from both the complete Fig.4 Velocity shifts of evaporation
fusion reaction and the residues (mass240) detected in
incomplete fusion reaction coincidence with (a) proten and (b)
can be ascribed te the alpha together with LILITA calculations
particle evaporation from ;160+4OCa(solid lines) and

l?'C+40(1a(dash-dotted lines). The

the 9.4% slow moving source.
Alpha energy spectra dashed lines are the 9.4% shifted ones
in coincidence with the from the solid lines.
evaporation residues(40sA<52)
are shown in Fig.5 together with the LILITA predictions. The energy
spectra have higher energy compoments at ﬁlab=—15° and -25° compared
with the predictions. Especially at the Blab=—25°, the higher energy
component is peaked around the beam velocity a (EaSAOMeV). On the
octher hand at the backward angles and at the positive angles, no such
higher energy component was observed and the spectrum shapes are almost
similar to the predictions. Almost the same results were obtained by
Gonthier et al.Y), where non-statistical evaporation components in
coincidence with o are mainly concentrated at the forward angles,
opposite side of the time-of-flight telescope.
The velocity centroids of the evaporation residue velocity
spectra VR_2d3U/dQRdQudVR in coincidence with & particles
are shown in Fig.4b. The measured velocity centroids are lower than the
LILITA prediction for the 160+40Ca fusion reaction and can be
reproduced by the 9.47% shifted line from the prediction as discussed for
the proton case. This fact, together with the evaporation like character

of the a energy spectra at the backward angles (Glab=—40°,—70°) and
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Fig.5 Alpha energy spectra detected in coincidence with

evaporation residues(massz40) observed at 9° in the reactions

of 157 MeV l60 with 4OCa. Error bars represent the

statistical errors.

at the positive angles, suggests that the o particles emitted at these
angles in coincidence with the evaporation residues come from the
statistical evaporation from the 9.4% slow moving source. On the other
hand, the o particles emitted at the forward angles(ﬁlab=—15° and

-25°) have non-statistical component or the beam velocity component in
addition to the statistical evaporations. The velocity centroids of the
evaporation residues in coincidence with these components should shift
with the amount of 19%, if these o particles are emitted with the beam
velocity from the projectiles or the pre-equilibrium stage of the
compound nucleus. Since the velocity spectra of the evaporation residues
in coincidence with the lower portion of the & energy spectra would have

the velocity centroid indicated by the 9.4% shifted line in Fig.5b, two
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evaporation residues,
the energy gates Fig.6 Alpha energy spectra gated by the
E_<30MEV ‘and E_>30MEV velocities V_ of the evaporation
a o R P
were put on the d residues (massz40).

energy spectra and
the velocity centreids of the evaporation residues in coincidence with

these gates were examined. The velocity centroid gated by the Ea>30MEV
was only 1n2% lower than those gated by the Ea<30MEV, although the
LILITA calculations predict the large kinematic velocity shift of 7v8%

between the velocity spectra gated by the same conditions at forward

directions.

The gates were also put on the evaporation residue velocity
cpectra to examine the o energy spectra. If the lower velocity portioms
of the evaporation residue spectra are mainly contributed from the
incomplete fusion processes, the & energy spectra gated by the lower
portions of the residue velocities would have relatively large yield of

the beam velocity components compared with the yield of the lower energy
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portions at the forward o' W
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have only the statistical

ev i ~a
aporations from the G 6 % A W B ® e e % @ 0 % W W

incomplete and the Gy Ideqree] Bu {degroe)

complete fusion processes Fig.7 Differencial multiplicities of (a)
and these statistical proton and (b) alpha. The angle of the
evaporations would have residue counter is indicated by the arrow
similar shapes. The gated (H.I.). The solid lines are the LILITA

o energy spectra are calculations and the dashed line indicates

shown in Fig.6. the yield difference between the data and

The o energy spectrum the calculation.

gated by the residue
velocity VR<1.0cm/ns at the Blabﬁ-25° has the enhanced beam velocity

compoment compared to the other spectrum gated by the VR>1.0cm/ns
condition. At the backward angles and at the positive angles, the gated
spectra have almost the same shapes as the ungated spectra. These
experimental evidences strongly suggest that with certain probability
the fast o particles are emitted with the beam velocity at forward
directions and then the o particles and proton are statistically
evaporated from the incompletely fused systems in addition to the
particle evaporations from the completely fused systems.

, The differencial multiplicities dM/dRct and dM/de for the
o particles and proton are shown in Fig.7 together with the LILITA
calculations. The dM/dﬂa(or dM/de) was defined as the ratio of the
coincidence cross section to the singles evaporation residues cross
section at the Blab=9°. The dM/de has the same magnitude as the
prediction at the backward angles., At the forward angles and at the
positive angles the discrepancy between the data and the prediction

becomes large. The o differencial multiplicity is almost twice as large
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as those of the prediction. Especially at the forward angles, the
discrepancy becomes more larger. The vield difference of the dM/an
between the data and the prediction is forward peaked(a dotted line in
Fig.7). This result is consistent with the forward peaking angular
distribution of the ¢ particles concerning to the incomplete fusion
processes and also consistent with the large yield of the incomplete

fusion component observed in the singles evaporation residues spectrum.

4. Summary

‘We have studied the incomplete fusion processes of the
l6O+40Ca reaction by detecting the evaporation residues in
coincidence with the light particles. The velocity spectrum of the
singles evaporation residues have velocity deficit of 9.4t 3% compared
with the completely fused system and this imply that the spectrum
consists of the two components, one is the incomplete fusion processes
and the other the complete fusion processes. The direct evidence of the
incomplete fusion processes were observed in the o energy spectra in
coincidence with the evaporation residues, which have the
non-statistical compoment or the beam velocity compoment at the forward
angleg and the statistical character at the backward and the positive
angles. The proton spectra are almost similar to the statistical model
prediction and can be ascribed to the statistical evaporation from the
9.47% slow moving source in consequence of the sizable probability of the
incomplete fusion processes. The evaporation residues velocity spectra
in coincidence with the light particles can be consistently explained by

taking into account the fast o particle emission following the fusion

evaporation processes.

The experimental work has been performed in collaboration with
D.G.Kovar, G.Rosner, G.Stephans, E.Ungricht, and B.Wilkins(ANL), and
C.Maguire, Z.Kui, W.C.Ma, S.Robinson, D.Watson, and G.Word(Vanderbilt
Univ.), and T.C.Awes, and G.Young(ORNL). The author wish to acknowledge

the operation staff of the Argonne Kational Laboratory Tandem-Lineac.
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’TLi on the Elastic and Inelastic Scatterings
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T.12 Breakup Effects of

Kenji Katori, Tadashi Shimoda, Tomokazu Fukuda, Susumu Shimoura¥,

Atsushi Sakaguchi¥, Tamiho Yamagata*¥, Masayoshi Tanaka¥*¥¥,
Hiroshi Ogatat, Noriaki Takahashi++, Yukinori Sakuragi+++ and

Masayasu Kamimura+++

Leboratory of Nuclear Studies,Osaka University,*Department of Physics,Kyoto
University,*¥*Department of Physics,Xoran University,*¥*Kobe Tokiwa Junior
College,+Research Center for Nuclear Physics,0Osaka University,++Ccllege of
General FEducation,Osaka University and +++Department of Physics,Kyushu

University.

In their systematic analyses of elastic scattering induced by heavy-ions
from Li to 0, Satchler and Love pointed out that the usual doublé-folding
model failed to reproduce the angular distributions of 6Li,TLi and 9Bel).
Half of the strength was required for the real part of the optical potential
to Tit data, in contrast to the right prediction for the other ions. Several
authors have tried to explain this anomaly of the potentials. Kamimura et al.
recently pointed out that this overprediction is due to the breakup effect
of 6Li and TLi projectilesg). Nuclear structure of 6Li is different from that
of 7Li in many points: (1) quadrupole-moment,(2) breakup threshold erergy,{3)
properties of excited states and (4) non-resonant parts of unbound states.

In lower bombarding energies, observables of elastic scattering for 6Li
considerably differ from those for TLi.

In the present paper, we have measured differential cross sections for

-

elastic and inelastic scatterings of 6Li and Li from 12C and analyzed them
by using double folding potential and coupled channel method. Te investigate
stabiiity of normalization factor (NR) for the bombarding-energy wvariation
and projectile variation, we have chosen the highest bombarding energies as
high as 123.5 MeV and 168.8 MeV for 6Li and 131.8 MeV for 7Li3). The 6’7Li3+
ions were obtained by backbombarding the LiF crystal by Xe and Ar ions and
accelerated by the 230 cm AVF cyclotron at Research Center for Nuclear Physics
Osaka University. The data are taken by a conventional AE-E 8i counter tele-

scope and a position-sensitive detector placed at backward angles.
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Resultg and Analyges

Experimental results are shown in Fig.l,2, [Mb/se]

T T 1 T 1

3 and 4. Flastic scattering data were analyzed .
6Li +12¢ " “Elastic "~

by the double folding potential in which both 2\ e o
real and imaginary parts were chosen in the same 10‘?‘ [ cn::hm°“”°—
--- 0.715 0.607 ]
form and the strengths were independently search- 103 -
- fi "
ed to rit data. The potential used is 0l V -
- F
U(R)=-(N +N~_Jfé (B 2T vy (AR T AT: o b
v_.is an effective nucleon nucleon interaction 168.8 Hev %
NN ~ 6 12 100 - MR N
(M3Y) and f,,cﬁand P,, ('r?\, are Li- ( Li-) and C- 3 e — }1000 0.L66 .-I:
107 For[ =
density distributions described by the d+a (t+o) i peso oo
. . 2) I I |
and 30 PRGM wave functions,respectively °. The 0 10 20 30 40 5 &0
best fit to experimental cross sections at E= 8c.mlidegl
123.5,168.8 MeV for 6Li and l31.8 MeV for TL:'L Fig.l. Experimental and

calculated eross sections
-gor elastic scattering of

Li at E=123.5 and 168.8
MeV.

was attained with the normalization factors of
NR=O.715,O.660 and 0.68,respectively as shown

in Fig.l and 3. The overprediction of the stren-
gth of the real part of the potential is clearly

6
noticed by the same factor for both L1 and TLi. il

In order to verify whether this overprediction ! ' ! 1

3 BLIAI2C  Epgpe169 Mey)

15 attributed to the breskup effect, the coupled 10 g? Ej
-discretized-continuum-channels calculations f0? R {Ng=a75 -
Ni=0.48 ]

were performed,which involved resonant- and non- 192
resonant-parts in excited states of 6Li“and TLi
proverly. Both experimental cross sections for
6Li and TLi were reproduced with the normaliza-
tion factor of NR=1.O in the gquality similar to
those in one-channel calculation of double-fold-

ing model as shown in Fig.l and Ly, Therefore,

it is coneluded that the overpredicticn of the 0 10 20 30 40 50 60
. 6 . —
real part of the potential for both Li and 1 8c.mldeg

needed in the usual double-folding model is due Fig.2(a).Experimental and
calculated cross sections
for,.inelastic scatterings
tic channel. Tt is remarkably noted that in of "Li from 120 gt E=168.8

6 .
spite of different structures of Li and TLl MeV.

to the breakup effect of projectiles on the elas-

and different bombarding energies,the normali-
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zation factors of NR recover to unity within
allowable adjustment of NI for the imaginary
part of the potential.

