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Abstract.

Absolute values of the cross sectitns for most evaporation
channels consecutive to the complete 160+83c, fusion have been measured
for incident !0 energies ranging between 40 and B5 MeV, through the
observation of the corresponding Y activities. They give evidence for a
limitation in the contributing incldent partial waves for energies above
50 McV. The excltatiun functions of the varlous evaporation channels are
satisfactorily accouniec for, in shape and magnitude, by statisticsl
evaporation calculations performed with the code ALICE. They allow a very
precise determination of the varlation of the critical angular momentum

with the excitatien energy of the compound nucleus.

NUCLEAR REACTIONS  S°cu(!fD,X). €= 4G-85 eV

Measured EY B IY s deduced ©0{X,E}, critical
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In the 1ight of thasa results, a systematic study of the deter-
mination of lcr aver a wide range of incident energies and for a madium~
mass compound nucleus appesrs pecessary to allow a reliable comparison
with the many existing and sometimes conflicting theoretical predictions.
Tha study of the complete fusion mechanisr in the '®0+%%Cu reaction which
is rgported in this paper7 also aimed at testing the validity of the eva-
paration statisticol model, which allows an estimation of the various de-
excitation chennels of the compound nucleuse-11, in & case which is free

of fission compstition.

II ~ EXPERIMENTAL PROCEMIRE

The cross section of complete fusion in the }°0+83Cu interaction
has been measured for incident '°D energies ranging between 40 and 85 Mev
in 5 MeV steps. The 160 ppam was delivered by the Orsay MP Tandem. The
®3ry torgets were isotopically enriched to 99,76%. They were evaporated
onto s thick gold backing (0.2 mm) which provided mechanical rigidity and
collected the recoil nuclei. The thickness of the $3Cu targets was
measured by weighting with a 5% absolute error and ranged between 250 and

880 ug/cm?.

The cross sections for the various (!°0,X) reactions were deter-
mined from the intensity of the Y-reys associated with the 8 decay of the
residual nuclei. The Y-rays were measured by a 72 em? Gelli) detector

with an efficiency determined within 8% by use of calibrated Y saurces.

For the observetion nf short-lived activities, the incident
beam was mechanically chopped and four successiva Y-ray specira were
recorded inbetween beam bursts. In the case of longer hali-lives the
target was manually transfered ta a low-background area for recording of
the y-activity. In bath cases, the recidual nuclei were unamblguously

identified through the energy and half-life of the Y-rays.

Tahle I su=marizes the characteristics of the main y-rays used
in identifying the residual nuclel and measuring the corresponding cross

sections.



The upper incident energy, 85 MeV, which is slipghtly above the
Coulomb barrier for the '60+!1%7ay reaction, corresponds to the occurence

of strong activities due to the target backing.

III - EXPERIMENTAL RESIATS

The 14 measured exclitation functions for evaparation channels
from the compound nucleus formed in the 160+83cy complete fusion appear
in fig.1 to 5. Four reactions, i.e. (1°D,3pn}, (1¥0,0p), ('®0,02p) and
('%p,0pn) could not be studied either because the residual nucleus was
stable, or because a long half-life associated with a smell cross section
made the measurement of the corresponding y-rays uncertain. The corras-
panding cross sections have been estimated from the experimental resulis
for analog evaporation channels such as 3np, on and a2n, and from the
theoretical snalysis of the excitation functions discussed below. These
four cross sections contribute for less then 25% to the cross section for
complete fusion. Therefcre the latter one cen be calculated to a good
accuracy. Its veriation with the incident energy is given in figure 6.
The values of the obzerved cross sections between 40 and 50 eV are in
good overall sgrzement with the recent results of Wells et 61-12- The
experimental results of Natnwitz15 obtained at higher energy appear
corpatible with an extrapolaticn of those repaortedg in this work and will

be used in part of our analysis.

