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Unexpected Entrance-Channel Effects in the Decay of the Compound Nucleus '56Er
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Angular momentum distributions for the dominant decay channels of ' 6Er compound nuclei
have been studied with the Darmstadt-Heidelberg "crystal ball" detector in nearly mass-symmetric
(~Ni+9'Zr) and asymmetric ("C+' Sm) entrance channels. Strong differences in the an yield
and 2n/3n cross-section ratios are observed at the same excitation energy (47 MeV) and spin in

Er. This effect indicates that there is memory of the entrance channel during the particle-
evaporation stage of the compound-nucleus decay. The dominant exit channels do not exhibit
high-angular-momentum components.

PACS numbers: 25.70.Jj, 25.70,6h, 27.70.+q

Fusion of heavy ions near the barrier, although
studied for many years, still has many open questions
and puzzles. One of them is the well-established fact
that statistical-model calculations systematically over-
predict neutron-emission probabilities from some
compound nuclei in the rare-earth region. '2 This
feature seems to be more pronounced for mass-
symmetric entrance channels. For example, in the
fusion of 64Ni+92Zr, neutron emission is suppressed.
In striking contrast there is excellent agreement
between experimental and calculated values of the
average number of emitted neutrons, when the same
compound nucleus is formed in the mass-asymmetric
channel ' C+ '~Sm. 4

In Ref. 3 it was speculated that the reduction of the
neutron-evaporation probability may be understood in
terms of a reduced effective temperature. The kinetic
energy of the interacting ions may be tied up in defor-
mation energy instead of being rapidly converted to
heat. Such a situation may occur if the compound nu-
cleus is trapped in a superdeformed minimum during
the shape-relaxation process. Moreover, potential-
energy-surface calculations with shell corrections
predict the existence of secondary minima with large

deformation for some neutron-deficient rare-earth nu-
clei, including '56Er. Direct evidence for superde-
formed shapes has indeed recently been reported6 for
152Dy

An alternative interpretation for the observed neu-
tron suppression in terms of fusion-barrier fluctuations
was suggested by Landowne et ai.7 Such fluctuations
result in an increased width of the compound-nucleus
spin distribution raising the rotational energy and
reducing the temperature. Recently, average y-ray
multiplicitiess as well as y fold distributions9 have
been measured for various entrance channels leading
to '6oEr at near-barrier energies and have been inter-
preted in terms of barrier fluctuations.

A distinction between the two interpretations can be
made by measuring the angular momentum distribu-
tions for those evaporation residues which show
anomalously enhanced yields. Moreover, comparisons
should be made for nearly mass-symmetric and mass-
asymmetric entrance channels leading to the same
compound nucleus at the same excitation energy. Un-
fortunately, the angular momentum distributions will
be rather different in the two cases. As a conse-
quence, the decay of the compound nucleus formed
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via different entrance channels has to be compared for
individual partial waves. This has become possible
with the advent of new 4m y-ray detection systems
such as the Darmstadt-Heidelberg "crystal ball" detec-
tor. In this Letter, we report on a study of the sys-
tems 64Ni+92Zr and '2C+' Sm, both leading to the
compound nucleus '56Er at an excitation energy of 47
MeV.

Isotopically enriched targets of 225-p, g/cm Zr
(95%) and 4-mg/cm2 '44Sm (96'/0) have been irradiat-
ed by pulsed 239-MeV ~Ni beams and 73.5-MeV '2C

beams provided by the Heidelberg Tandem/Post-
accelerator facility. The fusion products have been
stopped in a 2osPb backing evaporated onto the targets.
Taking into account the energy loss in the target, both
reactions lead to an effective excitation energy of 47
MeV in '56Er with a spread of 3.4 MeV (64Ni beam)
and 5.6 MeV ('2C beam). The y rays have been
detected with the Darmstadt-Heidelberg crystal-ball
detector, using 158 NaI modules subtending 97'/0 of
the full solid angle. Neutrons have been discriminated
from y rays via time of flight. The evaporation resi-
dues have been identiTied by their characteristic y
transitions observed in a germanium detector. Since
the target contained only 1.1'/0 of 94Zr effects of target
impurities can be neglected.

