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Strong Angular Momentum Effects in Near-Barrier Fusion Reactions
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Cross sections and y-ray multiplicities have been measured for neutron evaporation channels in
the reactions ' 0+' Nd, Cl+' Sb, Ni+ Zr, and Se+ Se leading to the compound system

Er at common excitation energies. In the near-barrier energy regime average angular momen-
tum transfers depend dramatically on the asymmetry of the entrance channel. The results are in-
terpreted in terms of the ground-state zero-point vibrations.

PACS numbers: 25.70.Jj, 24.60.Dr

It is generally expected that compound nuclei
formed at given excitation energies and angular mo-
menta follow a "statistical" decay pattern independent
of a particular reaction that led to fusion. Measure-
ments of total-fusion cross sections and average y
multiplicities indeed confirmed such expectations in
many cases. Successes of the classical-type description
of the fusion cross section (e.g. , Bass model') suggest-
ed that the maximum angular momentum transferred
to the compound nucleus may be determined by the
fusion cross section alone via the classical "sharp cut-
off formula, independent of the reaction. Recently it
has been discussed that in the near-barrier energy re-
gime the simple picture does not apply anymore (cf.
Broglia and Dasso2 and references therein), but our
present knowledge of the underlying mechanisms
comes mainly from studies of the total-fusion cross
sections alone.

In this Letter we report for the first time on exten-
sive data concerning the average transferred angular
momentum as a function of the entrance-channel mass

asymmetry. For symmetric systems the transferred
angular momentum is much larger than classical esti-
mates and this influences considerab. y the individual
evaporation-residue cross sections. The results are
reproduced quantitatively after taking into account
ion-ion potential-barrier fluctuations related to the
ground-state shape vibrations.

We investigated the reactions ' 0+ ' Nd,
Cl+ Sb, Ni+ Zr, and Se+ Se leading to the

'6OEr compound system. (We used the Strasbourg 18
MV MP tandem facility. ) In each reaction we pro-
duced ' OEr at excitation energies E'= 48.5, 53.5, and
58.5 MeV. The incident energies were adjusted, tak-
ing into account the energy loss in the enriched —500
p, gicm targets. The target thickness was determined
by measurement of the cross section for Coulomb ex-
citation of the first 2+ state (—', in ' Sb) by use of
'60 and Cl beams at incident energies well below the
Coulomb barrier and by Rutherford backscattering
with use of 2 MeV He particles from the University of
Helsinki Van de Graaff accelerator. Results of both
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TABLE I. Measured cross sections and average y-ray multiplicities in the four reactions

leading to the compound nucleus ' Er at 48.5 MeV excitation energy.
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(mb)

37cl "Ni

(M, ) cr (mb) (M, ) a- (mb) (M~)

80Se

o- (mb) (M, )

2n
3I7

4n
5n

ER'

9 (2)
225 (8)

162 (12)
3 (1)

399(52)

16(2)
12(1)
10(1)
8(3)

2(1)
28(2)
27 (2)

57 (9)

17(4)
14(1)
10(1)

12 (2)
46(8)
17 (3)

~ ~ ~

75 (16)

26 (3)
16(1)
12(1)

9 (2)
50(11)

23 (3)

82 (20)

27 (2)
17(1)
12(1)

aER is the sum of the individual 2—5 neutron exit channels.

methods agreed within 10%.
The evaporation cross sections are deduced from the

absolute-intensity measurements of the y rays emitted
by the daughter nuclei. For the studied neutron-rich

Er compound nucleus, the evaporation of neutrons
is the predominant decay mode. Therefore, by regis-
tering the last transitions in the various ' ' Er chan-
nels one can determine not only individual cross sec-
tions but to a good approximation also the total
evaporation-residue (ER) cross section. Singles y
spectra were recorded with two Ge detectors (18 and
120 cm ) positioned at + 55' to the beam axis. To
measure average y-ray multiplicities, (M ), the Ge
detectors were used, each in coincidence with two
lead-collimated 12.5& 15.0 cm NaI counters placed 35
cm from the target and at + 125' to the beam direc-
tion. By comparison of the coincidence-to-singles
rates in the Ge detectors, (M ) values were extracted
for the individual neutron-evaporation channels as

described by Ward et ai.
The measured absolute cross sections and the aver-

'age y-ray multiplicities are listed in Table I for the dif-
ferent reaction channels at E =48.5 MeV. Similar
results are obtained at the other energies. The present
data confirm the enhancement of the two-neutron
emission observed previously for fusion induced by
heavy projectiles but indicate, furthermore, a strong
effect of the entrance-channel asymmetry. For exam-
ple, the ratio R = o-(3n)/a-(2n) which is larger than 20
in the most asymmetric case is reduced to 5 in the
symmetric reaction. This result may seem surprising
since as indicated in Table II the average angular-
momentum transfer, (LFR), obtained from the total
cross section in the sharp cutoff approximation are
within experimental errors equal for the ' 0-, ¹i,
and Se-induced reactions. (It has been suggested
that such an enhancement in symmetric reactions may
be due to trapping of the compound system in a super-

TABLE 11. Average angular momenta L (h'), cross sections a- (mb), and ratios R = [a(3n)/o (2n) ] -(see text). Energies E"
in megaelectronvolts.
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17 (1)
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22
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6O+
399(52)
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57 (9)
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Ni+ Zr
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82(20)
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29
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200
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84
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25 (6)
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&38

14(7)
23 (12)) 21

3.8(0.9)
4.5 (1.1)
5.9 (1.6)