Inelastic scattering data of 6Li and 7Li
from T2¢ at F=123.5 and 168.8 MeV for 6Li and
131.8 MeV for TLi were analyzed by folded tra-
nsition potential calculated in the same pro-
cedure as that for the usual double-folding
moedel for the elastic scattering. jhe transition
density distribution for the 2+(h.hhMeV),O;(T.
65MeV ) and 3;(9.6hMeV) states are consistently
and uniquely determined in the 3g RGM calculsa-
tion for 12Ch),which describes the density dis~
tributiorn of the ground state. The differential
cross sections were calculated in coupled-chan-~
nel method between the ground and three excited
stateg of 120. For simplicity,the potential of
the elastic scattering was taken as one-channel
double-folding one with the normalization factor
of N _=0.77,0.76 for 6Li and 0.68 for 7

R
indicsted in Table I. Angular distributions feor

Ii as

the inelastic scattering and the relative yields
for the four states are gquite well reprcduced as
shown in Fig.2 and 3. The angular distribution
for the OL(7.65MeV) state which has hardly re-
produced well by the usual DWBA calculaticn is
satisfactorily reproduced. It is rather surpris-
ing that the enhancement of 0(0;,7.65MEV}/ o}
(2I,h.hhMeV) by a factor of two in comparison
to that for (p,p') and (a,o') scatterings is
well deseribed without any adjustable parameters
used. This enhancement factor can be explained
by the coherent effect which is caused by both
a difference of the wave functions between the

+
EI,L.hhMeV state{a bound state) and the 02,7.65

1 T H

E|gp=124 MeV|

ceC
“.J{NR=&77 —

N;=053 |

20 30 40 S50 B0
B¢ rn.(deg.)

=C L, TLC
E..2[32 MeV

Ny +0.68
DF n
N,=0.58

Fig.3. Elastic and Inelas-
tic scatterings of TLi.

o\ TR BTl [T

e waan Ton e Ten

=¢ (Li, TLi1®C "
E=132 MeV

i

CDCC NR = ’ .00
N,=0.58

MeV state{an unbound state) and a distortion of “pig L Elastic scattering.
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waves at the nuclear surface which are strongly influenced by the breakup.
For the double-folding potential which takes into account the coupled
channel effects between three excited stétes of lEC, the volume integral of
the real part of the potential was obtained. These are 259.5 MeV.fm3 ,256.1
MeV.fm> for 123.5 MeV 6Li and 168.8 MeV 6Li and 229.C MeV.fm> for 131.8 MeV
TLi. These values are consistent to those deduced from the AT-dependence of
the optical potential for 6Li and TLi extracted at lower bombarding energies
5). Those are quite small, compared with the valuesextended from the project-
ile mass-dependence of proton,deuteron,sHe and hHe. It is suggested
in the energy region below 75 MeV/Apthat this reduction could6ref1ect the
inherent dynamic polarization effect of structured particles, *'Li on the

values of the volume integral per projectile mass.
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I.13 Fusion and Deep Inelastic Collision in the Systems of
3e1 + 27a1 and Yc1 + “B1i below 200 Mev #

K. Ideno

Department of Physics, Japan Atomic Energy Research Institute

In the energy region below 200 MeV of 37Cl beams, fusion reaction
occupies a dominant part for the system A = 60 - 90, Above 160 MeV other
reactions such as deep inelastic collision begin to be important. Using
the TANDEM accelerators of JAERI and University of Tsukuba, we measured
fusion evaporation residues and deep inelastic fragments for the systems
of 37Cl + 2?Al and 3701 + 481‘1. Figs. 1 and 2 show the plots of Qfg, vs
l/EC o for the two systems. At higher energies of Ec.m.2: 60 MeV (U%_g.

takes a constant value of ~1000 mb. In this energy region observed cross
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1
sections were compared with the predictions of Lee et al. ) and Civitareze

et al.;z) In the fusion procesé the energy transferred to the internal
excitation of the compound nucleus is constant (4Q = 10 MeV) in Ref. 1
while it 1s proportional to the mass AC of the compound nucleus in Ref. 2.
The difference between the two predictions is small for the system of
37Cl + 27Al. Fér the system of 37Cl + 48Ti the variable AQ model seems

to fit better with the experimental values. Deep inelastic fragments at
backward angles were analyzed with the assumption of the bianary pro-
cess.3’4) lThe resulted most probable total kinetic energy (T.K.Etm)

shows a similar behavior with Z in the energy region between 160 and 200

MeV. Further analyses are in progress.
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1T1.1 High-Spin States (Theoretical)

Yoshifumi R. Shimizu and Kenichi Matsuyanagi

Department of Physics, Kyoto University, Kyoto 606

In recent years, the rotating shell model (RSM)l) has become a basis
for discussing high-spin yrast spectroscopic data. One of the keys to
the success of the RSM is the construction of an orthogonal basis in the
rotating frame of reference, called "diabatic quasiparticle representation",
which is associated with the rotating deformed potential. Tn contrast to
the "adiabatic representation' which is conventionally adopted in calcula-
tions in terms of the constrained Hartree-Bogoliubov method, the use of
"diabatic representation” enables us to unambiguously specify individual
rotational bands in which internal structures of the quasiparticle state
vectors smoothly change as functions of the rotational frequency Lbkot'
Such an unambiguous specification of the rotating frame is especially
important in the bhand-crossing region in order to avoid the shortcoming
of the semiclassical (cranking-model) description of the band-band inter?
actions.

After constructing the diabatic representation with the use of the
Tanaka-Suekane method,a) we have extended the scope of the RSM such that
1) the pairing— and quadrupole-deformation parameters of the reference
configurations are selfconsistently determined as functions of cdrot’ and
2} the residual interactions between the quasiparticles are explicitly
taken into account by.means of the RPA in the rotating frame.a) Our aim
is to understand the effects of the alignment of quasiparticle angular
momentum on collective properties of the nuclear system in the high-spin
yrast region.

Below we present some typical results of theoretical calculation on
the problems of 1) microscopic mechanism of the pairing phase transitions,
2) growth of triaxial deformations induced by the aligned quasiﬁarticles.
and 3) character—-change of the ﬁtmdbrations at high spin.

Figure 1 shows the selfconsistent values of the neutron pairing gaps
A} for several bands in 163’164Er, which indicate that 1) the 4 depends
only weakly'cn1a%bt within individual bands, 2) the 4 would decrease step-

wise at the band-crossing points along the yrast line, and 3) the 4 would



vanish when four quasi-
particles align their
angular momenta. The
stepwise reduction of A
caused by the blocking
effects of the aligned
quaéiparticles seens to
be the major micrdscopic
mechanism of pairing
phase transition from
superfluid to normal
phases. The recent ex-

5)

perimental data for

168H'f seem to indicate
an occurrence of the
pairing phase transition
in the region IR 30, in
agreement with theoret-
ical expectations.'
Figure 2 shows the
equilibrium deformations
(ﬁ ,¥) of the ground=-
and Stockholm=bands
determined as functilons
of Q)rot' In order to
easily perform this type
of calculations, we have
utilized the semiclassical
requirement that average
velocity'distribution at
equilibrium shall be
isotropic in the rotating
frame. We see in Fig. 2
that l)‘incipient triaxial
deformations are indﬁced
by excitation of the o
aligned quasiparticles,

and 2) the sign of the
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triaxiality parameter ¥ of the
s=band changes as the neutron
number N goes from 90 to 98,

L : 10
sensitively reflecting the

V
character-change of the alignedMc
gquasiparticles from particle-

like to hole-like..

Figure 3 shows the theo- 0.5

retical excitation energies of

the X—vibrational .modes in ’ /6 '-IE?
164E

r. The positive (nega- . . ﬁwr-_f
ot 0.2 e.2 o ¢

Hig. 3 Me v

tive)-signature modes are plot-

ted by the full (broken) lines.
These are measured in the uniformly rotating frames associated with the
g-band or the s-band. We see that, in contrast to the Y-vibrations
created on the g-band (denoted by g¥ ), a drastic signature-splitting
occures in the Y-vibrations created on the s-band (denoted by s¥). A
detailed analysis of their properties reveals that 1) the positive-signa-
ture (even-I) modes tend to loose their identities because of the mixings
with the neighboring non-collective quasiparticle states, and 2) the
negative-signature (odd-1) modes appear low in energy retaining their
collectivities. This latter result may be regarded as an incipient
trend of the character change of the
negative-signature Y-vibrations
toward the wobbling modes of motion,
which are expected to be one of the
most remarkable features of nuclei
with axial-symmetry breaking. Their

frequencies may be written as
w - w j(gx-jy)(-z:—Z)
wobb rot ‘7,7-73

The moment of inertia (éfx,‘7§,572)

can be microscopically calculated in

terms of the RPA., Figure 4 illustrates
a theoretical picture about the depend-

ence of (jx’jy"gz) on the triaxial=- An=ap = 0.5 rev
ity parameter 3" We see that the —FZ QL

T Gd | At = 0.3 Mev
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Y -dependence of the calculated moment of inertia changes from the irrota-
tional-fluid-like to rigid-body~like characters, as the equilibrium deforma-
tion changes from prolate-like (2 0°) to oblate-like (¥ = -60°, rotations

about the symmetry axis) shapes.
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I1.2 Experimental Studies of High-Spin States
Y. Gono

RIKEN, Wako-shi, Saitama 351

Recent progress of the studies of high-spin states by the
in-beam v-ray spectroscopic technigques has been made mainly by
the application of multi-detector systems. Among them TESSA of
NSF at Daresbury which consists of six large germanium detectors
surrounded by the 10"¢ x 12" Nal(Tl) anti-compton shields has
been used most effectively teo étudy the high-spin phenomena
in detaill). Many rotational bands (including many side bands)
in some nuclei in the rare-earth region were observed to high-
spin states above the back-bending region. These observations
caused hew theoretical developments as discussed by Matsuyanagi
in this symposium2). In this report two new developments made
at RIKEN concerning the topics are discussed.

i) RIXEN BGO-ACS (Anti-Compton Shield)

Some groups in this field proposed to construct a TESSA
type system by replacing NaI(Tl) scintilliators with the newly
developed BGO (bismuth germanate) crystals. The BGO scintillator
has 2.5 time shorter radiation length than NaI(Tl). This fact
assures the smaller size of BGO-ACS than that of NaI(Tl)-ACS
with the same efficiency. This compactness results in larger
solid angle for each germanium detector.

Such a system which consists of eight sets of BGO-ACS is

now being prepared at RIKEN.

Dimensions of the BGC-ACS are
given in fig.l which correspond

roughly to the 12"¢ x 127 NaI(Tl)

ACS in the y-ray detection

i
i
1Y
L2

-
(41X D]
) -

efficiency. The expected compton

suppression factor of this

system is six. An example of the é{/

compton suppressed spectrum of
60

Co is shown in fig.2 giving a Fig.l RIKEN BéO—ACS

suppression factor four. Some
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improvements are expected w,

by solving problems of

electronics to pick up
about ten times smaller £ N
3 e

signals of BGO in -
comparison with that of
NaI{(Tl). The system is uﬁWmmﬁmmwmmwmmmvhmvmwmwmmmmﬂmm

0 500 | neg 1500 2000 2500 Jooo 3500 1000
designed to have seven ) CHARKELS 60"
) Fig.2 Singles y-ray spectra of Co
independent segments of taken (A}without and (B)with

BGO which are coupled ' BGO-ACS.
individually to photomultipliers. This configuration was taken
to allow high counting rate for ACS so that the system can be
used with a relatively thin collimator in front of the ACS-
germanium system, Alsoc 1t may be expected to use the same BGO's
as a multiplicity filter at the same time.
ii) IN-BEAM y-RAY STUDY WITH 210Pb

Studies of high-spin states in nuclei with atomic number
Z 82 and the neutron number N 126 were made by many grcups3_5)
both experimentally and theoretically. There are only a few
isotopes which are available to use as targets for the in-bean

spectroscopy in this mass region. The exotic nuclei in this

mass region which have so far been studied by this technigue

are 218Ra (ref.6) and 222'I‘h {ref.7).
A 210Pb (Tl/2= 22y) target was prepared by the electro-
deposition on 100 ug/cm2 Ni- foil at RIKEN as a tarcget to
15 3 £
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study the nuclei such as 220Ra, 216Rn, 212Po

,ete.. The first use of this target for the &LF_JW g%

in-beam y-ray study was made by using the m—Lmbi——um

210Pb{u,2n)212Po reaction with the 30 MeV 7 are 1990

a-beam from the RIKEN cyclotron. ) Efﬁ%xg
Singles y-ray spectrum is shown in ::::ﬁﬁ_-::

fig.3. The peak to back-ground ratio is not . os e

good as seen in the figure. However it was

worthwhile to perform the yy-coilncidence

experiments on this reaction. A preliminary

result of a level scheme of 212Po which was Po

constructed based on the present experiment L
Fig.4 Proposed

is shown in fig.4. The spin values of the level scheme of
levels above the 1477 keV (8+) state are 212Po.

given tentatively using a systematics of

the N=128 isotones4). The excited states in 212Po were assigned

up to the 2.889 keV state which lies close to the famous o-
decaying isomer at B ~ 2.9 MeV. The yrast level seguence 1is
quite similar to the calculated one in ref.8. However this
tentative spin assignment might be inconsistent to the life-
time of T=45 s of the 2.905 (16*} isomer unless the excitation
energy of the isgomer is much cleser to the 2.889 keV. It may be‘
worthwhile to point out that the accuracy of the excitation
energy of the isomergls worse than the others since it was

deduced from the a-decay energy while the others were from the

Yy-ray energies.

