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Abstract. Cross-sections for production of evaporation residues from the compound nucleus
96Ru* formed by fusion reactions 28Si + 98Zn, 28 + %*Ni, *’Cl + *°Co and **Sc + *'V have
been obtained from the yields of their characteristic y-rays. The measurements span an
excitation energy range of 55MeV to 70MeV of the compound nucleus. The evaporation
residue (ER) cross-sections have been analysed in terms of statistical model for the decay of
the compound nucleus. A good agreement is found between statistical model calculation
and the experimental evaporation residue cross-sections in all the four cases. It is shown
that the average angular momentum ¢/ of the compound nucleus can be deduced from a
comparison of the experimentally measured and the statistical model predictions for the ER
cross-sections. The validity of this method of deriving 7 has been discussed for the case of
16Q + 154Sm system.
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1. Introduction

The study of heavy-ion fusion reactions is a topic of current interest (Signorini et al
1988). Such reactions are employed to produce nuclei at high excitation energies and
angular momenta for nuclear structure studies. Apart from this, there is a considerable
interest in trying to understand the mechanism of fusion reactions for a large range
of energies and a variety of target-projectile combinations. The measured cross-
sections for sub-barrier energies have been found to be orders of magnitude larger
than those expected on the basis of simple one dimensional barrier penetration models
(Beckerman 1988; Steadman and Rhoades-Brown 1986). While there is a good
understanding of the process for relative kinetic energies of a few MeV per nucleon
above the barrier, there are still unsolved problems for higher energies, especially in

‘heavy systems (Mosel 1985). An associated problem of interest is connected with the

decay of the nucleus formed after fusion. Evaporation residues (ERs) are formed after
the fused system de-excites by particle emission. The mass distributions of the ERs
have been studied in a few cases (Piihlhofer 1977). In some cases, the same compound
nucleus (CN) formed at similar excitation energy and angular momentum, by different
projectile-target combinations showed different relative ER populations, indicating
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entrance channel effects (Ruckelshausen et al 1986). It has been reported that the
energy spectra-of the evaporated charged particles are softer (Alexander et al 1982)
when compared to statistical model calculations. Thus it is necessary to study the
formation and decay of CN systems in a number of cases and over wide excitation
energy and angular momentum ranges. Such studies can lead to a better determination
of the statistical model parameters. As is shown below, these models can then be used
to derive other useful properties of the CN, like the average angular momentum.

The ER yields can be measured either by detecting ERs themselves through
time-of-flight techniques and/or recoil mass analysers, or by detecting them by
measuring the yields of their characteristic y-rays. In the first method, the angular
distribution of the ERs with respect to the beam direction, which comes about as a
result of the transverse momentum imparted to them by the evaporating particles,
has to be investigated in detail for obtaining the ER yields. In the recoil mass analysers,
the charge state distribution of the ERs coming out of the target causes another
source of uncertainty. The gamma-ray method requires a prior knowledge of the level
schemes of the ERs, but is largely independent of the angular distributions of the
recoiling ERs. In the medium mass region, specially near the Coulomb barrier, the
total yield of residual nuclei can be taken as the total fusion yield as no other competing
fusion-like reaction mechanism, like incomplete fusion are present.

In the present work the decay of the CN ?°Ru produced in the fusion reactions
288i + 68Zn, 328 + $*Ni, 37Cl + 3°Co and **Sc + 5!V has been studied using the y-ray
method. The measurements span an excitation energy range of 55MeV to 70 MeV
and an average angular momentum range of 64 to 30% in the CN. The yields of a
large number of ERs from the decay of the “*Ru compound nucleus have been
measured and compared to the statistical model predictions. Having established the
values of the statistical model parameters, data on the relative ER yields have been
used to derive average angular momenta, 7, in the CN.

The experimental details of the present work and the results of the evaporation
residue cross-section are given in §2. A brief description of the statistical model and
the parameters used is given in § 3. In §4, a method is-described whereby the average
angular momentum can be derived from the relative yields of the ERs. The importance
of average angular momenta, so obtained, in the fusion process has been discussed

in an earlier report (Dasgupta et al 1991). Section 5 gives a summary and conclusions
of the present work.

2. Experimental details

2.1 Beams and targets

The CN °°Ru was produced in the present work through four different target projectile
combinations. Table 1 shows details of these combinations and the energy ranges for
which measurements were made. The experiments were performed at the Tata Institute
of Fundamental Research (TTFR) -~ Bhabha Atomic Research Centre (BARC) pelletron
accelerator facility, Bombay.

The momentum calibration of the analyzing magnet at the pelletron accelerator
was made (Navin et al 1989) using the 14.231 MeV resonance in the '2C(p,y,) 3N
(Ajzenberg-Selove 1986) reaction. The thickness of the targets used were such that
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Table 1. Details of beams and targets.

E,. Current Target thickness
Beam' Target MeV) (pnA) (ug/cm?) Backing
28gi 68Zn 70-100 5-15 146 + 36, 123 + 27 Bi
(98:3% enriched) '
328 54Ni 78-100 5-15 3001 +£4588+10 Au
(97-9%, enriched)
37C1 59Co 88-115 5-15 165+ 11 and Bi
(natural) 136412, 123 4+ 16
435S sty 110-134 2-10 67+7 Au
(natural)

the energy loss of the beam was 1 to 3 MeV. The effective energy in each case was
determined from the known target thickness and the measured excitation function
and the energy loss tables (Northcliffe and Schilling 1970). It is estimated to have
uncertainty of ~ 100keV. The beam charge was measured by calibrated commercial
current integrators.

All the targets used in this work were made by the vacuum evaporation method.
The targets were backed by catcher foils/backings to collect the recoiling ERs. Foils
of high Z materials were used as backings. In the case of *°Co and °®Zn the target
materials were evaporated on to Bi backings (~ 30 mg/cm?), thick enough to stop
both the recoiling nuclei and the beam. Bismuth backings were made by repeated
evaporation of Bi (purity 99:9%) on to a 1 mm thick copper backing. The copper
backing was provided to act as a heat sink during the irradiation. In the remaining
cases, the targets were evaporated on to thin (~ 600 ugm/cm?) gold backings. The
beam and recoil nuclei go through the gold foil and are stopped in a thick (50 mg/cm?)
gold catcher placed immediately after the target. Target thicknesses were determined
using the X-ray fluorescence technique or proton induced X-ray emission (PIXE)
method (in the *Ni case). In the X-ray fluorescence method, the 14-4 keV y-ray from
a ~ 25mCi *’Co source was used to produce the fluorescence. The target thicknesses

- were determined by comparing the characteristic X-ray yields from the target and a

foil of known thickness (0-5 to 1:0 mg/cm? thick) of the same material in an identical
geometry. Corrections were made for the absorption of the 14-4keV y-ray and the
characteristic X-ray in the target. PIXE measurements were done using 2 MeV protons
from the 5-5MeV Van-de-Graff accelerator at BARC, Bombay. A Si(Li) detector with
a resolution ~200eV at 6-4keV was used in both cases for measuring the X-rays.
The typical uncertainties in the target thickness measurements were estimated to be
~ 10-15%.

