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High Angular Momentum Components in the Subbarrier Fusion of Heavy Ions
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The fusion of Se+ Se has been studied near and just below the Coulomb barrier. High angu-
lar momentum components were observed by measurement of y-ray multiplicity distributions for
the decay of the evaporation residues.

PACS numbers: 25.70.Jj

More than a decade ago it was established that the
energy dependence of fusion-evaporation cross sec-
tions is not reproduced by statistical-model decay cal-
culations. ' In particular, they predict too rapid a de-
crease in cross sections for specific evaporation resi-
dues with increasing incident (or compound-nucleus
excitation) energy. For example, when light Er or Yb
isotopes are formed with an excitation energy of about
55 MeV, about 1'/o of the reaction cross section is ob-
served in the 1 n evaporation residue. 3 Such cross sec-
tions are about two orders of magnitude larger than
those of the observed high-energy y-ray decays associ-
ated with giant resonances based on states of large an-
gular momentum~ which would populate in the ln
channel, and represent even larger discrepancies with
standard decay calculations. More recently, such
enhanced cross sections for '5~Er, the product of the
92Zr(6"Ni, 2n) reaction, have been attributeds to a "su-
perdeformed" shape populated by the near-symmetric
entrance channel which survives sufficiently long to
influence the neutron and y-ray decay of the systems.

Considerable attention has also been focused on
near-barrier fusion cross sections, where for some sys-
terns, enhancements are observed relative to
single-dimensional barrier penetration calculations.
Such enhanced fusion cross sections recently have
been attributed to coupling to inelastic and transfer
channels. These couplings also lead to enhanced cross
sections for evaporation residues corresponding to
fewer emitted neutrons and to greatly enhanced
partial-wave cross sections for large angular momenta.
That is, such couplings provide an alternative explana-
tion to that proposed by Kuhn et al. 5 for the hinder-
ance of neutron emission from compound systems,

with the consequence that a broad partial-wave cross-
section distribution would be populated in the evapora-
tion residues. Indeed, high y-ray multiplicities associ-
ated with large partial-wave cross sections have been
observed for '66Yb, the dominant evaporation residue
of the '54Sm+ '60 reaction even at near-threshold en-
ergies. 'o Results have also been obtained" on the de-
cay of the '6OEr compound nucleus populated in a
range of reactions 0Se+ Se, Sb+ Cl Zr+ "Ni,
and '44Nd+' 0, near and just above threshold ener-
gies. In this case it was concluded that the average an-
gular momentum transfer depends on the asymmetry
of the entrance channel, higher angular momenta be-
ing observed in the near-symmetric systems, and the
results were interpreted in terms of ground-state zero-
point vibrations. Similarly, detailed measurements of
the y-ray multiplicity distribution have been compared
with statistical decay calculations at energies well
above the fusion barrier. '2 Systematic detailed mea-
surements of the y-ray multiplicity distributions near
and below the barrier remain to be made.

The present Letter reports such measurements for
the 80Se+8 Se system using TESSA2, '3 an array of fif-
ty bismuth germanate (BGO) detectors approaching a
solid angle of 47' sr surrounded by six Compton-
suppressed germanium detectors. Preliminarly reports
of this work have appeared in recent conference
proceedings. ' The measurements were made with use
of thin 100-p,g-cm targets of 8OSe (isotopic enrich-
ment 98'/o) on gold backings. The 80Se beam was pro-
vided by the NSF tandem accelerator at Daresbury
Laboratory. The energies used, 255, 26Q, 265, 270,
280, 290, 300, and 310 MeV, extend from well below
to well above the classical Coulomb barrier of 27Q
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MeV. The target thickness was chosen so that the
beam-energy spread across the target was small ( —2
MeV). Evaporation residues were identified and the
y-ray multiplicity of their decays measured by use of
TESSA2. The high resolution and good peak-to-total
efficiencies of the Compton-suppressed germanium
detectors allow even weak transitions (and hence reac-
tion channels) to be identified. This feature is essen-
tial to clearly identify y rays associated with the vari-
ous fusion channels as the fusion cross section drops
experimentally by two orders of magnitude between
300 and 260 MeV. The BGO detector measures for in-
dividual reaction events the sum energy, which is re-
lated to total y-ray energy, and the fold, which is relat-
ed to the multiplicity, of the y-ray shower. The sum
energy versus fold (the number of BGO detectors trig-
gered in a particular event) distributions for the 2n,
3n, and 4n products at a beam energy of 280 MeV are
shown in Fig. 1. Also shown is the corresponding dis-
tribution for Coulomb-excitation events which dom-
inate the germanium-detector spectra. This portion of
the sum-energy —fold space has been excluded from
the subsequent analysis.