I would like to acknowledge Mr.M.Fukuda for his substantial

contribution for the preparation of BGO-ACS system. The auther
210
P

is also thankful to Prof.I.Fujiwara for the preparation of b

212
target. The work on ! Po was made mostly by Mr.M.Sugawara.
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II.3 Heavy Elements and Superheavy Elements

Ichiro Fujiwara¥ Shin-ichi Ichikawa*#*, Nobuo Shinochara**, Shigekazu Usuda#*¥*,

Toshio Suzuki**, Hiroshi Okashita*#%*, Toshiaki Sekine®*#*,Kentaro Hata**%¥,

Takayoshi Horiguchi***%, Yashikazu Yoshizawa***%,and Seiichi Shibata****#

*Institute_of Atomic Energy, Kyoto University, **Department of Chemistry,
Japan Atomic Energy Research Institute, ***Department of Radoisotope Production,
Japar Atomic Energy Research Institute, ****Department of Physics, Hiroshima

University, ***%*Institute of Nuclear -Study, Tokyo University.

Introductien
Many transuranium elements have been produced by accelerator since the

first transuranium element neptunium was discovered 44 years ago. All

1,2)

elements up toc Z=107 were discovered already , and production of the 11%th

3)

element is undertaken now However, in the case of production of the

elements beyond Z=100, the formation cross section is extremely small due to
‘competition between particle evaperation and fission in the excited nuclide.
Therefore it is necessary to find most suitable conditions for productien of

the aimed nuclide. In this lecture, 25OFm and some other nuclides produced

238U a 16

by interaction between nd 0 using the JAERI Tandem Accelerator and

some new nuclides in transuranium region as future program are discussed first.

Superheavy eiement has been in concept with us for 30 years, but is not yet

4)

discovered either by accelerators or in nature . However, superheavy element
is still an attractive subject for nuclear chemistry. The present situation

of research and the possibility cf production of the element are discussed next.

Synthesis of Transuranium Nuclides by JAERI Tandem Accelerator

250F 246Cf 242 238N 239 237

' The formation cross sections of , . Crm, p, ~ " 'Np, [

and 239U were obtained by bombardment of 238U with 160, as shown in Fig. 1.

The nuclides were separated chemically after bombardment and measured with o-

or v:spectrometry. The excitation function of 238U(160, 4n)250Fm reaction

5)

was investigated by Flerov et al. previously, and our results agree qualita-
tivély with it.

238U 16

(%o, 4n)250Fm and 238 .16

2 .
Excitation functions of U0, abn) 46Cf reactions

6,7)

were comﬁuted by ALICE code , in which a fission barrier 2.25 times as large
as that of the liquid drop model was selected. The computed cross sections are
also shown in Fig. 1 (dashed lines). The fitness between the computed and the

experimental values is good.
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The formation of 2420m is probably 5
10 i T T T |
from direct reaction such as deep _ fission . ——— " "7
inelastic collision rather than com- s ,-""
pound reactien. The nuclides of 10 /// ) a QZ;?U
238 239 2 s 2395, 2
: Np, Np, 37U and 2391} seem to Q e e %23’33; 39\'19
4 [ -
be formed by transfer reaction. 10 @ @ o g;ig
— Ct
In future program, Md nuclides O 9230,
including an unknown nuclide 249Md E\IOJ B 7]
i1
would be produced by 238U(19 Xn) z ’
- . <
257 *Md reactions. U~241, one of E 102 + . = e -
the other unknown nuclides, would § EQ
be prodeced by transfer reactions of e
238 18, 37 g0 7
U with "0 or ~'C1 c . L=TO~
g « = 2 e
a 1 - - L \[.70,2d4n) —
Superheavy Elements £ 7 1/251 ®
Despite 1 . = ’ © A
espite intensive researches in - < 6
| ak- S/, N 0,4n) -
major laboratories in USA, USSR, 10 / q, \
Germany and France, no evidence for f
production of any superheavy element 107 . : ' . ! !

85 90 95 100 105 110
has been found in the proposed re-

E(Lab.)MeV
actions. A wide variety of tech- . .
' e b teveloned and Lied Fig. 1 Formation cross sections of
niques has been developed and applie 237 239 239 23 8

to the search for superheavy elements

250 :
and™”"Fm, ---- computed cross

by accelerator. Table 1 shows the .
section by ALICE ccde.

upper limits for production cross

sections of heavy elements by accel-

erator experiments performed in the world for the time being. The assumed
half-lives of superheavy elements cover from 10:9 sec to 1 year and the upper
limits for the cross sections from 10_28 to 10—35 cmz.

The 248C { Ca, xn)

since the nuclide produced by complete fusion provided the closest approach

296--}'1116 reaction has been studied most intensively

to double magic number Z=114 and N=184. Experiment with this reaction is
difficﬁit since the target is a rare artificial nuclide, 2M'?'Cm, and the pro-—
jectile is an enriched isotope of very low natural abundance. The results
of experiments with 4.8Ca + 248Cm reaction are summarized in Fig. 2, where
the upper limits for production cross section are plotted against the half-
life range, which covers with the particular techniques; (SF)Spontaneous

fission, (& ) c-particle counting, (CHEM) Chemical procedure, (GAS) Volati-
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Table 1 Attempts to synthesise superheavy elements by
- complet® fusion reactions :

Upper limit
for
production . Haif life
Compound cross-section. mgé
System® nucleus (Cnlz) covered
Bi+mca 211087 3107 =3Ix107%s
Bloa+isca T 4x107¥ =3x107%s
DIULSca By 7x1072  m2nt
TaiCm+0Ar P14t 2x107%  107%s-1d
Wipra oy TM0p18078 1x107% 2h-1yré
Wlam+aca P15t 2x10°% 2h-lyrt
Hem+ca P18 2x107Y%  2h-1yrt
aCm+3eCa  *116'* SeeFig. 2.
E‘;Pb-i-EKr ::113‘;: 11077 =6x1077s
Sarh+ 3K 18 6x107*  3Ix107s-100d
_. 1.5x107* 2x107s-5h
BU+Bce L1t 4x1077 1s-30h}
DG SN P70t 2x 107" 11305
ke d ERLANGP RS b3 Ry $§x107"*  1s-30ht
. 2x107%* 2h-lyrt

BEgelicy 4x107* 2x 102 s-10h
BiTh+15Ge P22t 1x10°* s$x1077s-1yr
e+ 05 122’ 1.5x107* 2x107*s-10h
DI+ 35Ge Mzt 1107 §$x107%s-1yr
Bdam+ §8Za  Mir2s™™ sx1077®  107%s-54d
i+ ke '%126™ 5x107%® 26x1077s
AU+ K 322y q9gi% gx107®  26x1077s

lization of gas, {FOIL) Collection
qf recoiled product, (VW) Transport
with gas jet, and (DIF) Spontaneous
fission in flight. Since a fusion
cross section was estimated theore-

27 2

tically to be at least 10~ cm for

the 48Ca - 248Cm system, such nega-
tive results shown in Fig. 2 would
be ascribed to the competition be-
tween fission and evaporation; the
survival probability from fission
is estimated less than 4 x 10_92 in
the most pessimistic case, which
corresponds to the production cross

38 2

section of the order of 10~ cm .

An alternative pathway to syn-

thesize the superheavy element is

238

the reaction between two U nucl-

ides. The reaction was examined

at the Darmstadt UNILAC. This

study was initiated to demonstrate that the superheavy elements might be

produced by exchange of nucleons in damped collision and that overall pro—

duction cross section for the 114 element is estimated to be 10

just exceeding the detection limit of the

at present.

I1f the superheavy element is found
in nature, it should be a very useful
target for the study of very heavy
nuclides by acceleratoer. Most of
search of nature for the superheavy
element have produced negative results.
In a hot spring at Cheleken Peninsula
in the Caspian Sea, Flerov et al.
observed some fissioning activity
after chemical separations. It is
only a positive evidence of the super-=
heavy element in nature but not yet

confirmed.

35 2
cm

most sensitive methed available

i o
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=
) L
o
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-
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=
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. Hall life (3)

Fig. 7 Upper limits of the production cross-section for super-

heavy elements in the reaction of “**Cu with *"Ca versus the

halt-life range covered with different techniques. The data are from

work of the Berkeley—[Livermore group”' ™ (BL) and the
Dubaa group™' (D); for derails see text.
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One of the authors of this paper observed spontaneous fission events in
lead samples separated chemically from the filter dust obtained by calcina-
tion of the tin mineral dug out from Tkuno Mine in the west Japan.

Although the phenomencon might be caused by contamination of such nuclides

252 L . ,
s > Cf, it is still one of the candidates for the superheavy element.
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I1.4 Symmetric Fission in Relatively Light-Mass Rcaction Systems
H.Nakahara, Y.Nagame¥, K.Sueki, M.Yanokura** and I.Kohno*#*

Department of Chemistry,Tokyo Metropolitan University, *Japan Atomic

Enefgy Research Institute, **Institute of Physical and Chemical Research.

1.Introduction
It has been predicted by the liquid drop model that the fission
barrier height will reach the maximum of about 55MeV for the nucleus of

1)

mass number around 90, This barrier height will decrease as the

angular momenta brought into the system become larger, as in the case of
heavy-ion reactions.z) Up to now, no definite experimental evidence of
nuclear fission has been presented for nuclei of mass number less than
140.3) Most of the difficulties arise from the facts that -fission
products can not be distinguished from some of deeply inelastic events

so long as their kinetic energies and angular distributions are compared.
Besides,: in relatively light-mass reaction systems, the region of symmetric
fission products often overlap with that of deeply inelastic collision
products. The present authors have attemped to seek some evidence of

fission in those light-mass reaction systems by varying projectile energies

and by using target isotopes of different ZZ/A.

2.Exﬁerimental

Reaction systems chosen are shown in Table 1 where projectile energies
and some of experimental results on gmax’ Rcr and UER/GR are also given.
Reaction products were detected by a AE-E gas proportional-solid state

detector. Details of experiments are described in Refs.4) and 5).

Table 1. The reaction systems and some of experimental results.