2.2 Measurements of y-ray yields

The gamma decays from ERs have been measured through on-line and off-line
methods. The characteristic y-ray energies and the half lives for the ERs are listed in
table 2. In the on-line measurements, the y-rays were detected by an energy and
efficiency calibrated ~ 110cm?® HPGe detector, kept at a distance of ~ 5cm from the
target at ~ 55° to the beam direction to minimize the angular distribution effects. To
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Table 2. Characteristics of the measured evaporation residues (ER). T;,, and E,
represent the half-life and characteristic y-ray energy of ERs. The fraction of y-ray
yield per decay of the ERs is given in the last column. The values for Ty, E,
and fractions have been taken from compilations by Lederer and Shirley (1978).

ER Channel Measurements T2 E,(keV) Fraction (%)
%Ru 2n Off-line 52 min 3672 7942
94Tc pn Off-line 293 min 8711 100
94mTe 52 min 871-1 94 + 1
93Ru 3n On-line — 1392 —
3 Tc p2n Off-line 2-7hrs 1363:0 66+ 2
23mTm 43 min 392-6 6042
93mMa 2pn Off-line 6-9 hrs 6847 99-7 + 1-0

2631 567 + 50
92Ru 4n Ofl-line 3-65 min 2137 917+ 02
%2Te p3n Off-line 4-4min 1509-6 100

773-0 97+5
2Mo 2p2n On-line — 1509-6 —
"Mo on On-line — 14139 —_
%Mo «2n Off-line 5-7 hrs 2573 776 + 30

122:3 64-1 + 3-7
°ONb apn Off-line 14-6 hrs 1129-2 927 + 50
89Nb ap2n Off-line 2-0 hrs 16272 36+02

determine the cross-sections of short-lived ERs, the decay spectra were recorded for
10 min in the on-line configuration immediately after switching off the beam. The
off-line measurements for long-lived ERs were made in a close geometry by removing
the target (when the target is deposited on thick Bi) or the catcher to a different
location after each irradiation. A set of two targets was used in the case where the
target was evaporated on to thick Bi backing. The decay spectra were recorded for
typically 3-4h and even longer in some cases.

The compound nucleus °Ru was produced at similar excitation energy for all the
cases studied in the present work. Though as many as 12 ERs have been identified,
not all of them have been used for determination of total cross-sections as explained
below. The yields of stable ERs, measured by on-line techniques, are obtainable from
the sum of yields of all the transitions feeding the ground state plus the yield to the
ground state itself, which cannot be determined by this method. The average angular
momentum for all the cases measured in the present work at most of the measured
energies is > 12 k. Thus, for low values of the ground state spin (e.g. 0" in the case
of even—even ERs), it is a very good approximation to neglect the direct feed to the
ground state. This approximation is in agreement with the yields of (1/2)~ and (13/2)*
activities of >*Ru and (2)* and 7% activities of °**Tc where the feed to the (1/2)”
and (2)* state were measured to be less than 15% and 10% of that due to (13/2)*
and 77 levels respectively. Further, in the case of an even—even nucleus (°*Mo for
example), the 2* —»0" yield represents the total yield of the ERs to a good
approximation. This was confirmed by measuring (Dasgupta et al 1988) the y-ray
yields following ®2Mo (o, 2n) **Ru. Thus for the even—even stable ERs the 2t —0*
y intensity was taken to represent the total yield of the ERs. In some cases, the ground
state spin of the stable ER is reasonably large, e.g., for the 3n channel resulting in °>Ru,
the ground state spin is (9/2)* (Lederer and Shirley 1978). In this case the measured

P ¢

Rp——y

o Y



295

Heavy ion induced reaction

‘ouueyd uzd £[uQ, 28v1one pajysSIOM | WO/(LT F €TT) $SAUOIY1-1081E) U7y, ¢ /31 (OF F Ob]) SSOUNOIYI-108Ie} UZgg,

(0dzey (SOl T @@Ly raran| (£)98 (1-0)1¢ #)18 (50-0)£9-0 alOL

(L-0),-97 8€),2Ls  (SO0ILLO (toeor  p1)8El wyLY @8y (S)r¢t worr (09 (L6 (€011 oL -OL
(€017 (yoieh (+0-0)08-0 (6)s¥e )ss (9)s¢ Doy (@cr1 @19 4081 w)L6 (¥1-0)98-0 LS9
w0)e-61 (99T (#0-0)18-0 Wyiz  (60)L8T Lvg€r  (60)6¥C (¢)es @y (8:0)5-1 (€)€L (90-0)29-0 9-€9
(8-0)5-81 (€npeT (+0-0)78:0 (961 (C-OTEl (L-Ov-81  (80)8¢€T {(9-0)2-79 (6-0)6-5¢€ — (37772 (90-0)89-0 19
20 (OD¥61 (#0-0)18-0 ©Ls1  @DT8 (610951 (Looor  (G0sLy  (LOWST — (@59 (90-0)25-0 a0-09
(b-0)8-51 6)1L1 {»0-0)08-0 ©er LSy (c-1)eer (5-000:91 -0)z-ov (9-0T-L1 — 000€9  F0-0)er0 «9-86
@8 (s-0)¢-1 (z1os (€-0)5-6 (s-0)8-0C #-0)0-6 — (C-Dvvr  (0-0)9€-0 ql:LS

(+0),8¥1 @it $00)6L0 (@96  (LOET (ovsor  (F0911 6009tz (90Tl — (L168y  (T00EED eI-LS
(P20 24l 6L (#0-0)8.-0 (N9 110> (L-0)LS (€-0)8-L (S-0)1-91 0n6L e (1rns1e  (€0-00LT0 95
{(s-0)t-11 (¥)9s (50-0)9L-0 (Dev — (s-0vv (1-0)9-% (Z-0)8-8 (€-0)6:C — (ong+¥c (20-0)€I-0 a0-SS
(8-0)9-9 (@6t (50:0)5L0 (L-0)s-12 — (061 (1-0)61 (z-0)9-¢€ (c-0)0-1 — (0s-00€1  (10:0)L0-0 «9-€S
9> (S-0)9-€ (90-007L0  (bZ-0)9S-T — (90-00£0  (+00)STO0  (0T-0)08-0 — — (01-0)5°1 (10-:0)10-0 aC-TS