The distributions of the number of responding
crystal-ball detectors ("fold distributions" ) were
deconvoluted using a response function measured in
the experimental geometry. Since the fold distribu-
tions exhibit widths typically 3 times larger than the
experimental resolution, the shape of the y multiplici-
ty distributions can be accurately determined. To ob-
tain evaporation-residue spin distributions the assump-
tion is made that the y radiation only consists of
stretched quadrupole (b,1=2) and dipole (b,I=I)
transitions and of four statistical transitions which are
assumed to remove 0.31' each. The average spin b,I„,
per nonstatistical photon was determined by fitting the
y-ray angular distributions with a series of Legendre
polynomials. The attenuation coefficient a2 =0.75 re-
ported" for '54Er has been used. The multiplicity-to-
spin conversion is described in detail by Fischer et al. '
Since most of the residues have isomeric states, " dis-
tributions for individual decay branches populating or
bypassing isomers have been summed to obtain the
spin distribution for a given residue. For I )8t the
assumption of stretched transitions should be quite re-
liable and the uncertainty in spin is estimated to be
+10%. It should be noted that a relative comparison

of the two entrance channels is less sensitive to possi-
ble systematic errors in the determination of the abso-
lute spin values.

Figure I shows the measured evaporation-residue
spin distributions for the various exit channels pro-
duced in 64Ni+9 Zr [Figs. 1(a) and 1(b)] and
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FIG. l. Evaporation-residue angular momentum distribu-

tiotts for "6Er formed in (a), (b) 64Ni+92Zr and (c),(d)
' C+'~Sm. The arrows indicate the limiting compound-
nuclear angular momenta derived from measured evap-
oration-residue sections (Ref. 4) assuming a sharp-cutoff
angular momentum distribution.

t2C+t~Sm [Figs. 1(c) and 1(d)]. For reference we
have also indicated the limiting angular momentum
ii/2, determined from the measured evaporation-
residue cross section within the sharp-cutoff approxi-
mation. Numerical results from the analysis are listed
in Table I. The angular momentum removed by evap-
orated particles has been obtained from statistical-
model calculations with the code HIVAP. t3 For most
decay channels, this correction is rather small (Table
I). For the Ni-induced reaction, the 1n and nn chan-
nel originate to a large part from compound nuclear
spins above lt/2. In contrast to predictions of calcula-
tions including barrier fluctuations„at least 90% of the
total yield is concentrated below 425' even allowing for
an uncertainty in the absolute spin scale of 10'/0. As a
consequence there is no significant influence of barrier
fluctuations on the average particle multiplicities.
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TABLE l. Re]ative yields (normalized to 100'/o), average multiplicities (including prompt and delayed y rays), average evap-
oration residue splns, and calculated angular momentum removed by particles. The statistical error of (/M„) is neg]ig]b]e. . Sys-
tematic errors in (IEa) are estimated to + 10'/0. Errors in the relative yield include statistical errors as wei] as systematic error
introduced through corrections for efficiency and decay-time distributions.

Exit
channel

Relative
yield ("/0)

64~i + 92Zr

(I~„)/t'
Relative

yield (%

12C + 144sm

(M„) (I„„)/t'

1n
2fl
3'
4n

P2 f1

nn
0,'2 tl

3+1
24+3
31 +6
7+2

23+5
3+1
9+2

27.0
22.2
13.6
6.7

13.7
20.3
10.8

43 +4
32 +3
22 +2
7+1

24 +2
34+3
12 +1

1.1

1.7
2.0
0.6
2.3
4.7
0.8

&1
6+1

48 +10
7+1

14 +3
6+1

19 +4

15.0
11.1
6.8

11.9
9.6
9.2

21+2
18 +2
7+1

21 +2
15 +2
10+1

0.9
1.5

—0.2
2, 1

0.4
—0.2

'From calculations with Htvwp (Ref. 13).

However, the measured / distributions do not neces-
sarily rule out such fluctuations since there is the pos-
sibility that the highest partial waves may be depleted
by fission.

An unexpected and striking dependence on the
entrance-channel mass asymmetry is observed for the
charged-particle evaporation channels (Fig. I): In the
'2C-induced reaction, 90'/0 of the an yield originates
from partial waves below 20k. The 64Ni-induced reac-
tion does not populate the ~n channel in this I range at
all. Instead, it feeds the high-spin isomers in ' 'Dy.
As a result, the an yield is concentrated at spin values
above 25k.