Reaction Compound

system nucleus 22/3\ E:1abme‘” EgN (MeV) "rnax ) !'c: ) c'ER/GR Sgy (mb} 9 (mb} calt

e Spor 7% 1605 146 109 6242 4941  0.6040.05  38+10 36

120 90 53+1 43+41  0.6240.04 1245 7
2Wyes Ser T4ge 156 146 115 65+1 5041  0.6040.05 1242 22
Uy e 3% 7% 1700 115 94 51+1 42 0.67  7.7¢2.3 6
Ty 4 8%y 785 15.7 115 104 5241 44 0.69  2.3+0.8 .
092 112 -
LoNe §aMo Te  24.1 146 104 7241 S54+3  0.5640.03 2245 21
205e+100%s 1201 22,5 146 118 1442 56+3  0.55+40.03 1234 13

* ALICE code ; Ef=0.55f(RLDM), af/av=l'05'

QJU; nlh, plh, o th
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3.Results and Discussion

Kinetic energies of the products with Z larger than that of the
projectile by more than two were found COmplefely damped whereas angular
distributions in terms of do/deé were found flat for the products with Z>14
in both reaction systems of 14N and 2ONe projectiles. Symmetric product
vields were found strongly dependent on target isotopes in all the
combinations of 14N+Ni, 20Ne+Cr and 20Ne+Mo as shown, for example, in
Figs.l and 2. 1In the case oflzoNe+Mo reactions, the product yields
exhibit clear dips at Z=16, indicating the existence of two kinds of
reaction mechanisms(See Fig.2).. The yield distributions are rather
continuous, on the other hand, for the case of 20Ne+Cr, and the target
isotope effect is alsoc observed for the products of Z=11, 12 and 13(See
Fig.1) whose angular distributions are clearly forward peaking. The
curves drawn in the figures are those predicted by the diffusion model of
Agarwalﬁ) with a half life of the composite nucleus of 1x10_215ec. (For
more details of calculations, see Ref.7).) The calculations were normalized
to the experimental cross section for Z=14 observed at 8 =40° in the
146MeV20Ne reaction omn 5OCr. It is c¢lear that the effecimcf target
isotopes can not be explained by the diffusion model although the
projectile energy dependence of product yields for Z>1l1 can be partly
accounted for the the model as shown in Fig.3. In order to understand the
target isotope dependence of symmetric yields, calculations of evaporation

8)

~fission éompetition were carried out by ALICE code * with reduction of
fission barrier'héights to one half of those predicted by the liquid drop

model. 'Expefimentél symmetric yields o obtained by summing over the

5Y
charge distribﬁtion and angular distribution are compared with calculated
fission cross sections in the last two columns of Table 1. General
agreement is satisfactory. For better understanding of the phenomena,
some more experiments of Ghoshal type are in progress by varying the

projectile energy in wider range.
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Fig.3. Charge distributions at two different bombarding
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Elab=120MeV) lines are calculated charge distributions.
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TT.5 Incomplete Fusion in the 12C + 93Nb Reaction

Toshiaki Sekine*, Sumiko Baba*, Kentaro Hata* and Shin-ichi Ichikawa**

*Production Development Division, Department of Radioisotope Production and
#%Nuclear Chemistry Laboratory, Department of Chemistry, Japan Atomic
Energy Research Institute.

High angular momentum can be brought into the interaction between heavy
ions. The highest angular momentum for the complete fusion is somewhat
lower than the maximum angular momentum for the nuclear interaction. On the
other hand, the lowest angular momentum for the complete fusion is usually
postulated to be zerec. Orsay groupl), however, has proposed a possibility
of what is known "low-£ cutoff": the lowest angular momentum for the
complete fusion is not always zero in analogy with two colliding water
drop52>. They found a possible evidence in the observation of reduced cross
sections, as a straightfoward consequence of the low-% cutoff, in some
reactions of near-symmetric combination of projectile and target. The exper-
imental results, however, are not so persuasive.

In order to test this possibility, isomer ratios offer some hope since
they are expected to reflect the initial angular momentum distribution of
the compound nucleusB). It is necessary to compare the isomer ratios be-
tween two initial channels leading to the same compound nucleus; the lowest
2 waves in the formation of the compound nucleus are assumed to be cut off
in one channel and not in the other.

We have chosen as the initial channels lzC + 93Nb and 3701 + 682n Sys=-
tems, and as the isomer pair 99mRh(9/2+, 4.7h) and 99g(l/2—, 15d) induced by
(HI,o2n) or (HI,2p4n) reaction, However, the isomer ratios should not be
compared in a direct manner, since incomplete fusion mechanisma) may occur
intensively, in which "fast" light particles are emitted in the foward di-
rection from the projectile and target system prior to the establishment of
the statistical equilibrium. The foregoing isomers may be produced in the
incomplete fusion by o-particle emission, which would be a significant part
in various incomplete fusion channels, followed by two-neutron evaporation.
The incomplete fusion is anticipated to contribute to the 12C + 93Nb system

consisting of considerably asymmetric combination of projectile and target;

§In the present meeting, Nomura reports a possible evidence for the low-2

cutoff on the same principle as written here, independently with us.
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the cross-section systematics of the incomplete fusion given by Tricoire et
a1.5) predicts 56 MeV as a threshold ét lab system for the‘lzc + 93Nb reac-—
tion, which is not so high compared with the Coulomb barrier of 38 MeV.
Therefore, we must be well-informed as to the contribution of the incomplete
fusion to the 12C + ?3Nb reactlion.

In this paper, we study mean recoil ranges of some nuclides produced in
the 12C + 93Nb reaction as a function of bombarding energy, since the recoil
range reflects the momentum transferred from the projectile to the target;
the recoil range will be observed to be less than that for the complete fu-
sion if the incomplete fusion occurs,

EXPERIMENTAL

We have irradiated foil stacks consisting of "thick" niobium targets
with thickness of 3.4 mg/cm2 separated by aluminum catcher foils in order to
obtain average recoil ranges by means of thick target and thick catcher
method6). Beam of 12C of 6.4 or 7.5 MeV/a.m.u. was obtained at the JAERI
tandem accelerator, The energy loss of the ions in the stack was calculated
by the method described in Ref.7. The integrated beam current was monitored
with a Faraday cup. The identification and measurement of the products were
made with Ge(L1) detectors.

RESULTS AND DISCUSSION
We have calculated the recoil ranges theoretically with the formalism

8)

given by Delagrange et al, on the assumption of the complete momentum
transfer. This calculation gives the average recoil ranges projected on the
beam direction, which is directly obtainable by experiment, taking into ac-
count the multiple scattering of heavy ions in the target. However, influ-
ence of particle evaporations is not considered; the values obtained may be
underestimated by a few parcent.

Most of the nuclides regarded as products by particle evaporation of the
compound nucleﬁs show the reccil ranges, which increase with the beam ener-
gy, in accordance with the values calculated above. The formation mechanism
of these nuclides is attributed to the complete fusion.

The recoil ranges of nuclides with a mass near that of the target nucle-
us decrease with the beam energy. From this behaviour, the formation mecha-
nism of these nuclides is attributed to the transfer reactiong)a

The recoil ranges and excitation functions of gngh and ggth are plotted
vs. the beam energy in Fig.l. The recoil ranges of both 99mRh and ggth,

which considerably deviate from the two types mentioned above, almost stop

increasing at 65 MeV and restart increasing around 75 MeV. This means that
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the complete fusion is predominant 10°
9INb (12,5 2 155 SRN

rr1rryy

at energies less than 65 MeV, while

at energies above 65 MeV another

reaction process takes place be- —_ I ‘(/Jotal ’

sides the complete fusion to re- :E102; -_ii___-—_—a-h-a“i E

duce the mean recoil range. We con- g _:_ \ \5—-—3—:3

sider this process to be the incom— 5 t )

plete fusion expected before. 5{ - 7
It is also interesting that in A 10! _o‘\\o

Fig.l the recoil range is observed’ % ™~

to differ appreciably from one iso-

LB BLERRL|
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/o

1 ILI 1

mer to the other at energies in

T

which the incomplete fusion occurs.

This phenomenon, which probably has

~
1
3

been noticed for the first time, is
interpreted as a consequence of co-

existence of the two fusion mecha-
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nisms. We assume that both isomers

0.6 1CF_ . —-F
have the same recoil range in each T
of the fusion processes., The ob- (}go _,.—;B 7; 80
served value of the recoil range of Elap (MeV)
one isomer is a mean, between the Fig.l Excitation functicons and mean

recoll ranges. Broken lines with and
without dots are calculated theoreti-
and that in the incomplete fusion, cally, See text.

recoil range in the complete fusion

weighted by a formation cross sec-—
tion of the isomer in each of the fusion processes. If one fusion process
gives rise to an isomer ratio distinct from that of the other fusion proc-
ess, some difference will be observed in the recoil range between the two
isomers. . _

In order to obtain quantitatively the contribution of the incomplete
fusion to the formation of each of the isomers, the foregoing discussion

enables us to write the follwing equations.

i i i . _
OICF = Oobs X (i = mor g) (1)
. xi R + (1 - xi) R _ =R (i = m or g) (2)
ICF CF obs

Here, ¢ and R with various suffixes represent the corresponding values of
cross sections and recoll ranges, respectively. Superscripts of m and g

mean the meta-stable and the ground state, respectively, Subscripts of ICF,
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GCF, and obs are the contractions of incom- 1.0 . .
plete fusion; complete fusion, and observed, o) :ggth
respectively. To obhtain xi, the values of o8l ® :gngh ]
RICF are required..We have calculated RICF
on a simple medel that, after an o particle mxoe_ i
is separated from the projectile, a virtual }g .
fragment of 8Be collides to the target nu- o
cleus with the same speed as that of the E"OJ‘P %-
projectile and then forms & compound nucle-
us. This model is equivalent to.the com- 0-2r + ]
plete fusion between the 93Nb target and +

" the 8Be projectile with three quarters of 50 Gb 7b 80

the lzC beam energy. Therefore, the recoil Elab(Mev)
range on this model is calculated in the Fig.2 Contribution of the
: . incomplete fusion to the

same way as descibed above. The values of 99
. . . formation of ““Rh isomers
R _thalngd_are also shown in Fig.l. 12 93

,ICF g in the c + Nb reaction.
are

The resulting values of x" and x
plotted against the beam energy in Fig.2. The results indicate that a con-—
siderable number of the 99Rh nuclei, especially low-spin isomer 99th, are

produced in the incomplete fusion around 75 MeV.
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I11.6 - Stability of Unstable Nuclei

Kengo Ogawa

Tnstitute for Nuclear Study
University of Tokyo

Tanashi, Tokyo 188

Search for the proton radicactivity, namely the discrete state which
. \ , . . , . 1),2
emit a proton, is one of the interesting subjects in nuclear physics. )»2)
However, up to now, we know very few examples., Those are listed in Table

1.

Table 1. Observed Proton Radioactitivies

nucleus tl/Z(mS) Ep(MeV) Ref.
5300% 247 1.59 3)
YT 420 1.06 4)
Bl 85 1.23 5)
H3es 0.9:-107° 0.980.08 6)
109, 251072 0.83%0.08 6)

In the table, t”2 and Ep are the half-life of the emitting states and the
energy of the emitted proton respectively. It is notable that the last four
examples are discovered by the heavy-ion experiments at GSI.

In order to know the possibility of the direct proton emission from the
very proton-rich 1g9/2 shell nuclei, first we st;?y the structure of nuclei
near 100 Sn within the framework of shell model. From the calculated
binding energies, nuclei like 97In are predicted to exist beyond the proton-—

drip line. Therefore we can expect some proton radiocactivities around this

mass region.

— 89—
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Furthermore, as is shown schematically in Fig. 1, the predicted
binding energy of 988n, B(gSSn), is larger than B(gIIn), but smaller than

8(°%ca), i.e.
5(°®cd) < B(*®sn) ¢ BV 1n). (1)

This relation suggests that the ground state of 988n cannot emit a proton,
but emit two proton. Therefore the nucleus 985n might be classified into

8)

so— called "two-proton radicactivity" predicted by Goldanskii.

97In

p
985n

>z
96

Cd

Fig. I Schematic Decay Modes of 97In and 988n.

In this case the total energy of the emitted two-protom is very small (it
is predicted to be 0.8 MeV in the present calculation), the probability of
two— proton emission might be hindered and the nucleus 988n might be almost
against the particle emission.

Besides the ground state discussed above, the high-spin isomers
predicted by the shell-model are expected to exhibit peculiar property
against particle emission. Thus the study of the very proton-rich lg9/2_

shell nuclei provides interesting subjects in nuclear physics.
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II.7 Multiple Coulomb Excitation of Odd-Mass Nuclei¥*

Takashi Inamura

Cyclotron Laboratory, RIKEN, Wako, Saitama 351

Multiple Coulomb-excitation experiments on 161’163D s
167Er, and 173Yb have been carried out using 165-MeV 35Cl and
250=MeV 58Ni beams from the JEARI 20-UR tandem accelerator.

Multiple Coulomb excitation provides one of the best means
to study the properties of the ground-state rotational band of
a deformed nucleus: The band members are populated selectively
and their lifetimes extracted enable absolute B(M1) and B(E2)
values to be determined in a model-independent way when taken
together with y-ray branching and mixing ratios. In the present
study special attention has been paid to the ground-state rota-

tional band built on the il3/2—neutron orbital, for instance,

the case of 167Er

We measured y-ray angular distributions, directional cor-
relations, yy coincidences, and nuclear lifetimes of the mem-
bers of the ground-state band. v rays were measured with an
anti-Compton spectrometer consisting of Ge(Li) and NaI(T1)
detectors. Coincidences(and correlations) were recorded with
three sets of anti-Compton spectromefers.