— €1-:0079-0  (01-0),550  (50-009¢-0 — — (10-00Z0-0 £0-0> — — (#0-0)¥€-0 — «L0S

() (qun AAVSVOf (qu) (ugdn) (udx) (ug0) (ugdg +ugd)  (ugd) up (uzd) (u7) {ASI)

Z Mo Wioly 9Neg INos OWos ONze +Lze RARY MYz OLes L. P g

(jouuByD 11X9) SN3[onu [enpIsay

JA

"(1%91 235) arnpasord
sosA[eUR 0] ONp SINJUIRIIOUN Y} IPN[OU JOU SIOP SINJBA 7 Y] UT (S19)0rIq UH[IIM) AJUIB)I20UN Y] 'SSOUNOIY) J9318] O} 0P SONUIE}IaOUN 3Y} IpR|dul J0U 0P
‘sjadorIq UM pajonb ‘SJUOMWAINSBALI UOID3S-SSOID 9] m_ SOIUTRIIGOU() "JX3] 9Y) Ul PAQLIOSIP SE 7 JO 9n[eA [} SOAId uwinjoo jse| oy, ‘FAVISYIS (g Hiplz
10] U9AId sanjeA oY) SUIPIAIP £q Paure}qo SI ‘9SIMIAY)0 PoUuOnUAL.SsIun o ‘U0K1D3s-SS01D commzm 8101 Y[ ‘S[ouueyd 352yl 10j pJaIL [B101 A3 JO UOnIRI)
a2y} 10§ suonpipaid AQVISVD 243 sojouap IAVISVIL «(x) 0} (1) SUWIN[OO UT HAAIS SUONOIS-5S0I0 Y Y} Jo wns oy spussardar Hio!g ‘uz., + 1§, Wyshs
ay} 10j ¢/ ‘Bluswow Iendue s3eIoAR paonpap pue ‘Yo ‘SUONI9S-$S01D UOISHY ‘{qu ur] suond3s-sso1d (Y) onpisar uoneroded [ejusuitiadxy g AqBL



SO S P S e s o YRR e A e i L

" WO/BT(SH F 1-0€) SSOUNDIYI-19810Y INL, 04 WO/SH(Q] F 88) SSOUNOIYI-19318) IN,ge

(o1)0€e (L¥)069 ($0-0)8L-0 (vo)ges {og)zet ($)s9 0-5)0-9¢ (o1)6L1 — ($)99 1-€L 48-601

(9-0)9-61 {(9€)60s (50-0)08-0 Loy (8)8L (@zs 0-00-€¢ (ongLr (s)96 WL 869 oL F01
(£-0)s-81 (19L28 (+0-0)28-0 (11)892 (L)6s (0-7)0-0¢ (0-00-€2 (L)66 — WL 599 a8-66
(5-0)5-91 (81)10€ ¥0-00¥3-0 (6)esc (1-¥)s-9z (€1)L1¢g D0t (Lern (¥)s9 (©)19 8-¥9 L6
(9-0)0-91 {SDpeT {#0-0)¥8-0 (8)L61 (0-)0-11 (0-1)o-ce (0-0)00t (S)v8 - (£)o9 €9 4876
(9-0)z-¥1 (1103491 (¥0-0¥8-0 (9)6zt (1-9)S-11 (L-0)s:S1 (#-0)6-01 (1-€)0-08 (r-1)8-1C Tdror  #19 126
(9-0-zi (5)8L (+0-0£8-0 (£)s9 — {L-0)L-€ (c-0)eT (8-1)8-8¢C — (0-00-0¢ 665 1868
' (8-0)8-01 WS (#0-0)180 (Qop (9-0)8-0 (8-0)¢-L (zZ-0)6€ 0-D141 —_ (1-1)L-61 78S L8
o166 (©¢p (50-0)18-0 (1)s¢ (€-0}L0 )Y (1-0¢-¢€ (L-0)8-01 8-0)¢ (8-0)L-S1 LS «L-98
(0-£)0-6 (£)st (50080 (9-1)5-61 — (8-0)L-T 0T 0-1)8+v — (6-0)8-6 695 a£-$8
— (5-0)9:9 (50-0)9L-0 (+2-0)86F — (£L0-0)€9-0  (20-0)5€0 (To1 (z-0)s-0 {1:0)9-C I-SS T8
— (6-0)9-1 (50-0vL-0 (#9-0)L1-1 — (09-000z0  (0T-0)0£0 (80-0)Z1-0 — (80-0)$5-0 6-€S 808
— (50-0)0Z-0 (90-0)1L-0 (£0-0)¥1-0 — (z0-0)y0-0  (20-00¥0-0 (10-0)20-0 — (10:0)%0-0 $-TS :9-8L

(w (quu) Favasvas (qur) (ugdn) (udw) (ugn) (ugdg + ugd) (ugd) (uzd) (A (ASN)

7 Mo ol ANes ANos ONoe O ¢ +9Lzg AR ARy g ™y

(jouueyo 11Xa) SNI[ONU [BNPISIY

«(1mA) 01 (I11) SUWINjOD Ul UIATS SUOII09S-55010 Y 21} JO WINS oY1 ST ¥90'T "IN, + Sy¢ JO 95BD 9] 10J INq € 9|q¥) SB SWeES “p AqEL

M Dasgupta et al

296



297

Heavy ion induced reaction

‘a8e1oAe pajySiep , ouueyd ugd A[uQ, ‘puuryod UgL

SuIpnxy, ‘PIUNLISISP 10U SSAUNOIY) 1o81R ], ,WO/B1(9] F £71) Ssaudiy1-19818] 0D, ., *,WO/8r (7] F 9¢]) ssouxoryi-1a81e] o ¢, wo/3 (1] F §91) ssauyo1y-1981e) 0D, ¢

P01t (81)96¢ (€00)¥80  (oveee (L98€9  (Tvsye  (TDeve (O)Tx4t FeiLoL  (LO8IL (OS] 9-0L 81T

(s-0)¢-61 (61)oLg (£0-00¥8:0 (11)91¢ (69)Tse  (@Pize  (€1)9v¢ 9)1¢1 ToecL (L)8I13 011 1-89 28011

(®sst Gy (0egr (O16LT (S)1o1 #o)1-8s  (8O)8¥L (2-0)9-0 9:69 $8-901

(0,081 (€L (€0-0)¥80 Wiz wy)Lor  (Loeor (@D (8-€)%-88 ey (D129 (100 9-69 28901

(L-0)0-L1 (8g)sze (€0- 080 (1£)681 (¢)sy (61)6T (6:¥)0-S1 (61v-Ts #nest @RSty 0z-0> 6-€9 0-+01