Yet the present results shed some light on disaegreeing inform-
ation published on the decay of 78Rb. Me have not observed the 181 keV y-
ray assigned to 78Rp by Velandiaet al.13 and apparently observed by
Wells et 51.17 out we ccnfirm the assignment to 7°Rb made at Isolde14 of
feur y-rays of 344, 354, 424 and 885 keV gnargy with an observed half-

life of 3413 sec, in good agreement with the Isalde values.



IV - DISCUSSION AND CONCLUSIONS

A) Deternination of the critical engular mamenta

The excitation functions measured in this work were compared to
the predictions of the statistical evaporation model, =5 calculsted by the
code ALICE15 under twa extreme assurptians : 1) withaut teking into account
the angular momentum of ths compound nucleuszﬂ ; and 11) by assuming that
the compound nucleus behaves like a rotsting liquid drop with the contri-
bution of all the incident partial waves. As seen in fig.1 ta 5§, the first
assumption feils to account for the shapes and magnitudes of the measured
cross sections. The second one thouph correci'y predicts the magnitude of
the maximum cross section for most evaporation channels. However its
agreement with experimental results worsens with increesing incident
energy. This indicates that high -2 partial waves do not contribute (or

contribute less) to the fcrmation of a compound nucleus.

Some of the evaporation channels being particularly sensitive
to the contribution of higher-% partial waves, the analysis of their
excitation functions allows 8 precise determination of the largest contri-
buting angular marentum, ar lcr' as a fupction af incident energy. The un-
certainty appears to be bettar than * 4K, and the value of lér detzrmined
in this way is remarkably identicel for all the evepeoration channels

examinad.

Such a determination depends upon the assumptions built into the
cade ALICE. It has to be checked by analyzing the tatal cruss section for
complete fusion, which 1s given by the relation17
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where ut is the reduced mass of the interacting nuclel.

An uncertainty of about 12% has been gstimated tor the experi-
£ It is due, in particular, to uncertainties in the
aosolute efficiency of the GeflLi) detector ang in target thickness. Hence

mentel velue of oy

the determination of Zcr from the values of GCF is rather dubious up to



50 MeV incident energy. Above SO MeV it agrees with -but is somewhat less
accurate than- the values derived from the analysis of particular evapor-

ation channals, which will be used in the further analysis.

Table 2 summarizes the velues of lcr determined by both methods,
as well as the values £gr available in a grazing '®0+83Cu collision. Fig.?
represents the variation of Lc“ as a functian af the excltation energy af

the compound nucleus.

B) Validity of the predictions af the cade ALICE

The truncation of the centributing partial waves at a mnaximum
lcr value leads to an excellent overall agreement between the experimentel
excitation functions and the predictions of the statistical model computed

with the code ALICE {fig.1 to S3.

The ramaining disegreement results from an epparent under-
estimation of the evaporaticn probability of an a particle (fig.3) and
from the correlated averestimation of 2pn and p2n evaporation at high
incident energies. This effect is amplified for the evaparation of two «
particles (fig.5). In this case, ALICE seems to grossly underestimate the
cross sections, while the energy thresholds and shapes of excitation

function remain rather correctly reproduced.

Rather than blaming the evaporation calculation for these dis-
agreements, one could examine the possibility of contributions from direct
reaction processes such as an ('¥0,%8e) reaction possibly followed by the
emission of unbound nucleons. However such a possibility appears unlikely
in view af the modest cross section cbserved (fig.8) for the probably

more sbundant ('€0,'2C) direct process.

€} The 7%Se isomeric ratio

m _
Both the grownd (3" = 7/2*, T, = 7.1h) and isomeric (3" =1/27,
T,2°39 @ states of 735 were observed through their characteristic

Y-activities.



The analysis of their respective exclitation functions which aré
strikingly different (fig.4) has besn made in the framework of the sharp-
cutoff approximatianle'1g. This assumes that all the incident partial
waves up tao a value lf cantribute to the farmation of the lawer-spin state,
while higher-% ones, above Ef and up to Ecr' lead to the population of the
tigher-spin state. At each incident energy, the ratio of the cross sections
to the two states provided a value of Ef fram a partial-wave analysis
gilven by the codas ALICE. The variation of lf obtalned by this precedure
(fig.9) leads to a good apreement between the experimental and calculated
cross sections. The value of lf for the maximum cross sections, at 65 MeV

incidant energy, is also in good agreement with the predicted value1g.