Figure 3 shows multiply Coulomb-excited states of the
ground-state rotational band in 167Er. States higher than the
19/2 member have newly been identified. Nuclear lifetimes of
the excited states up to 23/2 have for the first time been de-
termined from Doppler broadened y-ray lineshapes. Multiply
Coulomb-excited members of the ground-state rotational band in

163Dy and 173Yb are also shown in fig. 4. The members with

spins higher than 17/2 in l63Dy and those higher than 13/2 in

173Yb
173Yb

have newly been identified. Extraction of lifetimes for

is in progress,

For 161Dy the band members up to 33/2 have been reported,

*This work has been made in collaboration with T. Ohshima,
E. Minehara, M, Ishii, S. Kikuchi(JAERI), A, Hashizume
(RIKEN), and H. Kumahora(Hiroshima University).
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Fig. 1. A typical singles y-ray spectrum observed in multiple
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163 .
Dy(vf7/2 orbital) and 173Yb
25/2 1394 (1)
(vh9/2 orbital) de not show
] 23724 11962 (1) 35(7)
such behavior at all.
The signature dependence 24120 935004)  S(1)
is also observed in veduced 19/2: 22269(2) 10(2)
transition probabilities B(M1) 17/2: l 567381} 16(2)
. , ] 15/2+ ‘ A
and B{£2) as is shown in fig.5. : Lasas) 32(9)
1312 l 29496(1)} 42(8)
It seems very hard to describe 14/2¢ y 17797(1) 85{9)F
) ) ) a2+ 1 793a(n 1 3)f
this behavior by a conventional 77+ 16333 1 a0
. . o ) in E(ke¥) T{ps)
Coriolis band-mixing calcula- erErgg

tion althdugh i d \
ugh 1t can reproduce Fig. 3. The ground-state rota-

the level energies satisfac- tional band in !67Er. Measured

torily. Recently, Hamamotoz) lifetimes T are given in units
3) . of ps. Numbers in parentheses

and Marshalek have pointed indicates the uncertainties in

out a possibility of such the least significant figure.

signature dependent B(M1) and B(E2) in the rotational band

built on the i orbital.(See Fig. 5.) A microscopic calcula-

13/2 4y

tion(CHFB) with quantum number projection is presented for
comparison, too. For B(Ml) values which show a remarkably large
signature dependence, Marshalek's prediction seems best except
for the 11/2+9/2 transition. Quantitatively speaking, however,
we need to further investigation of this problem. It would be

very much desirable to accurately measure B(M1) values for

2018 72"
1601,29 25127 1738 252"
136248 23/27 43(8) 14717 23/2°
1137.06 21/2° §.0{10} 12271 21/2”
93097 i 19127 9.0010) 10019 19/2°
738.97 172427 16(2) 7962 1712
568,64 l 15/27 25(5) 5105 l 15/2°
£15.18 1 1312° LL5.T l 1312
281.52 l 1T 3017 : l 1172”7

167.28 ml : ! TFR 1793 [ 4l 912-

73.47 742 785 T2

00 _+ 1 LY IEr )YV 00__+ 1 B121512] 5z
E {kev) 163 Jm T 173 7

D\Jl E(ke‘v‘) Yb .J
. 163 173
Fig. 4. The ground-state rotational bands in Dy and Yb.
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relatively low-spin

members of the ground-
9 exp,

state rotational band — tigid roler
in erder to see the --~ Coriolis bond mizing calculation
adequacy of a model
calculation.

It is also impor-
tant to study how

B(E2) values change

BIE2] [ ~1-2]) (e2h?)

with spin in the de-

formed nuclei. If we o l—t L 1 ! ! 1 1 | 1

do this systematically L ' ' ' ! ! ! i !
0.6 Qo exp. =~ Hamamalo
up to, say, I = 16 — 1igid refor —— Iwesgki
(or 27/2), the result - ——- Coiolis bond mixing cakculation  ~-- Marshalek
will give us much in-
sight into the nuclear
structure of the rota-

ting nuclei, for in- 02

BIMIT L —1-1) (u)

stance, such a long-

standing problem as

the interplay of the

0.0
centrifugal distortion %4 Wa B2 155 Wa 13h  2p BL 250

and the Coriolis anti- I

pairing effect. In Fig. 5. B(E2;I+1-2) and B{(M1;I-+I-1)
values observed for '®7Er. The open

this sense multiple . 1. L P
circles indicate experimental values,

Coulomb excitation which are compared with theories.
with heavy ions should be still very much informative. The
advent of heavy-ion tandem accelerator will cause 3 sort of

renaissance of Coulomb excitation.
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11.8 In-Beam Gamma-Ray Spectroscopy

Through Heavy-Ion Induced Fuslon Reaction

. *
Mitsuhiko Ishii and Akivasu Makishima

Division of Physics, Japan Atomic Energy Research Institute,
" Tokai-mura, Ibaraki-ken, * Department of Applied Physics,

Tokyo Institute of Technology, Meguro-ku, Tokyo
Fusion reactipons induced by heavy ions can excite nuclei in high spin
..states and produce more proton-rich nuclides than those induced by light ions
such as alpha-particles, carbon-12 and oxigen-16. So they are very attractive
in the field of in-beam gamma-ray spectroscopy. In these reactions, howe&er,
the excitation energy is so high that protons and alpha—partiéles are emitted
from compound nuclei and that many nuclides are produced. This makes it dif-
ficult to identify nuclides emitting individual gamma-rays and to obtain clear
coincidence spectra between gamma-rays.

In order to solve this problem, we have developed the charged particle
multiplicity filter (CPM filter) which can discriminate protons and alpha-~
particles emitted in the nuclear reactions. It consists of ten Si detectors;
two of them are of an annular type with a size of 35 mm x 35 mm x 0.5 mm and
eight side detectors rectangular of 30 mm x 35 mm. They surround the target
as shown in fig. 1 so that 90 % or more of the emitted charged particles can
be counted. Each of them is covered with a Cu foil of 20 mg/cm2 so that

scattered projectiles and low energy delta-rays can be stopped therein.

Fig. 1. A schematic drawing of the charged particle

multiplicity filter.
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We have employed the CPM filter to study high spin states in samerium-
138 by bombarding Ag—lOT with & Cl-35 beam of 155 MeV. Gamma-gamma coineci-
dence, gamma-ray angglar distribution and Doppler shift messurements have been
carried out with a gate set on the reaction.channel emitting two protons.

Some of preliminary results are shown in fig. 2. Excited states up to
spins 12+ have béen established; members of the ground bénd up to the 8+state
and some members of another band joining it. An isomeric transition from the
lO+ to.the 8+ states was found and turned out to have almost the same value of
the reduced E2 transition probability as the one in samariun-1L40. This
indicates that the 10+isomer is ascribed to a broken pair of neutrons in the
h-11/2" orbitﬁl. Cn the whole the transition energies and the lifetimes of

other excited states imply the increase of collectivity with the decrease of

neutron number 1in light samarium isotopes.

(14"
657
+
12 A 28ps
oM L 3963 Gsns
552.2
8+ JJ,

\/[ 775.0

-
y S

' Fig. 2. A level scheme of Sm-138.
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II.9 Deformed Ground Band States in 152Dy
66786
Y. Nagai

Department of Physics, Osaka University

it is generally accepted that in the nuclei of many nucleons outside of
closed shells a large number of J"=o? pairs {quanta) exist in the ground
state. An assembly of these identical quanta (called condensatel)) can be
described by the static deformation of the field that creates these gquanta.
In cther words the pair field causes the deformation in the gauge space and
thus breakes the rotational invariance giving rise the rotational motion in
the spacel). Analogous situation occurs in the ordinary space when the
quadrupcle field breakes the rotational invariance. Forthermore as the
rotational ground band state invelves many single particle configurations,
enhanced E2 transition strength is observed. Similarly the pair transition
strength was firstly predicted by S. Yoshidag) to be enhanced and later
experiments confirmed the enhancement.

Thus an angular momentum (I) is eguivalent to the particle number {(N)
in the gauge space. Consequently the rotational frequency {w) of the nucleus
in the ordinary space, defined as w;%-%%, is also eguivalent €o the Fermi
energy (A) in the gauge space, which is defined as A;%-g% D

Backbending plot (I vs w) in the ordinary space reveals a crucial role
of the rotational frequency on the alignment of the quasiparticles '. Thus
it is quite interesting to see what can be learned from backbending plot
(N vs ) in the gauge space

The yrast states of 152Dy up to spin 38 were studied by (HI, xn) and
{a, xn) reactions5) and they are interpreted as aligned multiparticle con-
figurations. The present work of (a, 4n) reaction on 152Gd identified
ground band non yrast states up to 1"-18"

The dependence of the Fermi energy A on the neutron number N is plotted
in Fig. 1. The curves N(A) for lower- and higher-branches indicate the two
different states of the spherical and deformed shapes. (The backbending in
gauge space can only appear when a rapid change in deformation of the nucleus
occurg). The present result indicates that deformed shapes persist down to
lower N for higher spins, or equivalently the deformation increases smoothly

when going up to the ground band. Measured B{E2) values on N=88 nucleus of
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152 . .
Dy show a more pronounced spin dependence on the deformation. It is of

course highly desirable to get an informaticn on E2 transition strengths at

these higher spin states in order to confirm the present result. As mention-

ed before, however, the ground band higher spin states of 152Dy were non-

yrast states and consequently it is quite difficult to measure the transition

strengths at these higher spin states.

In conclusion ground band states of 152Dy were identified up to spin
_18+ for the first time and the backbending plot in the gauge space demon-
strates that at high spin states of 1"=10" the N=86 nucleus of 152Dy gets
well deformed shape as that of the nucleus with more than 90 neutrons.
The reasocn why the deformatien persists dewn to lower neutron number for
higher spin states may be explained as the less energy consumption for a
deformed nucleus to form the higher spin states compared to the case of a

spherical nucleus.
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IT1.10 Nuclear Spectroscopy of Radioisotopes Produced

by Heavy-Ion Reactions

T. Tamura

Nuclear Engineering School, Japan Atomic Energy Research Institute

Since the installation of JAERI tandem van de Graaf accelerator,

1)

radicactivity group of JAERI has started d,f%,y’spectroscopy. A mass
separator was introduced from Danfysik Denmark (Fig. 1), and was success-
fully operated off line supplying pure radioactivities of iodine 118-121
for the detailed spectroscopy of these nuclides.

For on-line use of the mass separator, target-ion source assembly
of Fig. 2 was developed by S. Ichikawa et al%) Radiocactivities of short-

lived Cs in the mass range of 119-121 were produced via 93Nb(3ZS,X)

reactions. A 150- to 165-MeV 328 beam was directed on a 4-um thick Nb
target which was used as an entrancé window for the ion source, The
recoiled product was stopped on the graphite catcher and freed by heating.
Ionizer made of tungsten cylinder at 1500°C ionizes the Cs atoms quite
efficiently. The activities are mass separated and was transported to

the collector tape situated in the measurement room.