(S-0)ZS1 — otz (9€)Lsc  (OD9I1E€ (1-°01-8C 9ozt (€99vL  (09)1¢8 — L-€9 al €01

(£:0)9-61 (01181 (£0-0)#80 (9)zst Tyo1r  BDser (L0091 (90109 &-Dzie 09908 (z-09-0 €9 28201

(9-0)L:51 TNzl (£0-0)¥8-0 (6)901 o1y (9-L)s€ Caara W 1)s-€p (01697 - (S€)L9% 01-0> $79 9-101
(9-0pv1 (0196 (+0-0)£8-0 (L)08 TL> (19091  (0-0T8 (6-0)5-€T — (1-08-1¢ 70> 609 <166
(068 — (L-0)v-8 0)L-6 (9-1)¢-5¢ (6-0)p-s1  (eDTse  (B0-0WE0 909 $9-86
(P0)L-11 (£),001  #0-0)€8-0 (@¢L — (L-0)1-s #0v-8 1)66T ©0czr (@96  (LoOWwio 909 29-86
(@18 — 0-1)s-8 (€-0)8-8 (L-1)9-1¢ Lo1¥1  @vzze (000080 909 +9-86
(0-1)¢01 (2)89 5(S0-0)LL0 (L)Ts — ) 2a — (8-08-61 S-0)p-L (Lot 600> 0-09 9-L6
(0-D0-01 — @)Ls — (L-0)0-9 (s-0)¢9 (eDL-61 — (¢-0)6-¥C — 0-6S 4096
168 @1ic b0-0)6L0  #1)8-91 — (0-Dzt (s-0)¢-1 (06 (1-0)L1 (60078 100> 186 SV6
9> — (S0-0)8L0  (80)L-TI — (#-0)5-1 (€011 00+ — (S-0)19 — TLS q0-€6
9> 0-De-L (S0-08L0  (L-O)LS — — (9-0)L-0 (1-0)61 (01090 (£01€ 100> TLS 0-€6
{z199 (L-0)6°T (500050 . (S-0)%-1 — — (5030 (£0-0¥T-0 #0-00900  (Z-0)8-0 700> 79§ 516
— (€-0)s-0 [(80:00090  DIT — — t-1)8-1 — — (z-0)€-0 700> 1299 106

(W) (qui) Javosvoys (qua) (ugdw) (udx) {ugn) (uzdg + ugd) (ugd) {uzd) (w7) (A9N) (A2W)

7 Mo Holy ANes ANoe ONe O 6 +9Lze OLze AR L3 0% oy iy

(jouwreyd 31x3) snoponu [enprsey

*(X1) 01 (I11) SUWN[OD UI UIAIS SUOII09S-SSOID Y oY1 JO wms 2y} stussordar ¥oly -wisyshs 0Dg¢ + 1D, ¢ 0] INQ € 9[qE) SB SWES 'S JqEL

P A




T—
S
-3
Y
3
S
2,
=
)
]
N
Q

298

(8-1)0-0T 09)s¢y  b0-0)6L0  ()P¥PE (8e)¥¢€1 (1Dve {(6-9)6-LT 8DLIT (on)se (g-L)e-1¥ I-1L 8-€€1
(8-0)z-L1 w009z  (F00)780  (LDEIT 1oy (0€)g-s1  (0g-1)TS1 (6)s01 — (z080e 069 8-6C1
(8011 (€nect  (co0)sg0  (onsirt (9081  (@eor  (€1)68 )9 — 9-D¥-LT 659 0-¥T1
{(6:000-¥1 (616  (£0-0)98-0 (L)8L (0-g)s01  (©€)08 oneL . O9LE — €DLvy Y9 - 8071
(8-0)7-01 sy  (€0-0L80 9991y  (TT)99 (50)6:1 (eD1e W0)sTe — (5-0)$-L 979 8L11
(8-0)0-3 (010907 (€00)980 (9-0)L-L1  (T0)SS (€060 (1021 (5-0)T-L Q- D¥¥ (1-0)6T 019 8vi1
6> w1ss  (€00rs0  @DN9v (080011 (00800 (600)TH-0  (08-0)OLT (LO-O)ET-0  (60-0)190  +-6S 8111
— 06:000Z-1  H00) 180 (9.-0)86-0 — — — (9L-0)¥8-0 — (Zo-Oy1-:0 €8S L-601
(u) (qu) qavasvaf {(qu) (uzdw) (udx) (uzm) (uzdz + ugd) (ugd) (uzd) (ASWD) (AW

/ Mo Rl led qNesg INos ONos OWze +9Lze AR OL¢s g ™y

(jouueyo 1IX3) SNapony [enpissy

“S)uUoWAINSEAW 2y) FuLNp pasn sem ,Wo/3rf (L F £9) SSUNDIY) JO 108I8I A V “(ma) o3 (1)
SUUINJO) Ul USAIT SUOI}OSS-SSOID Y Y1 jo wins 3y} sjudsaidar g7 wayshs A ¢ + 9Sy, JO 3SBO 9Y) 10] Inq ¢ 9[qE) SE dWeS °9 T




v

A

Heavy ion induced reaction 299

yield of (13/2)* —(9/2)™ v transition does not correctly represent the total yield of
the ER. Such cases, even though analysed and corrected for angular momentum
distribution, were not used in deriving the total fusion cross-section.

The partial cross-sections for the production for the various ERs have been
determined from the measured y-ray yields (after correcting for feedings from decay
chains of neighbouring nuclei), known target thickness and the total number of beam
particles incident on the target. While the relative cross-sections have uncertainties
of ~5-7% due to counting statistics and the uncertainty in the determination of the
detector efficiency, the absolute cross-sections have an additional uncertainty due to
target thickness measurements. The partial cross-sections for the several channels so
obtained are listed in tables 3-6, for the four different reactions. The errors quoted
do not include the target thickness uncertainties.

3. Statistical model calculations

The statistical model code CASCADE (Piihlhofer 1977) was used to calculate the
partial ER cross-sections. Only the decay and not the formation of the CN was
considered. The statistical model analysis of the partial ER cross-sections has been
performed with two separate objectives in mind. In the first part described in §3.1,
the ER cross-sections for several energies are compared with the predictions of the
statistical model in order to determine the model parameters. In the second part,
discussed in §4, a more ambitious analysis is made in order to extract average angular
momenta, Z, from the measured partial cross-sections.