0) Analysis of the limitatian of the complete fusion cross

section

Insection IV.A,the fact that Opp wWas smaller than the total cross
section was essigned to a limitation in the contributior of higher-%
partial waves to the compound nucleus formation. The variation of GCF with
incident energy was parametrized by use of a eritical angular morentum Ecr

(tahle 2).

The assumption that the limitation of GcF is due to the dynamics
of the entrance channel suggests another parametrization, in terms of a
critical interaction radius tcr' from another exnrassionzn of the complete

fusion cross section.

o.. = TRE [i-Vv_ _/E )
cr

CF cr CM
with R = r_al . ally
cr cr 2
. 17,20
Under the assumption Vo = Vg » where Vg is the Coulomb barrier in
the entrance channel, measured in the center-of-mess system, Vcr = VB is

equal to 32.9 MeV in the present case end values of Tor can be deduced

from the experimental results. They appear in table 2.



The experimental variation of Ter with incident energy is shown
in fig.10. Galin et al.4 have suggested that For i1s constant with energy
and has a value of 1.00:0.D7 f. The results shown in fig.10 indicate that
Ter actually decreases with increasing energy. From a value close to the
geometrical radius PO near the Coulomb barrier, it tends towards smaller
values when ECM exceeds 50 MaV.

From these various analysis, a limitation in the contribution of
higher-2 partial waves 1is clearly documanted. Its origin however cannot be
readily established. A comparison between the experimantal results and the
avallable theoretical predictions 1s presented in fig.11. Quite obviously
nane of the theories satisfactorily reproduce the data. In particular no
conclusion can be drawn as to the origin of the experimental limitation of
Ocg* Whether it is duc to dynemic restrictions in the formation of the
compound nucleus in the entrance channel, or to a structural limitation 1in
the possible angular momenta of the compound nucleus itself will require
more experiments. One possible test would be to study the variation of Ecr
with the excltation energy of the compound nucleus for differant entrance

channels.
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Table 1. Characteristics of the y-rays used in determining absolute

cross sections for the sal:u[“lJ,X) reactians.

X Residual — T Branching ratic®
nucleus Y V2 (%}
Zn "7R0 178.9 3.6 m 38.4
pn Kr 130.0 75.0 ma 87.3
p2n okr 315.7 14.6 h 36.0
p3n 75K 132.7 4.5 m 100.0
2p 778r 239.0 56.0 h 23.6
2pre ?5gr 558.2 6.8 h 77.0
a ?Spr 286.5 95.5 mn 75.0
o 7%gr 534.6 38,0 mn 90.5
o2n 73gr 669.5 3.3 mn 20.0
apn 73geM 253.8 39.0 4.0
apn 73508 361.0 7.2h 95.0
azpn T2pg 534.0 26.0 h 80.0
2¢ 7lpg 174.9 64.8 h 91,1
2an 700g 1040.0 53.0 mn 81.7
2apn 596e 1107.0 38.2 h 30.0

2 The Y brenching ratio are taken trom Nuclear Oata Tables, except

for the (°a,p3d channe1%2.

11



Table 2. Experimental values of the critical angular momentum

(lcr) and interaction radius (rcrl

Eyqp(MeV) Opp(mb) Ogmd) GCF/HR max L)) cr(?l rcrfﬂﬂ

40 13.63¢1.84 17.42Z | 0.78%0.10 9 9 - -

45 198.48%5.23 | 256.86 | 0.77%0.02 18 18 - 1.30140.032
50 428.65%7.82 | 509.98 | 0.84+0.01 23 22 - 1.340%0.025
55 §22.29%10.24| 714.75 | 0.87:0.02 | 28 24 23 1.356+0.021
60 783.71+11.85{ 875.46 | 0.89%¢0.02 | 32 28 26 1.365+0.019
B5 902.42+16,221010.43 | 0.89%0.01 35 20 29 1.357x0.023
70 924.30%15.06 |1123.21 0.82+0.01 37 30 31 1.296+0.020
75 976.77218.5511218.53 | D.80%*0.02 |} 40 32 33 1.26840.023
80 846.90%+164.0311269.87 | 0.67:0.01 42 34 34 1.143x0.018
85 900.00%16.67 |1369.90 | 0.655%0.02 43 36 35 1.143£0.020

The values of 2, are obtalned [see
analysis of excitatlon functions by the cade ALICE ;

sect.IV.A) from [1) 8 partial wave

and (2] the experimental

complete fusion craoss section as compared to the total reaction cross

section.