Searing Coil
SIP| Sutter Ton Pumg
SL | St

1rc [reradoy cun

v | veive

Qv | Quick Volve

Fig. 1 JAERI on-line mass separator.
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Fig. 3 shows an example of }-ray spectrum for the mass 1193 observed

with HP Ge detector in multiscaling mode during 1 min collection time for

3 hours.

off line4):

on-line mass separator

The efficiencies of each stage of the separator was estimated

(1) rate of recoil out of the target
(@#m thick Nb) with a
165-MeV °%§ beanm 80%
(2) ionization efficiency 50%
(3) transport in the mass separator 30%
overall efficiency 12%
Fig. 2 2
Ion source for \\“- f §§
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From the analysis of ¥~ray spectra, we obtained a tentative decay
scheme of 119 Bcs. The spins, magnetic moments and isotope shifts of Cs
isotopes for A = 118 - 145 have been determined by the ISOLDE collabolation
and were considered as an indication of the change of deformation in this
region of nuclideS). The Nilsson orbit 9/2+(404) was assigned to the

ground state of 119Cs. The level scheme of lnge fed from 9/2+ state

is consistent with the result of in-beam experiment56’7).
Fig. 4 119 OJO*X
N Cs
Tentative decay g
119 o~
scheme of Cs ~
wl =
uy el
. -
b gl ok B o
a0 u on . 2
9_/2_*_.__:(\‘0‘23;22 __ 484.5 [.4 0.6 5.9
CenSSetE
-
/ Tpw S HF® 54 3.8 5,
TE S Tty .y BT 04750
- i e
3 - a7 4 0.386.1
[z cRn ne 10069593
- ~ 0.6 5,
Hom AT N 29
5724 0.0
19Y o “B+ JEC Logft

We are planning to extend our field of nuclear spectroscopy to Ba and

rare earth nuclides in the far neutron deficient side.
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Niigata University; N. Takahashi: Osaka University; N. Imanishi: Kyoto
University; T. Horiguchi: Hiroshima University.
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I1.11 Difference Between Renormalization Factors for Unique First Forbidden

AXIAL-B Transitions and Those for Analogous M2-y Transitions

* Hiroyasu Ejiri

Dept. of Physics, Osaka University, Toyonaka, Osaka 560, Japan

| Unidue first forbidden B -decays (Bij (B)) and analogous magnetic-
quadrupcle ‘vy-decays (M2(Y)) are studied precisely for semi-magic nuclei
with Z=50 or N=82., Experimental studies have been mainly made by Zjiri,
et.al.l)Theoretical analyses in terms of the spin isospin pclarization

1)

have been extensively carried out by Ejiri and Fujita. 'The transition
matrix elements are reduced largely due to the uniform guenching effect
of the spin ispspin polarizétion.l)Fiﬁiﬁe difference between the renormal-
ization.faetofénfor the B8 and 'Y transiticns are indicated, being sug-
gestivé of-the‘exéhange current cohfribution of an order of 5% to the y-
transition, Transitions studied are simple stretched transitionsl)of
(lhll/2)p-l (lg7/2)p‘ (lhll/2)n‘1 (lg7/2)n and (lhll/2)n‘E (1g7/2) . Mul-~
tipole assignments and the Y transition rates were obtained by means of
the precise inbeam e-vy spectroscopy with the TESS2)(Eriple~Focussing Elec—
tron Spectrum §e1eotor).

The transition operétof for the M2(Y) transition is given by

eb i oya1/20 J-1 J-lq, o egl.
arct 9029+ 1) T T g S5

(Y. _xa) +285(Y_ xj)

RIRECIMNRS AR S IRLS PRY N (n

The second term is proportional to <, Hj}Fji><jH|YJ_l|Ui>, and vanishes
for the stretched single quasi-particle transitions of |ji—jé = J. There-
fore the stretched M2{Y) and_Bij(B) transiticns have similar terms of the
spin and isospin operators,

— o 1 . X
,TY(ME) = giralr[leaje ¥ golr[leu]g, : (2).

where g = ( eh/2me) (ve/2) (. -g, /3), goz(eh/ZMC)(/6/2)(u;—g2+/3),‘u_ Uy

—82—
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Fig. 1. Matrix elements for the (1hll/2 = 1g7/2) M2 ¥ transitions and the
(1h11/2 e 1g7/2) $ transitions in nuclei with Z=50 or N=82. K(ME%
and §(M2)p stand for the odd-neutron and codd-proton ¥ transitions,
respectively. Bij is the unique first forbidden transitions. The
¥ and § transition matrix elements are given in units of eh/2MC
and IO—HEm, respectively. M(EXP) and M{SQP) are the experimental
value and the shell-mcdel calculation. The M{EXP)/M(SQP) = geffyg

is the renormalization factor

H "M +up’ g2~=gln'g£p

dominates the M2Y transition operator, and is analogeus to the Bij(ﬂ)

and g =g + g _. Note that the isovector term
R+ wn LP

operator. The observed transition matrix elements <M>e#p are reduced
uniformly cver the simple mcdel calculations <M>qu, as shown in Fig. 1.

Here <M>qu=0<f1T|i> and |k>. is the eigen function for the model

0’ 0
Hamiltonian without the spin-isospin interaction,

- . 4
By = Hoperr * Mpair * Foo * Foo (4)
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The gquadrupocle and octupole interactions in the eq.(4) have minor effects
in the semi-magic nuclei of the present concerns. It is interesting %o
note that the renormalization factors geff/ g=<M>exp/<M>sqp are =0.22 ~
0.24 for both the odd-proton and odd-neutroen ¥ -decays, while the values
0.15 ~ 0.19 for the B transitions are smaller than those for the Y tran-

sitions, as shown in Fig. 1. The rencrmalization factors for the Y-tran-

sitions are given by

eff eff eff

= . , 5

g, /gp 0.89 g, /gy + 0.11 gg /go (5)
ef'f eff eff

g /gn =1.14 g/ /g1 - 0.14 g/ /go , (6)

where gfff/gl and ggff/go are the renormalization factors for the isovector

f
and isoscalar terms. The isoscalar term is small, and change of the gg 2%
within the errors of the g;ff/gfand giff/gn affects little the values

£
gi'f/gl Thus gfff/g = 0.22 ~ 0.24 exceeds the values g:ff/gA * 0,15 ~

1
0.19, as shown in Fig. 2.

New lets introduce the spin isospin polarization interaction,

HI = (Mw/AﬁdeT T(ch).( de) {7)

Then the rencrmalization factor is given by
giff/g - l/[l%xtUG2+h} . (&)
G2=£|<juroYluiﬂz/(EltEij), and the term h stands for the contribution of
the higher excitation strength (effects of tenscr interaction, isobar
etc.). We use the value® h=0.45 and xT0=x;c/A1/3. The result of the PPA
calculation for the HI is shown in Fig. 2. The HI interaction reduces
uniformely both the @ and isovector ¥ —transition matrix elements because
of tﬁe symmetry in the isospin space. Consequestly use of such X[, as to
reproduce the ggff/gp and giff/g overestimates the ngf/gA, while use of

ef . eff/ q
such y as to reproduce the =Y /gA underestimates the value gp gp an

£f TQ
e /g

i Ig short the geff/g for the Bjj(8) is smaller than those for the iso-
vector M2Y, and this is not explained by the spin isospin peolarization
interaction. As for the (YIXj) term configuration mixing introduced by
the HI is considered to contribute little to the (lej) term in the y-
transition because the phase is random. The difference between the B

and y renormalization factors suggests the contribution of the exchange
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current, Qualitative evaluations of the exchange current and the (YIXJ)

term contribution are under progress,

1. H. Ejiri and J.I. Fujita, Phys. Rep. 38C (1978) 85,
H. Ejiri, Phys. Rev. C26 (1982) 2628

2. H. Ejiri, et.al., Nucl. Inst. Meth. 134 (1976) 107

3. H. Ejiri, Nucl. Phys. A396 (1983) 181
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TI.12 MNuclear-Spin Polarization of Heavy Ions Produced by Tilted Foils

and-Detected by Coulomb Excitation

Kenzo Sugimoto

Institute for Nuclear Study, Univ. of Tokyo

Production of nuclear-spin polarization by means of
the tilted-foil method has been studied for 40-MeV 23Na
ions. To detect the nuclear polarization, the left-right
asymmetry in inelastic scatterings was measured for the
proiectile Coulomb excitation of 23Na-ions. The
detected polarization of 23Na(3/27) was > (2.5t 1.4)%,
with three carbon foils in the tilted angle of 60° for
40-MeV 23Na ions.

The tilted—-foil method seems to be a promising way to produce
nuclear-spin polarized heavy ions, even in deeply ionized states of heavy
elements. We have, therefore, planned to study the method systematically,
by utilizing the left-right asymmetry in inelastic scattering through the

projectile Coulomb excitation by incidence of spinvpdlarized projectiles.

The basic principle of the present experiment is as shown in Fig. 1:
The tilted foils act as a polarizer of incident heavy ions, i.e., surface
interactions in the out-going surfaces of the tilted foils produce
polarization of electronic angular momenta {J} of ions in the direction
parallel to ﬁ){?i, where'ﬁ is the unit vector normal to the foll surface
amd?,.L ias the wave vector of incident heawy ions.l) And the electronic
{J) polarization partially transfers to the nuclear-spin (I} polarization
through the hyperfine interactions in ions in flight in free space.2—4)
The nuclear polarization thus produced are analyzed by detecting the
left-right asymmetry of inelastically scattered ions through the projectile
Coulomb excitation. TIn the E2 Coulomb excitation, the predominant
contribution comes from the component with the magnetic substate of M=+2,
being Z//‘}?E,;'-Ei, where _S?f and ']zi are the wave vectors of scattered
and incident ions, respectively. This is true especially in the forward
scattering angles and in the excitations when the adiabaticity parameter 1

5)

is not too small,‘[E:(L]” The analyzing power of polarization,
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Fig. 1

therefore, can be made large and be unambiguously calculated. This sort of
experiment has firstly tried by using 23Na ions.

The experimental setup is schematically shown in Fig. 2. The 23Na4+
ions, accelerated by the INS-SF cyclotron up to 40.1 MeV, went through three
layers of tilted carbon foils with-vlojyg/cmz in each tﬁickness. The
foils were mounted in a frame with the tilt angle of Q(ﬁ;ii)=60 , and the

frame was rotatable as a whole so that the tilt angle could be changed from

+60° to —60%. The 2°Na ions after passing through the tilted foils hit
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the 58Ni target of-350/pg/cm2 in thickness. A pair of 8i detectors,

located at the scattering angle of *(45°15°)}, detected the scattered ions.
Inelastic components with excitation of the 440-keV first-excited state
(5/2+} were tagged by detecting the de-excitation gamma rays in
coincidence with the particle detection., In order to eliminate possible
instrumental asymmetry, the left-right asymmetries in counting rates,
(R-L) /(R+L) , were measured at the tilted-foil angles with +60%and -60%, and
the genuine effect was determined from their difference.

The results at present on the left-right asymmetry measurments are shown
in Fig. 3. The averaged asymmetry observed was (0.35%£0.20)%. The

234a (3/27) was decuced to be Z(2.5%1.4)%,
23

nuclear—spin polarization of
for three carbon foils with the tilt angle of 60° at 40 MeV of “~Na-ion
energy. This value was not yet corrected for some systematic errors such as
due to multiple Coulomb scatterings in the tilted foils, which might
increase the value. The Coulomb excitation of 23Na (3/2+,ground~ﬁ>5/2+,440keV)
transition exhibits a reasonably large cross zection, however, the analyzing
power of polarization is unfortunately small, since the excitation by E2
process is neither the stretched nor the jack—knife ones in vector adition

of angular momenta.

Nevertheless, the left-right asymmetry of inelastic scatterings, through
projectile Coulomb-excitation by incidence of polarized preojectiles,
provides a useful tool to analyze the heavy-ion polarization, produced by
the tilted-foil method, in the high-energy region (21 MeV/nucleon) where no

experimental investigation has been made so far.

The experimental work presented here has been done in collaboraticon with
T. Tanabe, T. Hattori, K. Haga, N. Shikazono and J. Ichimura. Thanks are

due to I. Sugai for his skillful target and foil preparation.
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I11.1 Refinement of Brink Model*

——-Application to massive transfers—-

Atsushi Ichimura* and Munetake Ichimura**

#The institute of Space and Astronautical Science, Tokyo

**Institute of Physics, Univ. of Tckyo, Komadba, Tokyo

1. Introduction
Let us consider the direct transfer reaction between heavy ions
A {a, b) B, a=Db + x, B=A + X. (1)
The Brink modell)tells in what situation the transfer strongly occurs and
how the transition strength distributes among many final states.
The Brink's matching conditions

(i) in-plane condition 14 + A,= even, 1, + A2 = even

(ii) angular momentum matching AL = (L;r + Al) - (Lér + 22) =0
A . i f
{iii) momentum matching ‘Qkx =p, -~ P, = o
specify the optimum situation, and the factorized strength distribution
2 2 2 2
_ - _ {4
|'T) | T, ) exp(~(AL/oy ) (8k /o)) {2)

is assumed in the model. The conditions are obtained from assumptions;

{a) the transfer strongly occurs only in the localized regicn near the
distance of the closest apprcach of both the initial and final channel
grazing tragectories.