In the statistical model, the emission probability for the decay of a CN at an
excitation energy E; and angular momentum J; and parity =; to a daughter nucleus
f at an excitation energy between E, and E,— dE, and angular momentum J, and
parity n, by the emission of a particle x with kinetic energy ¢, spin s, and orbital
angular momentum 7, is given by (Thomas 1964),

Rxd8x=rx(8x) — pf(Ef,Jf’ ﬂf) Jf+Sx J‘is
h znhpi(Ei,Ji, 7ti) S=|-’1“S,“=[J,.-S|

where S = J, +s, is the channel spin in the exit channel and E;=E, +¢,+ B,, B,
being the separation energy of x. p; and p, are the level densities in the parent and
daughter nuclei respectively. The T,(,) are the transmission coefficients in a time
reversed reaction of the particle x of energy &, on the daughter nucleus f at an
excitation energy E,. One usually obtains these either from global optical model
parametrization and/or from the scattering of x on the nucleus f in the ground state.
Similarly the probability of decay by a y-ray of energy between ¢, and ¢, + d¢, and
multipolarity A to produce nuclei with energy between E,[E,=E,+¢,]and E; —dE,
and angular momentum J, and parity =, is (Sarantities and Pakes 1967; Grover and
Gilat 1967) ‘

T!(ex)dax (1)

rv(sv) — pf(Ef’Jf’nf)
h 2nhpi(E;, J;, ;)
{,(E,) are the energy dependent y-ray strengths.

The code CASCADE follows such decays till the end (i.e. until no particle emission
is energetically possible).

Ryde-y = Cl(Ey)831+1 (2)
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3.1 Inputs

The inputs to the program consist of (i) the ground state masses of the nuclei in%olved
in the decay cascade (ii) the transmission coefficients for the inverse reaction involving
the various emitted particles (iii) y-ray strengths (iv) the level densities for the various
nuclei as a function of excitation energy and angular momentum and (v) the angular
momentum distribution in the CN. The above inputs are summarised in table 7 and
are described briefly in the following:

(i) The ground state masses wherever experimentally known have been used (Wapstra
and Bos 1977)

(i) The emission of protons, neutrons and alpha has been considered. The optical
potentials used for obtaining the transmission coefficient T,(e,) have been taken from
the work of Perey (1963) for protons, from Wilmore and Hodgson (1964) for neutrons
and from Huiezenga and Igo (1961) for alpha. All these potentials employ Woods—
Saxon (WS) form for the radial dependence of both the real and imaginary parts. It
was observed (Alexander et al 1982) that the charged particle spectra in general and
alpha particle spectra in particular are softer than those expected on the basis of

Table 7. Parameters for the evaporation calculations using the code CASCADE.

Angular momentum distribution in the compound nucleus  As predicted by CCDEF
Optical potentials for emitted particles

Neutrons (Wilmore and Hodgson 1964)
Protons _ (Perey 1963)
a particles (Huizenga and Igo 1961)

with two different diffuseness of
0-58 fm and 0-73fm

y-decay strengths

E1 strength 1074 W.u.
M1 strength © 3x 1072 W
E2 strength 5W.u.

GDR energy 15:0 MeV
GDR width 55MeV
GQR No GQR

Level density parameters
Region I(E* < 10 MeV)

Level density formula Fermi gas level density

Moment of inertia Effective moment of inertia
Icff = 0'621rigid

Pairing energy From ground state mass
differences

Backshifting of the ground state No backshifting

Region III (E* > 20 MeV)?

Level density formula Fermi gas level density®

Level density parameter A/9MeV~!

Moment of inertia Rigid body with ry = 123 fm

Deformation Liquid drop theory

Deformability® b=47x10"%c¢=12x10"8

“The level density parameters are linearly extrapolated between regions I and IIL

®The virtual ground state is calculated using a liquid drop ground state without shell and
pairing.

°Used to calculate the effective moment of inertia I.r = Iy, (1 +b£? + c£4).

Tt
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statistical model calculation and it was conjectured that this may be due to a
deformation in the CN. In order to investigate this point we made calculations with
two different diffuseness parameter in the real part o” the WS potential (0-58 fm and
0-73 fm) keeping the other parameters constant. The effects of this change in the
diffuseness parameters will be discussed in the next section.

(iii) Gamma-decay: The giant electric dipole resonance with a strength of 1009, EWSR
and a uniform 5 Weisskopff units for E2 decay mode has been considered. The location
of GDR resonance is taken as 78 A~!/3. A Lorentzian form for the y-strength {(E,)
with a cut-off at 32 MeV has been used. A single particle strength for M1 decay was
used in the calculations.

(iv) The level density is an important ingredient in the statistical model calculations.
Following Dilg (1973) the expression used for the level density p(E*,J) has the
form

(27 +1)  exp[2{a(E* — A} = J(J +1)20]
24ﬁa3a‘1/4’ (E* — A +1)5/% ,

where a is the level density parameter and ¢ is the thermodynamic temperature. The
ground state correction, A, has two contributions. The correction due to pairing
correlation and a backshift introduced by Dilg et al (1973). The pairing energies
extracted from the ground state masses in the region A ~96 were used in the
calculations. ¢ is the spin cut-off parameter defined as 6% = I 4t/h? where I ¢ is the
effective moment of inertia. The moment of inertia parameter for angular momenta

p(E*,J)=

©)

_up to spins of 16 i was extracted from the known yrast levels of Mo and °?Ru. This

corresponds to 0-62 of the moment of inertia of a rigid body. For higher angular
momenta, a form I g = Iy, (1 + b¢? + c/*) as suggested by Piilhofer (1977) was used.
(v) The angular momentum distribution in the CN has an important influence on
the relative ER fractions. The experiments were performed at energies ~ 5 MeV below
to 10 MeV above the Coulomb barrier. It is now widely known that in HI fusion
reactions below the barrier, the fusion cross sections are often orders of magnitude
higher than those calculated on the basis of one dimensional barrier penetration
models (BPM). The angular momentum distributions are also found to be wider
(extending to larger £’s) as compared to the expectations on the basis of BPM. Several
models have been proposed to explain these features. It is seen that the simplified
coupled channel calculations with inclusion of couplings to the inelastic channels give
reasonable agreement with the experimentally measured average angular momentum
(Beckerman 1988). Therefore, in the absence of information regarding the #-distribution
in the CN at sub-barrier energies, the predictions of the simplified coupled channel
model (using the code CCDEF) (Fernandez—Niello et al 1989) were used in the
calculations. It is well known that /-distribution in the CN at energies much above
the barrier are well represented by,

- 24 +1
[1+exp{(£ —£o(E))/a}]

All the above mentioned [(i)—(v)] parameters in the code were fixed at energies
above barrier by assuming a form given by (4) for the /-distribution and then
comparing the experimental values for the evaporation residue yields with those
predicted by CASCADE. The CASCADE parameters obtained in the above manner,

a,(E) )
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together with the /-distribution as given by the simplified coupled channel code
CCDEF were utilized to calculate the relative ER yields at bombarding energies
where the measurements were made. As described above, in the later calculations the
/-distributions as predicted by simplified coupled channel model code, were used.