The total fold distributions shown in Fig. 2 were
derived by projection onto the fold axis and then addi-
tion of the spectra corresponding to the 2n, 3n, 4n, and
5n channels. Over the beam-energy range used
(255—310 MeV) these channels account for the vast
majority of the evaporation-residue cross section, e.g. ,

& 99% below 290 MeV, & 95% at 300 MeV, and

& 92'lo at 310 MeV. The 2n distributions are also
shown in Fig. 2, indicating that the high-fold com-
ponents arise, as expected, from the channels with the
minimum number of particles evaporated. The multi-
plicity scale indicated on Fig. 2 was obtained by use of
the fold-to-multiplicity conversion function deter-
mined for TESSA2 with use of y-ray sources. '3 The
data have not been unfolded to account for the
response of the BGO detector; hence this scale is not
applicable to the extreme tails of the fold distributions.
However, the multiplicities corresponding to the cen-
troids of the distributions obtained for the heaviest
evaporations residues are well determined. These are
given in Table I with the experimental fold centroids.
The conversion from multiplicity to angular momen-
tum requires a knowledge of the multipolarity of the
y-ray transitions involved. The heavier evaporation
residues populated in this work (t5s '57Er) are known
to be good rotors to very high spin, and our angular
distribution data (30'/90' ratio) confirm that & 90%
of the intensity arises from stretched quadrupoles.
Therefore, we choose the conversion between M and
angular momentum I which has been established ex-
perimentally for heavier rotational erbium nuclei'5 in
the range 9~ M ~ 23, i.e., I= 2(M —4), where M
is the multiplicity.
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FIG. 1. Sum energy against fold distributions following
the Se+ Se reaction at 280 MeV. The spectra shown are
in coincidence with (a) the 334-keV y ray in '58Er (2n), (b)
the 415-keV y ray in '5 Er (3n), (c) the 344-keV y ray in
'56Er (4n), (d) Coulomb excitation.
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FIG. 2. Fold distributions following the Se+ OSe reac-
tion. For each energy the sum of contributions from the 2n,
3n, 4n, and 5n channels are shown together with the 2n dis-
tribution alone. The data are taken at various beam ener-
gies: (a) 260, (b) 265, (c) 270, (d) 280, (e) 300, (f) 310
MeV. The multiplicity scale shown is taken from the mea-
sured fold-multiplicity response for TESSA2 (see text).
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TABLE I. Centroids of the fold and multiplicity distributions for the 2n and 3n evaporation residues. Errors are given in

brackets.

Beam
energy
(Mev)

Compound
nucleus
excitation

energy
(MeV)

Relative
cross

section'
Fold

2„(&ssEr) 3n (is7Er)
Multiplicity

2n (' Er) 3n (' Er) 2n (issEr 3n ('"Er)

Angular
momentum'

(&)

255
260
265
270
280
290
300
310

38.0
40.5
43.0
45.5
50.5
55.5
60.5
65.5

1.0(0.3)
4.7 (0.5)

10.2 (0.8)
35(3)

100(2)

12(2)
12.5 (0.6)
14.1(0.4)
17.1(0.3)
20.6(0.4)
20(2)
19.6 (1.2)
19.8(1.0)

18.6 (0.4)
20.0(0.2)

15(3)
15.7 (1.1)
18.0 (1.0)
22.3 (1.2)
28.2(1.5)
27(3)
26(2)
27(2)

24.8 (1.4)
27.2(1.4)

22(6)
23(2)
28(2)
37(2)
48(3)
46(6)
44(4)
46(4)

45(3)
49(3)

'Derived from sum of 2n, 3n, 4n, and 5n channels and normalized to 100 at 300 MeV.
Uncertainty in the fold-to-multiplicity conversion is + 5%.

'The ground-state spin of 2 has been included in the angular momenta given for the 3n channel.

It is clear from the data that high-angular-
momentum components are present in the fusion of
8oSe+8oSe even below the classical fusion barrier of
E~,b ——270 MeV. In order to determine whether such
cross sections are anomalously large, the results will be
compared with the partial cross-section distribution for
barrier penetration. If the fusion-barrier radius, Rz,
and curvature, h ~o, are assumed to be independent of
angular momentum, ' the partial-wave distribution of
cross sections, a.~(E), corresponding to the penetra-
tion of a parabolic approximation'7 to the sum of
Coulomb, nucleus-nucleus, and angular-momentum
potentials becomes particularly simple and takes the
form

(E) m (2 l + 1)
I+ eael(I+ I)/y2

where

n = (2m/to)o) ( V~ —E)

and

dependent of energy, is shown in Fig. 3.
Even within the uncertainties associated in the con-

version of the measured fold to multiplicity and angu-
lar momentum, the measured subbarrier cross-section
distribution extends to significantly larger angular mo-
rnenta than the limiting distribution. This effect prob-
ably corresponds to an effective lowering of the fusion
barrier associated with the coupling of inelastic or
transfer degrees of freedom as suggested by Landowne
and Dasso. 9 Such measured multiplicity (angular
momentum) distributions in the vicinity of the fusion
barrier provide a more sensitive test of both the effects
of additional reaction channels and the details of the
nucleus-nucleus potential than total-fusion measure-
ments.
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=A Qiop, Rp/7'

V~ is the fusion-barrier height, p, is the reduced mass,
k the wave number, E the beam energy, and l the an-
gular momentum. With the assumption of the ex-
ponential form of the nucleus-nucleus potential, '8

R~ = 12.0 fm, tc0o=4.04 MeV, and thus y= 13.3, then
for energies well below the fusion barrier the partial-
wave distribution approaches

IO
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as a limit. The shape of this distribution, which is in-

FIG. 3. Partial-wave cross-section distribution, i.e. ,
(2l+ 1) exp[ —l(I+ 1)/y~], for the fusion of 8OSe+ ~oSe in
the subbarrier limit.
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