(b) the clusters A, x and b lie on the straight line perpendicular to those
trajectories at the moment of the transfer,

(¢c) the impact on the cluster x is very small for the directicn of the

relative motion at this moment, and

{d) the mass relation m &L M, malh;lg?.

The (semi)classical arguments™’~’~'lead to the conditions but to reach
them from the quantum mechanical DWBA expression is not apparent. The
condition 4L=0 is rather easily understoodd)from DWBA because the grazing
partial waves dominantly contribute toe the DWBA integral, while the
conditiong&kx = 0 and the factorization (2) are not easily understood.

Recently, massive transfer reactions are of a great interest, but no
DWBA code is available for them. It is very desirable to develop any method
for analysing them even if it is rather crude. For this purpcse, the
extended Brink modelS)has been introduced with the same assumptiocns except

for the condition mx &, My My but their validity is more gquestionable.

+ The talk is presented by M. Ichimura.
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We comment that the optimum situation given by AL = O, and.akx = 0 can
also be obtained from the momentum matchings of the clusters b and A, i.e.
(iv) 4k = p; - pg -0, (v) &k, = pi - pi = 0.
Actually any two of the four conditions, (iij~{v), give the same optimum
situation {the spin and excitation energy of the residual nucleus B for the
given incident energy Ei and projectile spin). Thus the priority of 4L = 0O
and akx = 0 ig missing and so the factorized form (2) becomes guestionable.
To answer those questions, we derive the extended Brink model from
DWBA with several assumptions and approximations. In the course of this
procedure, we cbtain an approximate expression of the T-matrix, which is
more easily calculated than DWBA, but more reliable than the extended Brink
model. Let us cali it the refined Brink model, by which we numerically

study the wvalidity eof the assumptions and approximations used here.

2. From DWBA to the Brink model ~--Approximate expressicns of the T-matrix
Let us now proceed the above program. The DWBA amplitude of the

reaction {1) is written as

Pealy, Fo) = Cp [XER T W, BV, B W, )
t R4 "1
xj(:') (ky, £, Jdx (3)

where the bound state wave functions WPnlA(E) is of the form

5y

¥ (3] = R ()Y, (8,9 (4)

-5 - .
and V(sz, sl) =V * V.- Up

(or V + vV -u
xX a

BA A A
spectroscopic coefficient which will

}, and C is the
@bl.

be set unity in the present argument.

The coordinate system is shown in

Fig.i and x represent the 6-dimensional Fig. 1
. . - —-3 P - . - e _ -t ..\7
coord1nates (sl, r, ) or (Sl’ 52) etc. and dx = dsldgt = stldsz- e#c.
Firstly, the distorted waves are evaluated by the 3-dimensional WKB
3)

approximation as
- - - - - — -
*¥Ek, ™) - 2, Atk ?)Dj<k, ?‘)exm—i(sj(k, e) =y (k, TIT/2)) (5)

where S (XK, T) = fbrﬁa(ﬁl T).dr is the action from the incident point to
. - 5 ol -

the peint r throughjthe Jj—-th classical trajectory Cj and L}(k, r} is the

index given by how often C‘j hits the caustics on this path. The amplitude

Aj(El ?) is determined by the cross section of the flux tube around C-.| at ?,
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and D (k T) is the damping factor due to the absorpticn. For simplicity, we
take only the outermost trajectory and hence drop the sum over j and set
- 0. This would be justified in practice due to the strong absorption.
Insert (4) into (3) and decompese the integrand inte the meodulus and

the phase as

=

T%¢(§‘, ﬁi)z T(g) = fexp(mf(x,q})exp(ig{x,q))dx (6)

where g represents the set of all quantum numbers specifiying the initial

and final states, g = (k.on,1 A ﬁén 1.A.). The modulus is

<171 2272
exp(~£(x,0)) = alKy, F)D(Ty TV, (3,V(5,, &)
7 1 ARG ) Dl %) )

and the phase is

glx,a) = 8l-ky, Tg) + Sl 1) - Asb, A4 (8)
Secondly expecting the modulus is well localized for every q, we

approximate it by a Gauss function around its peak at x = *x{q) as

exp(-f(x,q)) = F(q)ekp{~(ZNaFV(qJ3F§v)/2) (9)

with % = X = ?}(q). Assuming the localization is sc well that the
integration is evaluated by expanding ¢{x,q) up to the first order of ,

one can carry out the integral analytically. The result ig written as

Ta) = Tyla)exn(~(L,(ep o (2) /3007 /2), (10)
where M(aFU)Mt = (a by u) by the orthogonal .matrix M and
Ap/“(q) =7 M P“" 28/9%y |, - 3(q)” (}1)

The expression (10) is obtained neither assuming the localized position nor
the linear chain configuration apriori as the Brink model did. It dces not
usually have the factorized form of 4L and Ak,. It is calculable even for
the massive transfer and should have wider applicability than the extended
Brink model. Therefore let us call it the refined Brink model.

To reach the extended Brink model, one needs further assumptions. If
the g~dependence of To(q) is weak, one obtains the generalized matching

conditions‘apﬁjq) = 0, or equivalently
2e(xlqg), Q)/)Xr’= 0 (12)

Assuming further that X(q) represents the straight line configuration
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perpendicular tc the relative meotion, one finds

veXla), a)/38 = —aK

b 2elx(q), q)/‘.l‘s"2 = —8%,. (13)

A
Therefore the generalized matching conditions turn out to be the conditicns
(iv) and (v) in sect. 1. Thus the matching conditions of the extend Brink

model are obtained.

3. Numerical study of the Brink's assumpticons

To make the argument simple, we consider the two dimensional problem in
the reaction plane. We take a spinless projectile a (Al = 0) and assume
that cnly the tails of the bound state wave functions contribute to the DWBA
integral. Then, we can set x = (él¢l,sz¢2) and g = (Ei’ Q, 22, £) with the
G-value @, and the scattering angle 8.

Two examples invelving two '60's and K are investigatea;

20
the symmetric case , 160( e, 160}201\1 * (¢-transfer), and

the asymmetric case, 16 20 ,d\) (16O—transfer).

To see the localization and straight line configuration assumpticns,
the cluster distributions given by the DWBA integrand (9) are shown in Fig.2
where spreading widths are denoted by the thick lines. For the symmetric
case, the reaction regions are well localized and the clusters place almost
on the straight line, while for the asymmetric case, the straight line

configuration does not realize and the reaction region of the lighter

cluster (W particle in this case) rather widely spreads.

8 (*ONe l.ao):.awe* |60(7—0N c()als
Fig. 2 8=0"

& =-20HeV

= =":::W1\
ﬁ_m_\)Li ks ”\/

ELS ’

Next, let us see the strength distribution. Noting that the
g-dependence of T (q) of eq.(10} was found very weak in these cases, we drew
in Fig.3 the egui-strength contours of the exponent part T(q}/T (q) on the

(Q, )1) plane for the fixed Ei b: 100 MeV and 6::(L The curves of 4L = O,
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—_ 1 aFpk=0
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g=0 5 —fas
. ]

~1o0 —I'S \ o 1 A,
c-l’ibi\ I ]

=5 afR=0 aL=0 Fig. 3
Ei E% = O,.Qﬂg'ﬁd = 0 and A;A'ﬁu = 0, which correspond tc the matching
conditions (ii), (iii), (iv) and (v) respectively, are also drawn. The

curves of AL = 0 and Aﬁx'ﬁu - 0 do not necessarily run to the direction of
the principal axes (the steepest and the gentlest slopes}. Thus the
factorization of the form (2) does not hold. However, the curves of 4L = 0

lie rather close to the ridges for both the symmetric and agymmetric cases.

This indicates wider wvalidity of the

. . T\
argument for al = O given in sec. 1. 7 ‘60("hk,“o)"H:
The formula (9) which includes = — 10 M7
Ar= -5

the phase can express the far- and
near-side interference. The angular f/ﬂTTﬁ)+Tb9ﬂl

distribution with this interference is

shown in Fig.d4 for 16O(EONe,IGO)ZONe*. \(“
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IT1.2  TDHF calculations of Heavy-Ton Cellisions
Shuhei Yamaji
Cyclotron Laboratory, The Institute of Physical and Chemical Research

The time-dependent Hartree-Fock (TDHF) methed is the only fully
microscopic description of heavy-ion collisions and has been extensively
applied to analysis of heavy ion collisions!” . Since the first schematic
calculation by Ronche et al in 1976. realistic calculations with effective
interactions have been directly compared with the experimental cbservables.

In the first part of this report. I give the summary of TDHF
caleculations for fusion cross sections, scatterings and non-equilibrium
emissions.

{13} Fusion

Fusion is the dominant process at a few MeV per nucleon above the
interaction barrier in light systems. It can be explained fairly well hy
TDHF. The existence of a dynamic lower angular momentum limit in TDHF
calculations., which can be qualitatively understood in terms of the long
mean free path assumption, is an open subject and the experimental results
are as yet inconclusive.

Fusion in heavy systems is not so dominant process that it can be
represented by TDHY with the same degree of accuracy as it is in light
systems. Fusion region is split as a function of energy in some of heavy
systems. The lowest region, which just above the Coulomb barrier, is like a
molecular resonance phencmenon with long collision time ~10% sec. TDHF
study of formation of long-lived superheavy molecules for the investigation
of supercritical positron emission was carried out for head-on symmetric
collisions of two isomeric uranium.

(2) Scattering

The deflection and energy loss in TDHF calculations can be divided into
three region of interest: peripheral scattering for large angular momentum

L. fusion or orbiting for intermediate L. and highly inelastic scattering

for small L.

Double differential cross sections in TDHF are in good agreement with
the experimental ones.

The mean mass and charge of the scattered projectile-like ion are very

close to the 1initial projectile. in accord with the experimental DI
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behavior,

The calculated charge and mass distribution width are always much
smaller than Lthe experimental values,

{3) Non-eguilibrium emission

The emission of a-like fragments occurs from the neck of the composite
system at a time comparable to the heavy-ion collision time. The three-body
nature of the final stste has been found in some TDHF calculations. yielding
low energy oa-particles with a multiplicity of a few times 1072 .

The emission of fast nucleons in mass asymmetric collisions also occors
with a small multiplicity. The nucleons emerge promptly as a low density jet
of matter in TDHF calculations, on time scales comparable to the time during
which the projeclile transmits the target.

In the remaining part, I intreduce our work which intends to solve one
open problem that the variances of mass distribution calculated in TDHF are
always an order of magnitude smaller than the observed values. For that
purpose, ve use the method of the time-dependent coupled-cluster
approximation (TDCCA}, which includes the effect of two-body collisions.

The equations to be solved numerically are derived by taking the

lovest-order terms in TDCCAZ

g, (£)=h (g, (1) (1)

1

ia% <prppl Spl vvera=<pipa b VI vy 2

The first equation determines the time-evolution of the single-particle
basis ., where h(t) is the Hartree-Fock(HF) Hamiltonian. The second equalion
specifies the time-evolution of the two particle-two hole amplitude
<prpot Solvyve>s . The indices » and p denote hole and particle states,

respectively.

Then. the mean number Ny of particles and the variance 05 of the mass
distribution in the right fragment can be expressed in terms of the
right-hand overlap integrals of single particle wave functions and two
particle-two hole amplitudes at the time when two fragments are well
seperated in the final stage of the collision.

- We have performed numerical TDCCA calculations for the collision 320 MeV
80,4004 on the basis of the Skyrme force TDHF code with axial symmetry. The
initial particle states are restricted to 0d and 1s orbitals for "0 and to
Of and {p orbitals for *Ca . We use the §-function V(r.r )=Vpé(r-r ) as the

residual interaction. The strength Vy is dtermined to be -400 ~ -530 MeV
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fm from the condition that the depth of orne-body potential cbtained by
folding the residual interaction with the density reproduces approximately
that of the HF potential.

In Fig.!, the variances or of mass distribution for the 320 MeV  1%0+%Ca
reaction are shown as a function of angular momentum [. The TDCCA results
indicated by shaded area with two boundary curves corresponding to

Vo=-400 MeV fm® and Vo=-530 MeV fm® are very much enhanced as compared with

the TDHF results.