3.2 Comparison with experimental results and determination of total
fusion cross-sections

The relative evaporation residue cross-sections were calculated using the above
parameters (see table 7) in CASCADE. The total cross-section could then be obtained
by summing the cross-sections for the measured channels and then by dividing the
sum by the summed fractions for these channels as given by CASCADE. For most
of the systems studied in this work, evaporation channels p2n, p3n, 2p2n, a2n, anp,
a2np have been used for the determination of total fusion cross-sections. These
channels exhaust 75-85%; of the total cross-section in the region of interest. In order
to check the reliability of the parameters used in CASCADE, the experimentally
measured fractional cross-sections were compared to those predicted by CASCADE.
A comparison of the experimental data with the CASCADE predictions are shown
in figures 1-4 for all the four systems with the channels grouped according to the
total number of particles emitted i.e. p2n, (p3n + 2p2n), (¢2n + apn) and ap2n. The set
of CASCADE parameters used in the above calculations are summarized in table 7.
A detailed comparison of the fractional yields for all the measured channels in case
of 28Si + 58Zn at excitation energies of 49-6 MeV and 56:0 MeV which correspond to
centre of mass energies 0-7MeV below and 6 MeV above the barrier is shown in
figure 5. The experimentally measured values can be seen to agree fairly well with the
CASCADE predictions. However, the CASCADE predictions for the ap2n channel
are less than the experimentally observed values for all the four cases. This may be
due to the level density in nuclei far removed from the CN (as in the case of ap2n)
not having been specified properly. The parameters used in the code were optimized
for A ~96. It may be possible to obtain a better fit by slightly changing the pairing
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Eigure 1. Comparison between measured and calculated fractional evaporation residue
yields for p2n (open circle, dotted curve), p3n + 2p2n (filled circle, dashed curve), a2n + apn
(open triangle, dash-dot curve) and ap2n (filled triangles, dash-dot-dot curve) in fusion reactions

of 28Si + %8Zn. The calculations were performed using the statistical model code CASCADE
(see text).
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Figure 2. Comparison between measured and calculated fractional evaporation residue
yields for fusion reaction of 328 + 64Ni. See caption of figure 1 for explanation.
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Figure 3. Comparison between measured and calculated fractional evaporation residue
yields for fusion reaction of 37Cl + 3°Co. See caption of figure 1 for explanation.
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Figure 4. Comparison between measured and calculated fractional evaporation residue
yields for fusion reaction of #3Sc + V. See caption of figure 1 for explanation.
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Figure 5. Detailed comparison between measured and calculated fractional evaporation
residue yields in fusion reactions of 28Si + %8Zn at two different energies. The calculations
were performed using the statistical model code CASCADE (see text).

energy for lighter nuclei i.e., for A ~ 88-90. However, since this channel is not more
than ~ 10% of the total fusion cross-section for any of the measured cases, no fine
tuning of the parameters was attempted to achieve a better fit to the data. Thus, a
fairly good agreement between the CASCADE predictions and the major channels
establishes the reliability of the parameters used in the code and these predictions
could be used for further calculations of total fusion cross-section. Since the missing
channels constitute only 15-25% of the total fusion cross-sections, the uncertainties
in the derived fusion cross-sections due to uncertainties in the CASCADE parameters
are small. An uncertainty of 20% on the estimation of the missing channels by
CASCADE has been assumed to estimate the uncertainties in the total fusion
cross-section. Tables 3 to 6 give the total cross-sections for the four systems calculated
from the experimentally measured partial ER cross-sections as explained earlier.

4. Determination of average angular momenta

The relative cross-sections for different evaporation residues are dependent on the
angular momentum distribution in the compound nucleus (Hass et al 1985). Figure 6
shows, for example, the fractional cross-section of p2n and (2p2n + p3n) channel as a
function of angular momentum of the compound nucleus for a given excitation energy,
as predicted by CASCADE. In practice, however, the compound nucleus is formed
with a distribution in £ and the fractional cross-section of any ER has to be folded
with the Z-distribution in the compound nucleus. Figure 7 shows the variation of

s S et
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Figure 6. CASCADE predictions for the fractional cross-section for p2n and 2p2n+ p3n
as a function of angular momentum, Z, in the compound nucleus for fixed excitation energy.
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Figure 7. Same as figure 6 but as a function of average angular momentum (/) in the
compound nucleus. ‘

partial ER cross-sections for p2n and (2p2n + p3n) channels as a function of average
angular momentum for a fixed excitation energy of the CN. The average angular
momentum is given by

A (5)

For these calculations, a Woods—Saxon form of /-distribution, given by (4) with a
diffuseness parameter of a = 0-06¢, was used: This value of the diffuseness parameter
is estimated from the consideration that the /-distribution at a given energy follows
the impact parameter distribution, which in turn depends on the density distribution
of the nucleus. Thus, one expects (a/,) ~(a,/R) where a, is the diffuseness of the
density distribution for a nucleus of radius R.

The figure clearly shows that an accurate measurement of partial ER cross-section
or relative ER cross-sections can be used to determine average angular momentum
of the CN. In the present work, this dependence has been exploited to get Z of the
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Figure 8. The 1atioc R =0,3,4252:/0,2, a5 a function of the excitation energy in the
compound nucleus “’Ru. The four symbols represent the experimentally measured values
for the four systems and the solid lines are the result of calculations with different 7 as
described in the text. The Z values are written alongside the curves.

CN. The relative evaporation residue cross-sections for p2n and (2p2n + p3n) channels
were used for this purpose. These were chosen since they being the dominant channels
in the energy range covered in this work, have the least error in the cross-section
measurements.

The expected ratio R of the (2p2n + p3n) to p2n cross-sections from the statistical
model calculations is plotted in figure 8, as a function of excitation energy in the CN
for various values of 7, and hence 7. The experimentally measured values of R at the
excitation energies corresponding to the bombarding energies at which the measure-
ments were made are also shown in this figure. The /’s were derived for the measured
systems from a comparison of the experimental values of R and the calculated curves
of figure 8. The £ so obtained are given in tables 3—6 for all the four systems. The
relation between the 7 and the fusion excitation function has been discussed in an
earlier publication (Dasgupta et al 1991).