Fig.1.

Fig.2.

Fig.3.

Fig. 4.

Fig.5.

Fig.6.

Figure captions

Absalute cross sectlans for xn and pxn evaporatiun channels from
the 1€0+83Cy reaction at '®0 incident energy E,_ 1in the laboretory
systen. The solid line curves are drawn through the experimental
points. The predicticns obtaine ' with the code ALICE under several
assumptions (see section IV.A) are also represented : by a dotted
line when the angular momentum of the compound nucleus is not
taken into anccunt21 1 by a mixed line when a rutating liquid drop
medel 1s assumed for the compound nucleus with all partial waves
contrisuting i by a dashed line when contributing partial waves

are restricted to £ ¢ Ecr

Absolute cross sections for (1°D,2pxn) evaporation channels

(see ¥ig.1 caption].

Absolute cross sections for {'®0,axn) and ('®0D,a2pxn) evaporation

channels (see fig.1 caption].

Absolute cross section for [lsﬂ,apn) evaporation channel.

Full points correspend to the formatian af the J™ = 1/27 73se
isomer, coen points to the "3Se JT=7/2* ground state and
triangles to the sum of the two cross sections. Three sclid lines
are drawn through those points. The thearetical results calculated
with the code ALICE,as described in the figure 1 caption, apply

to the summed cross section.

Absolute cross section for (1°D,2axn) evaporation channels {(see

fig.1 caption).

Experimental crass sectian for the complete '®0+83Cu fusion as
a function of the incident '®0 energy in the laboretory system.
The solid 1line is drawn through the experimental palnts and thas
dotted line is the calculated {see e.g. ref.1g) total reaction

cross section.



Fig.7.

Flg.8.

Fig.9.

Fig.10.

Fig-11.

Variation with the excitation energy in the compound nucleus of
the criticel anguler momentum lcr as deduced (see sect.IV.A) from
the experimental cross sections obtained in this work [open points)
and reported by Natcﬂitz15 (full points}. Also represented are ti.
available engular momentum £ for a grazing 189483¢y interaction,
the angular momentum of the compound nucleus in the rigid rator
model, and the J = 42-F limit pradicted for tha 1°0+®%Cu system

by wilczsynskiz.

Excltatian function for the (160,'2C) reaction. The salid line is

drawn through the experimental points. The evaporation calculations

with the code ALICE correspond to the nived line (see fig.1

caption).

Analysis of the 73S isomeric ratlo with the sharp cut-off
approximation. In this diagram the angular momenta are plotted
versus the 80 incident Energy; The solid line reproduces (from
fig.?7] the values of the critical angular momentum. The full
points correspond to ths cut-off if value obtained (see sect.lV.C}
from a partial wave analysis of the 733¢ crass sections with the
code ALICE. The open points correspond to the predicted1g values

of lf.

Variation of the experimental values of the critical interaction
radius Tor with the %0 incident energy. Full polnts correspond
to the data from this work and open points are deduced from the

experimental results of Natowitz15

variation of the complete fusion cross section for !6p+®%cu
plotted as o /% X2 in A% units as a function of the center-
of-mass !®0 incident energy. The experimental values are from
this wark [full pnintﬁ] and Natnwitz15 (open points). Curve (1)
carresponds to the calculated (see e.g. ref.1g) total reaction
cross section, curve (2} to the model of Bass1, curve [3) to a
constant Fer™ 17 value4 and curve (4) to the prediction of

Wilczynski 2,
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