320MeV '80+49Ca .
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For lack of observed values for this reaction, the calculated values are
compared with the empirical values of oﬁ estimated by the use of the
relation or = 24T . which can well reproduce observed mass distributicns
for heavy systems with the mass difusion coefficient D{»AXIIFO (amu)g/sec
where A is the total mass number of the composite system. The collision time
- is calculated by TDHF. defining it as the interval during wnich the
minimum density along the symmetry axis between the fragments exceeds 1/4 of
nuclear matter density. The TDCCA results are slightly smaller than the
empirical one shown by the dashed line in Fig.1. Considering VYo to be an
adjustable parameter. small increase of Vy from the values used here yields
the empirical values.

To summarize. the realistic calculation with two-body collisions
réproduces the order of magnitude of empirical values of GE for the 320 MeV
0-1Ca reaction.
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I11.3 Preequilibrium Light Particle Emission

in 14N Induced Reactions

Tomckazu Fukuda

Department of Physics, Osaka University

(1) Preequilibrium (PEQ) light particle emissions (p, d, t and o) have
been investigated by measuring inclusive differential cross sections in
the reaction of 93Nb + 14N at 132ﬂ 159 and 208 Mevl). The experimental
data of inclusive spectra are analyzed in termsg of two model: an extended
exciton modelz), and a modified coalescence model3).

The angle integrated energy spectra of proton at 132 and 208 MeV are
well described by the extended exciton model which takes into account the
finite collision time for heavy-ion fusion process. A calculation
neglecting the finite collision time does not agree with the data. Such a
calculation corresponds to the conventional exciton model with the initial
exciton number n, equal to projectile nucleon number Ap. In the conven-
tional exciton model, n, is regarded as a parameter to fit the data and
found to be usually larger than Ap. However the physical meaning of n,
obtained in such a way is ambiguous. In the present model, the collision
time T = Atx A_ is a parameter and a good fit is obtained with At
=1 x10—23

be predicted theoretically, if we know the details of heavy-ion fusion

)

sec for both incident energies. 1In principle, the time T can

- . 4 .
process. Recently Niita have developed an exciton model to describe the

fusion process as well by incorporating with the transport theorys). This

22

model gives the collision time to be about 10~ sec, which is comparable

to the value T of 1 ><10—23 x14 sec in the present case.
For composite particles, the present exciton model fails to reproduce
both absolute values and spectral shapes of the data. The discrepancy

between the calculation and the data iS§ more pronounced as the mass of the

This work was performed in collaboration with M. Ishihara*, H. QOgata*¥*,
I. Miura**, T, Shimoda*#**, K. Katori**¥*, 5. Shimoura***%

M.-K. Tanaka*#***,6 E, Takada+, T. 0tsuka++, T. Nomura*, and K. Sueki+++.
*IPCR, **RCNP, ***Lab. of Nucl. Studies, Osaka Univ., ****Dept. of Phys.
Kyoto Univ., *MPI and Tokyo Univ., ++JAERI, tt¥Dept. of Chem. Tokyo Metro.

Univ.
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light particle and incident energy increase. The particle emission
probability in the exciton model is calculated by using the detailed
balance argument. However the PEQ process in heavy ion reactions may not
proceed in completely statistical way and it may be necessary to take into
account some correlation effects for composite particle production,

The coalescence model takes into account such an effect, where
composite particles are assumed to be synthesized by the coalescence of
free nucleons which happen to occupy the same momentum space PO' The
analysis in terms of the modified coalescence model can describe compcesite
particle spectra quite well except for o at forward angles. Extracted
coalescence radii P, are about 140 MeV/c for d and t and about 220 MeV/c
for o or equivalently root-mean-sgquare radii ers of the highly excited
zone are 4-5 fm for 4 and t and about 2 fm for .

Because the coalescence model makes no specific assumption about the
dynamics of the reaction, source spectra of nucleons (proton or neutron)
are not predicted by the model and usually taken from the experimental
data. However we note that the proton and neutron spectra are well
described by the extended exciton model. Thus we could reproduce light
particle spectra fairly well by the coalescence model incorporating with
the exciton model.

We note a distinctive aspect of alpha producticn; larger coalescence
radii P0 (or equivalently smaller radii ers of the highly excited zone)
than those of 4 and t are observed, implying abnormally large cross
section for © emission. This feature of large cross section of o is
commonly observed in light heavy-ion {A 7#20) induced reactions with the
energy between just above the Coulomb barrier and 20 MeV/A, but not in
relativistic energies. The large cross section is not totally attributed
to the decay of 8Be and excited projectile-like fragment, because its
contribution is estimated to be at most 30% at forward angles where the
effect is most significant. If we consider the particle emission from a
single highly excited zone, ers for each composite particle should be the
same, implying much smaller cross section of o than the experimental data.
Therefore the large cross section of « may suggest another mechanism of
production rather than that considered until now. One possibility is
strong c—clusterization in preequilibrium process, which may be related to
the a-cluster structure of light heavy ions or to the ligquid-gas phase

transition discussed in Ref. 6.

— 100 —



JAERI-M 84-085

{2) We have also measured the longitudinal momentum transferred to the

target (Ap) in the light particle emission of qu on 232'I'h reaction at 208

MeV7). The transferred momentum was deduced by measuring the folding

angle between the two fission fragments resulting from the sequential

decay of the target-like nucleus. One of the most remarkable facts is the

4

observation that the average values of fraction £ = (<Ap> + Pout)/Pbeam

are about 0.68 almost independently of light particle species and the
V4

ut
to the beam carried away by the observed light particles. This indicates

detection angles (10°-55°), where Po is the momentum compeonent parallel
that all the observed particlesg, protons, deuterons, tritons and o
particles, are emitted from the same system that is produced in a reaction
with around 70% momentum transfer. This suggests a possible mechanism to
describe the phenomena in the following. Firstly some part (about 30% in
this case) of the beam momentum is carried away by unobserved ejectiles

and then the remainder of the projectile interacts with the target strongly
and forms the preequilibrium system, and finally the PEQ system decays by
the preequilibrium light particle emission. The decay process may be
described by the exciton modelz). The mechanism discussed above may be

8) of breakup in deep-peripheral

related to the recent theoretical work
region followed by fusion. More complete theory taking into account both
first process (breakup) and the preequilibrium emission should be needed

in order to see whether the above mechanism is really respondible for the

experimental results or not.
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I11.4 Pre-Equilibrium Light Particle Emission

in Heavy Ion Induced Reactions
Koji Niita
Department of Physics, Tohoku University

We have presented a model to describe the pre-equilibrium process in
heavy-ion induced reactions. It is an extention of the time dependent
statistical theoryl), which we have developed to analyze the energy trans-
port in deep inelastic heavy-ion collisions. The basic idea of our model is
as follows. We simultaneously take into account two different kinds of
procesges. The one is the relaxstion of the relative motion between the
colliding nuclei, and the other is the eguilibration process of the excited
nuclei. As for the relaxation of the relative mction, we assume the one-
bédy dissipation mechanism: simlilarly to deep inelastic heavy-ion collisions.
Namely, we assume that one particle-hole pair is succéssively created by a
coliision with the moving wall of the other nucleous. The kinetic energy of
the relative motion is thus converted inte intrinsic excitation energy. The
excitation energy is then spread over many particle-hole pairs through the
two-body residual interaction. During the eguilibration process, the light
partieles are emitted by. the two-body residual interaction. We neglect the
particle emission due to the one-body interaction, and also the multi-
particle emission processes.

Based on this idea, we have deribed a coarse grained master egquation
which determines the time evolution of occupation probability of different
intrinsic states. As stressed above, it describes not only the equilibra-
tion and the particle emission process as in the usual exciton model, but
also the energy supply from the relative motion. The coarse graining cell
is specified by the combined index (E,m), E being thé excitation energy and
m the exciton number. Onceé the occupation probability is known, the energy
spectrum of the emitted particles is calculated in the same way as in the
usual exeiton model. We consider only nucleon emidsions, and neglect ithe
emission of complex particles such as d, t, 3He and a. We have proposed
alsc a simple prescription to ealculate the angular distribution of emitted
nucleons. We cosider the phase-space cnly, and introduce the level density
which takes into account the total linear momentum of exciton gas.

The study of th and 160 induced reactions has shown that our model is

—102—
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a useful model to elucidate the pre-equilibrium effects in heavy-ion induced
reactions.(see FPigs.l and 2) For example, the systematics of the moving
source parametersE) can be understood by'the present model by considering
the moving exciton gas, i.e. the exciton gas with a finite linear momentum.
The test of our medel for heavier projectiles is, however, still necessary.
Another interesting information can be obtained from the study of the
emission rate. It suggests that the light particle emission process can be
roughly devided into two stages. The one is the pre-equilibrium stage and
the other the equilibrium stage.
References
1) N. Takigawa, K. Niita, Y. Okuhara and S. Yoshida, Nucl. Phys. A371(1981)
130; K. Niita and N. Takigawa, Nucl. Phys. A397(1983)1k1
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III.5 Evyidence for Lower Angular-Momentum Cutoff in Heavy-TIon

Fusion Reactions
T. Nomura
Cyclotron Laboratory, The Institute of Physical and Chemical Research

The existence of a lower cutoff in angular momentum that limits the
complete fusion cross section in a heavy-ion reaction has been predicted
by the time-dependent Hartree-Fock calculation as well as by the semi-
classical coupled-channels model calculation. However, no clear experimen--
tal evidence for this effect has so far been found. A main difficulty in
the experimental search for the effect lies in the fact that the expected
magnitude of the effect influences only a small fraction of the reaction
cross section. We should therefore look for observables that are sensitive
to the exsistence of the low-spin cutoff.

It is well known that high-spin states in a highly excited light
nucleus preferentially decay by the evaporation of w-particles, and that
low-spin states deexcite mainly by the emission of nucleons. When the
evporation residues resulting from the fusion reaction are classified by
the number of a-particles evaporated in the decay chain of the compcund
nucleus, those nuclei prcduced withcout the emission of a-particles
originate mainly from lowest-spin states in the compound nucleus. The
yield of such residual nuclei is therefore comnsidered to have high
sensitivity to test the possible existence of the low spin cuteff in fusicn

reactions,

We have measured cross sections of some residual nuclei produced in
the 16O+120 and a+2aMg reactions by using the technique of y-ray spectro-
scopy. The low spin cutoff is predicted to occur at Ec.m.=29 MeV in the
l60+126 system, which corresponds to the excitaicn energy of about 46 MeV
in the compound nucleus, whereas nc such effect is expected to exist in the
u+24Mg system at the similar excitation energy. An advantage of using the
vy-ray spectroscopy is that it is often possible to discriminate low-spin
vield from high-spin yield in the same residual nucleus. For instance,
the nuclei 22Na and 24Na are known to have l+ isomeric states at the first
excited levels, while the ground state in 24Na is &+, and that for 22Na

+ + 4+ 24
is 3 . Therefore, the yields cf the l++é+ and 1 =3 vy-transitiouns in = Na
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and 22Na respectively roughly represents low-spin population in these
nuclei, which should be sensitive to the existence of the low spin cutoff
especially for the case of the l++4+ transition in 24Na because this
nucleus is produced without the emission of a-particles.

A part of the present experimental results is shown in fig. 1. It
should be noted that the product cross sections in the u+24Mg system have
been multiplied by a factor of ({b/%;)z, where {b and XA are the relative
wavelengths in the 16O— and a-induced reactions, respectively. Therefore,
the values of the product cross sections (o) must be equal to each other,
if the residual nuclei are produced from the decay of the compound nuclei
having the same distribution of angular momenta. It is clear that the
values of ¢ for the 1++4+ transition in 2E‘Na are by 2-4 times smaller
in the 16O+12C reaction than those in the u+24Mg system, while the values
of o for the high-spin yield (4++3+ and 5++3+ y rays) in 22Na are nearly
the same in both reaction systems. The o values for the l++3+ transition
in 22Na in the 160+12C system are about 50 % smaller than those in the a+
2&Mg system, These facts clearly indicate the effect of the low-spin
cutoff in the case of the heavy-ion fusion reaction. The product cross

sections of other residual nuclei (not shown in the figure) are also

consistent with the existence of the effect.

Fig. 1
The measured product cross
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