5.6 (1.8)
3.3 (0.9)
4.6(1.3)

23
25
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15
18
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2.9
2.8
3 4

2.8
2.6
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deformed potential well. ) However, the measured y-
ray multiplicities lead to a different picture. To esti-
mate the average entry spin (I ) for each reaction
channel, we use the approximate relation (I~)
= 2((M ) —4) +I0 and I0= 0 or —", for ' '5 Er or

Er, respectively. %e neglect the angular
momentum possibly removed by statistical transitions.
The residual Er isotopes are known to be good rotors
and therefore we assume that all other y transitions
are of the stretched E2 type. The total average angular

momentum (L~) is equal to g„o-l„„l(I~)„„/g„o-t„„l
(cf. Table II). For the most asymmetric entrance
channel, the (L~) and (LE&) values are comparable.
However, in the symmetric or almost-symmetric cases
(L~) is considerably larger than (LE„). This large
difference suggests that in symmetric reactions the ob-
served enhancement of the 2n channel could be due to
the properties of the entrance channel rather than to
the properties of the decaying compound system.

To test this idea we have calculated the fusion
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FIG. 1. Angular-momentum distributions calculated by taking into account ground-state vibrations. For comparison distri-
butions (dashed line) and average values (L) s calculated in the smooth cutoff Bass model are also shown. E, = 103 MeV
corresponds to subbarrier fusion in the "Cl+ ' 'Sb reaction.
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partial-wave distribution using the phenomenological
ion-ion proximity potential of Blocki et al. Since the
bombarding energies considered here are close to (or
below) the Coulomb barrier we take into account the
effect of the zero-point surface vibrations in both col-
liding ions. This mechanism discussed by Esbensen
et al. and in Ref. 2 has been shown' to represent a
particular case of the more general coupled-channel
approach.

The fusion probability in the partial wave l is calcu-
lated as

Pt(E, ~ ) = Jl dft Jfdf, T/(E, m; ft,f2)p (ft)&(f2),

where T& is the potential-barrier transmission coeffi-
cient and f; denotes the actual deviation of the radius
from its static (spherical) value Rot') (i = 1 for the pro-
jectile, and i =2 for the target nuclei). Under simpli-
fying assumptions the radius-deviation probability is
given by a Gaussian distribution in which the variance
o- is related to the surface oscillations by (see, e.g. ,
Ref. 2)

tT =Ao g„g~[(2K+1)/4m ] [htoq(n)/2Ct, (n)].

In the following, we restrict summations to the lowest
quanta (n = 1), and two lowest multipolarities
(k=2, 3). We apply the liquid-drop model (LDM)
expressions for hen„and C& with the important modifi-
cation, however, that the LDM mass parameters, D&,
are scaled linearly to reproduce on the average the ex-
perimental systematics. " After adopting this prescrip-
tion there is no free parameter.

The calculated o-I distributions are given in Fig. 1.
They are compared to the Bass-model smooth-cutoff
distributions,

10(2L + 1)7r)i
~L —Bass™1

emission-strength function included the giant dipole
resonance with position, shape, and strength which
bring an excellent agreement with the observed y
spectrum between 2 and 20 MeV in the ' 0+' Nd
reaction under the same experimental conditions. '

Contrary to Ref. S we did not use an elevated yrast line
in our analysis. We have taken the experimental yrast
line of t6oEr known up to spin 36/1 (Ref. 3). Above
this value, the theoretical yrast line was used. Our de-
formed Woods-Saxon-potential cranking-model calcu-
lations indicate that in ' ' Er no superdeformed con-
figurations occur up to I = (60—70)/t while in ' 6Er
the superdeformation onset corresponds to I ~ 40h.
Therefore the influence of the superdeformation on
the behavior of the compound nucleus studied in Ref.
S cannot a priori be excluded.

The calculated ratios of the 3n- and 2n-channel cross
sections are compared to the data in Table II. The
agreement is good; in particular the calculations repro-
duce very well the suppression of the neutron emis-
sion observed in symmetric reactions. It should be
emphasized that this result is obtained without the
need to enhance the E1 y-decay probability.

In conclusion, in heavy-ion-induced near-barrier
reactions average y-ray multiplicities of individual exit
channels can no longer be explained by the sharp cut-
off model when the masses of the target and projectile
are comparable. As illustrated by calculations which
take into account the ground-state zero-point vibra-
tions, fusion partial-wave distributions can be dramati-
cally modified and can extend to very high partial
waves. This leads to pronounced effects in the decay
of the compound system.

One of us (J.D.) wishes to acknowledge illuminating
discussions with Dr. B. B. Back.

where 4 is determined from requirement
o fU /ass QL Crl agss), For symmetric reactions the
partial-wave distributions are considerably broader
than for asymmetric systems. The effect is particularly
pronounced at the lowest energy, i.e., slightly above or
below the barrier. In Table II the calculated cross sec-
tions are compared to the measured ones. At the
highest energy the measured cross sections are always
overestimated. This difference may be due to
charged-particle evaporation. Statistical calculations
predict that evaporation of charged particles, which
should be negligible at the lowest energy ( —5%),
contribute roughly 20% at the highest energy. The cal-
culated average angular momenta (L ) t which are also
given in Table II agree, in all cases, with the measured
values (L~) within the experimental errors.

By use of the theoretical a-I distributions the relative
neutron-evaporation cross sections have been calculat-
ed by the statistical model code pAcE. The E1 y-ray
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