In the process of relating the Z to the relative ER yields, two factors have been
used as inputs viz the /-distribution in the CN and the partial ER cross-sections as
predicted by CASCADE, which in turn depends on the parameters of the code.
Therefore a detailed investigation of the effects of /-distribution and CASCADE

parameters is essential in order to estimate the uncertainties in the Z derived by such
method.

4.1 Sensitivity of £ to the /-distributions

The sensitivity of the  to the assumed distribution was investigated in two ways. In
the first, the effect of varying the width a in the distribution given by (4), keeping the
¢ same were investigated. Next, different /-distributions having same Z, but different
shapes were considered. The /-distributions considered are,

(i) a Gaussian distribution of the form,

o(f)ocexp[— (¢ —£0)*/2a%] i - ()
with a/f, =015, 0-3 and 0-45;

T
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(i) a Woods—Saxon distribution given by (4) with a/¢, = 0-04, 0-06, and 0-08 and
(iii) a flat distribution of ¢(¢) = constant for 0 </ <2/, and 0 for £ > 2¢,.

It was pointed out earlier, that for below and near barrier fusion reactions, the
/-distribution is known to become broader than triangular distributions. The flat-
distribution assumed above, though unrealistic, is considered to represent the extreme
form of the aforesaid observation. The /’s derived for the measured systems from a
comparison of the experimental values of fractional cross-sections of p2n, 2p2n + p3n
and R and the calculated curves for these various distributions, are given in
tables 8(a)—(c) for 28Si + 8Zn system. The values derived from p2n, 2p2n + p3n and
their ratios can be seen to be consistent till centre of mass energy of 63:6 MeV.

Table 8(a). Summary of the derived average angular momentum, Z, in units
of i, for distribution of the form (4) a(¢)oc(2£ + D[ +exp {(£ — #o)a}] ™!
with a/£y = 0-03, 0:06, 0-09 for 28Si + $8Zn system. 7 derived from the partial
cross-section in (i) p2n, (ii) 2p2n + p3n and (iii) 2p2n + p3n/p2n are given for
a/t o =006. Uncertainties, quoted within brackets, include the error due to
relative cross-section measurements only (se€ text).

a=006/, a=003/, a=0097,

Ecy

(MeV) (@) (ii) (i) (iii) (iii)
522 <6 <6 <6 <6 <6
536 6-0(4-0) 5-8(1-0) 6-2(0-8) 6:2(0-8) 6-2(0-8)
550 10-5(3-5) 9-8(1-8)  10-1(0-5) 10:1(0-5) 10-1(0-5)
564 137(1-7y  12:0(1-0)  12-4(0-4) 12:5(0-4) 12:2(0-6)
571 160(3-0)  14:4(1-0) 14-8(04) 14-8(0-4) 15:1(0-6)
586 160(1-2) 152(06) 154(04) 15-5(0-6) 16:0(0-6)
60-0 17-5(1-5)  17-8(06)  17-5(04) 17-3(0-4) 17-8(0-4)
614 18:0(1-0) 19-1(06) 18:5(04) 18-2(0-4) 189(0-4)
636 18-0(1-:0)  20:0(06) 19:1(04) 19-0(0-4) 19-5(0-4)
657 18-6(0-6) 24-0(1-6) 21-4(1-3) 21-0(0-4) 21-5(0-5)
70-7 22:-1(0:8)  31-5(1-:0)  26:5(0'5) 260(0-5) 26:7(0-4)

Table 8(b). Same as table (8a) but for a distribution of the form o(£)cc
exp[—(¢ — £,)*/2a*] with a/¢, =015, 0-30, 0-45.

a=03¢, a=045¢, a=015¢,
Ecy
(MeV) @) (ii) (iii) (iii) (iii)
522 <6 <6 <6 <6 <6
53-6 6-18 6-0(0:7) 6-3(0-7) 6-2(0-5) 6-6(0-8)
550 10-20 9-8(1-2) 10-5(0-5) 10-:3(0-6) 10:5(0-5)
564 13-22 12:6(0:8)  12-7(0'5) 12:5(0-5) 12:8(0-4) .
571 13-22 13-8(0-8)  14-6(0-6) 14-8(0-5) 14-4(0-3)
586 14-24 15-6(0:5)  160(0-5) 16:3(0-6) 159(0-3)
600 14-26 17-5(0-5)  17-6(0-6) 18-:2(0-6) 17-4(0-4)
614 16-28 19-3(0-6)  18-9(0-6) 19-6(0-5) 18-8(0-3)
636 19-0(0-5)  20-6(0-8)  19-8(04) 20-0(0-4) 19-8(0-3)
657 19-5(0-5)  24-0(0-8)  22-0(0-5) 23-0(0-7) 22:0(0-3)

707 22:5(1:0)  31-4(06)  27-3(0-5) 28:3(0-5) 26-8(0-3)
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Table 8(c). Same as table 8(a) but for a flat distribu-
tion of the form, ¢(£) = constant for 0 < £ < 2/, and

0for £>2¢,.

EcyMeV) () (ii) (ii)
522 <4 <8 <S5
536 <8 6-0(1-8) 5-2(0-4)
550 10(2) 10-0(1-0) 9-7(0-2)
564 > 14 12-1(1-0) 12-3(0-6)
571 ' > 14 15-4(0-8) >18
586 > 14 16:2(1:0) >18
600 >14 18:6(1-7) > 18
61-4 > 14 21-2(0-8) >18
636 > 16 20:9(1-7) > 18
657 16-22 24-8(1-0) >18
707 > 18 26-0(1-0) >18

However, for flat /-distribution, the # becomes insensitive to the fractional p2n
cross-section and R. Similarly for a Gaussian distribution, the # becomes insensitive
to the fractional cross-section for p2n. At higher energies, the Z derived from fractional
cross-sections for p2n, 2p2n + p3n and their ratio R are not consistent with each other.
The £ derived from the fractional cross-section for p2n channel is lower than those
derived from 2p2n + p3n channel. Such a comparison shows that a Z can be derived
within an uncertainty of + 1% for energies up to 63 MeV and + 5h for higher energies.
The changes in the derived 7 for the various /-distributions listed above are ~0-5
to -0hfor4dh</<8h, ~05hfor 8 </ <20k and 1 to 21 for Z > 20 1. The relative
insensitivity of the fractional cross-sections to the different /-distributions with the
same 7 results when one considers major decay channels which are not near a
threshold. For such channels, the partial cross-sections do not vary very sharply with
£ in the relevant region. The sensitivity to higher moments of 7 is greater.