Entrance-channel effects are also observed for the
neutron-evaporation channels, relevant for the discus-
sion of neutron suppression. At high spin values Fig.
I shows a strong 2n yield for the ~¹iinduced reac-
tion; for the '2C-induced reaction the 3n channel
predominates over the whole range of spin values.
This feature is further illuminated by comparing
cr2„/o3„,the rati. o of cross sections corresponding to
emission of 2 and 3 neutrons, for the two entrance
channels as a function of compound-nucleus spin (Fig.
2). The comparison of the experimental 2n/3n yields
is restricted to a limited spin range where the distribu-
tions for both reactions have sufficient yield. The
spread due to the conversion from y multiplicity into
compound-nucleus spin is less than 5t, deduced from
a Monte Carlo simulation of the decay cascade. Thus,
there is no significant contribution of high partial
waves to lo~er spins, which ~ould otherwise distort
the yield ratio. At low spins in the selected spin range
the o.2„/a.3„ratiosagree within the errors and are con-
sistent with statistical-model calculations. However,
for spins above 24)] there is a steep rise in this ratio
for the 64Ni-induced reaction as compared to the '2C-

induced reaction.
The independence hypothesis'" implies a complete

loss of memory for all details of compound-nucleus

formation which do not involve the basic conservation
laws. Therefore, at given spin and excitation energy
the relative intensities of two decay channels (e.g. ,
0 2 /o 3„)should not depend on the entrance-channel
mass asymmetry. The striking displacement of the nn
spin distribution in the Ni-induced reaction as well as
the observed different spin dependence of o 2„/o.3„for
the two entrance channels suggests that there is
memory of the entrance channel during the particle-
evaporation stage of the compound-nucleus decay,
This unexpected experimental result can be under-
stood within the context of trapping in a superde-
formed minimum during compound-nuclear shape re-
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F]G. 2. Ratio of 2n/3n yields for ~4Ni+ 92Zr and
'~C+' 4Sm as a function of compound-nucleus spin. The
systematic uncertainty in the absolute spin scale is estimated
to be +10'/o. In a relative comparison of the two entrance
channels the cross-section ratios are less sensitive to such
errors. Results are compared with a statistical-model calcu-
lation [HtvAP (Ref. ]3)l, which predicts identical ratios for
both reaction channels.
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laxation. It is only when the compound nucleus is

formed from nearly symmetric mass partners that it

has a sufficiently large initial deformation to relax sub-

sequently through shapes corresponding to those at a
superdeformed minimum. The large deformation en-

ergy necessary to excite such states would lead to a sig-
nificant decrease in temperature and reduce particle
multiplicities as observed, if the deformation is

trapped until 7 emission sets in. The effect increases
strongly with rising spin which is in qualitative agree-
ment with results from cranked-shell-model calcula-
tions, which predict more pronounced superdeformed
minima for higher spins.

The observed effects cannot be accounted for by

preequilibrium emission since neutron spectra mea-
sured for this system show no evidence for such
processes. 3 Moreover, the incident energies (6.1

MeV/u for '2C and 3.7 MeV/u for 64Ni) are well below
the known onset of this reaction mechanism. ts A pos-
sible impact of incomplete fusion on the an channel in

the C-induced reaction —although unlikely because of
the low incident energy —will be investigated in a fu-
ture experiment.

In summary, unexpected entrance-channel effects
have been observed in the decay of the compound nu-

cleus ts6Er. For the same excitation energy and spin
the multiplicities of emitted particles depend on the
entrance-channel mass asymmetry. The spin distribu-
tions for the dominant evaporation residues do not
show high-/ tails which might otherwise have provided
an explanation for the suppression of neutrons in the
64Ni+92Zr reaction. Thus, the original speculation of
trapping in a superdeformed minimum3 still qualifies
for further examination. Whether the observed
entrance-channel effect is indeed related to the nuclear
structure of light Er nuclei is presently being investi-
gated in a comparative study of different entrance

channels leading to the heavier isotopes ' Er-' Er
where superdeformation is not predicted.
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