4.2 Sensitivity of £ to the CASCADE parameters

In order to check the variation of # with the parameters in the statistical model code
CASCADE, the level density parameter, the backshifting parameter and the diffuseness
parameter d, in the real part of the WS potential [for the calculation of the
a-transmission coefficients] were varied. The other parameters in the code viz., the
ground state masses, pairing energy and the moment of inertia parameter were not
varied as these were obtained from experimentally determined quantities. Variation

of the y-decay strength within reasonable limits is not expected to change the relative
ER yields significantly.

() Level density parameter: The effect of changing the level density parameter was
investigated by keeping all the other parameters fixed (¢-distribution of the form given
by 4, no backshifting of the ground state, d,=0-58 fm) and then varying the level
density parameter from A/8 to 4/10. The effect of changing the level density parameter
on the £ is shown in figure 9. It is seen to change the derived # values by + 2 units.
However, it is seen that a variation of level density parameter beyond 4/8:5 to 4/9'5
does not give consistent values for /7 when all the channels are included. Thus, a
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Figure 9. Sensitivity of the derived average angular momentum () on the various
CASCADE parameters (see text). The figure shows the derived £ for the case of 28Si + 88Zn.

variation of level density parameter within a reasonable limit of A/8'5to 4/9-5 changes
the derived Z by + 1.

(i) The backshifting parameter: The effect of changing the backshifting parameter
was investigated by keeping all the other parameters fixed (¢-distribution of the form
given by 4, levél density parameter A/9, d, = 0-58 fm) and then varying the backshifting
parameter such that there is in one case no shift of the ground state while for the
other case the ground state is shifted by 0-5MeV (as prescrxbed by Dilg et al 1973).
The effect of this variation on the 7 is shown in figure 9. It is seen to introduce
a variation of 1- 2 i units at the lower (E* < 52 MeV)and higher energy (E* > 61 MeV) '
regions.

(i) The o-potential diffuseness [d,] for the calculation of the «-transmission
coefficients: The effect of changing d, was investigated by keeping all the other
parameters fixed (/-distribution of the form given by 4, level density parameter 4/9,
ground state backshifted by 0-5 MeV) and then varying the d, from 0-58 fm to 0-73 fm.
The effect of this variation on the Z is shown in figure 9. The parameter d, does not
seem to affect the derived Z within the experimental uncertainties.
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Thus detailed comparisons with such variation of the parameters show that 7 can
be reliably obtained to within an uncertainty of 1h to 2h for ¢ values not exceeding
20h by using the fractional cross-sections of p2n, p3n and 2p2n channels.

5. Summary and discussion

It is shown that a good agreement can be achieved between the experimental and
calculated branching ratios for the decay of the CN °Ru for a consistent set of
statistical model parameters. With this agreement, a method is suggested where these
ratios can be used to determine the average angular momentum in fusion reactions.
There are several previously known methods for determining various moments of
angular momentum distribution, viz., y-ray multiplicity measurements, fission fragment
angular distribution, particle angular distribution and correlation, and isomer ratios.
This method of finding # can be compared with the other methods of determining ‘
in the cases where both ER measurements as well as Z values determined by other
methods are available. In the case of 10 + !4Sm partial cross-sections (Stokstad
et al 1980) for-3m,4n and 5n channels as well as 7 determined from y-multiplicity
measurements (Vandenbosch et al 1983) have been reported. It would be interesting
to compare the 7 values determined by the method used in the present work and the
y-ray multiplicity measurements. The parameters used (see §3.1) in the code
CASCADE were fixed by comparison of the relative ER yields for 3n and 4n channels
at above barrier energies. Having fixed the CASCADE parameters, the ¢ values were
obtained using the method explained in §4. Cross-sections for 3n and 4n channels
and a Woods—Saxon form of the /-distribution given by (4) were used to determine
¢ values. The 7 values so derived are found to agree with those reported from the
y-multiplicity measurements. The values are plotted in figure 10. The # values obtained
using a Woods—Saxon /-distribution in the CN -agrees with those obtained using a
flat distribution within the experimental uncertainties. This observation again points
to the relative insensitivity of the fractional cross-sections for the major decay channels
to the /-distribution. The Z values reported by Vandenbosch et al (1983) are also
plotted in figure 10. It can be seen that Z values obtained by the present method
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Figure 10. Comparison of average angular momentum (#) derived using (a) the present

method and (b) from gamma multiplicity measurements of Vandenbosch et al (1983) for the
16Q + 154Sm system.
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agrees fairly well with those derived from y-multiplicity measurements. However, the
agreement between the Z values determined by these two methods for lower values
of excitation energies is not good. This is attributed to the fact that the CASCADE
predictions for the relative ER yields, with the set of parameters used, do not match
very well with the experimental values for channels which are near threshold. A finer
tuning of the parameters, than what is attempted here, may be required to achieve
such an agreement.

In summary, we have measured the ER cross-section following fusion reactions
of 28Si + %8Zn, 32S + %4Ni, 3Cl + 3°Co and #°Sc + 3!V for centre of mass energies
~5MeV below to ~10MeV above the Coulomb barrier. We find that for
each of the four different entrance channel combinations fairly good agreement is
found between the statistical model predictions and the experimental partial cross-
sections with one set of statistical model parameters. Thus, for the CN °Ru formed
near the Coulomb barrier no significant entrance channel effect is found on the decay
mode. It is shown that the average angular momentum in fusion reactions can be
determined from a measurement of the fractional cross-section of the evaporation
residues. The sensitivity of the determined average angular momentum on the various
statistical model parameters have been investigated and it is found to yield the value
of 7 within an uncertainty 1-2. In the case of 160 4+ 154Sm, the Z deduced by this
method agrees with those determined by y-multiplicity measurements, establishing
the validity of this technique. '
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Note added in proof

Gil et al (1991 Phys. Rev. C43 701) have recently reported £ values for '°O + '°*Sm
system using y-ray multiplicity measurements. These Z values are generally larger by
2-4 1 units as compared to those reported by Vandenbosch et al (1983). The £ values
obtained using the method suggested in the present work shown in figure 10 are
calculated using a value of 4/9 for the level density parameter. If instead a value of
A/8 is used the derived 7 values increase by 3—4h units and are generally found to
agree with the recent results of Gil et al (1991). The present method of deriving 7 is
expected to work well when the change in the level density brought about by including
the rotational energy (£ + 1)A2/2I is comparable or larger than that due to changes
in the statistical model parameters, e.g. a. This implies that the present method is
expected to be good for higher ranges of 7 as the mass number of the compound

nucleus increases. The authors wish to thank S Kailas for bringing the reference
(Gil et al) to their notice.
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