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Charged particles and high energy y rays from the decay of the '"Er compound nucleus popu-
lated at E„=47MeV excitation energy by the ' C+ ' Sm and "Ni+ 'Zr reactions have been mea-

sured to study possible nonstatistical or entrance channel effects. The experimental spectra and

published evaporation residue and neutron data are compared with statistical model calculations.
The comparison shows that the statistical model with standard parametrization of level density and

yrast lines describes reasonably well the bulk of experimental observables but not the shape of neu-

tron spectra if account is taken of the enhancement factor for E2 transitions. The discrepancies be-

tween experimental data and model calculations are discussed.

I. INTRODUCTION

Angular momentum distributions for the dominant de-

cay channels of the ' Er compound nucleus (CN) have
been recently studied with the Darmstadt-Heidelberg
crystal ball in the nearly mass-symmetric ( Ni+ Zr)
and asymmetric (' C+' Sm) entrance channels, ' follow-

ing an earlier investigation of neutron emission from the
Ni+ Zr reaction. Strong differences in the an yield

and 2n/3n cross section ratio have been observed for
Er compound nuclei populated at the same excitation

energy (47 MeV) and spin with the two reactions. These
results were interpreted as entrance channel memory dur-
ing the decay of the CN. It has been suggested' that
during the relaxation of the shape degree of freedom, nu-
clei populated via the symmetric channel are trapped in a
superdeformed minimum of the potential energy surface
that is not reached in the carbon-induced reaction. This
hypothesis is also supported by the fact that the experi-
mental data of the Ni+ Zr reaction cannot be
reproduced by statistical model calculations including
standard pararnetrization of nuclear properties. It has
been shown that a reasonable account of the experimental

observable is obtained by model calculations performed
with the computer code cAScADE (Ref. 5) in which an
elevated yrast line and a level density parameter
a = A /12 are used.

The elevated yrast line was supposed to correspond to
superdeformed shapes for A —160 nuclei which have
been recently discovered in gamma-ray studies. ' The
inclusion of this line in statistical model calculations fol-
lows the suggestion of a trapping of the compound nu-
cleus in a superdeformed minimum. As already discussed
in Ref. 4, this is not consistent with the observed proper-
ties of the superdeformed bands. These bands are known
to become yrast only at quite high spin (J ~ 50k) and the
strength of their transitions is at most l%%uo of the fusion-
evaporation cross section. The average spin for the decay
out of the band is around J-206 with feeding of the ob-
late yrast band. The use of the elevated yrast line would
imply that all nuclei populated in the Ni+ Zr reaction
are superdeformed independently from the spin, i.e., from
the corresponding expected equilibrium shape. In this
case the compound nucleus deformation would remain
frozen in this shape, being the deformation degree of free-
dom not relaxed during the particle emission. Phenome-
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na related to the dynamics of shape relaxation during
particle evaporation or fission have been observed in this
mass region, but only for the lifetime of the compound
system ~~10 ' —10 s, much shorter than that of

Er at 47 MeV excitation (r-8X10 s). The use of
the level density parameter a = A/12 is also rather
unusual in this mass region. Systematics of level densities
indicate a values in the range A/7 —A/8 for A —160 nu-
clei. The excitation energy considered here (E„=47
MeV) is such that a decrease of the level density parame-
ter a caused by temperature effects' can be disregarded.
Furthermore in a recent experiment" the level density
parameter was directly measured to be a = A /8. 8 for the

Zr( Ni, 1 n )
' Er reaction.

In this paper we report on measurements of charged
particles and energetic y rays emitted in the decay of the
compound nucleus ' Er populated in the Ni- and ' C-
induced reactions. The present experiment was motivat-
ed by the well known sensitivity of the spectral shape of
charged particles' and giant dipole resonance (GDR)
strength distribution' to the level densities and shapes of
nuclei in the deexcitation chain. These experimental
data, when linked to the published evaporation residue
cross sections and spin distributions, allow a more de-
tailed test of the statistical model predictions for the

Er, probing also for nonstatistical effects related to the
reaction entrance channel.
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II. EXPERIMENTAL METHODS AND RESULTS

The experiment was performed at the XTU Tandem
facility of the Laboratori Nazionali di Legnaro. 245 MeV

Ni and 73 MeV ' C beams were used to bombard tar-
gets of 0.2 mg/cm Zr (96% enriched) and 2 mg/cm

Sm (90% enriched). Targets were placed at the center
of a small, thin walled scattering chamber (30 cm diam, 9
cm height) in which the charged particle telescopes were
housed at a distance of 10 cm from the target. Four three
element telescopes were used at 0&,b=30', 60', 120', and
150'. The telescopes employed 10—20 pm and 200 pm
thick, 50 mm silicon detectors as hE, and AE2, respec-
tively. Residual energy detectors were 2 cm thick Csl(T1)
scintillators with photodiode readout for the two forward
angle telescopes and standard 1 and 2 mm thick silicon
detectors for the backward angle ones.

The scattering chamber was placed inside a BaF2 y-ray
calorimeter which was used to measure sum energy and
multiplicity of the y cascade that follows the particle
and/or hard y emission in the CN deexcitation. The
calorimeter was made of 14 individual BaFz detectors
(hexagonal section of 55 cm surface, 12 cm thick) cover-
ing —80% of the total solid angle. The prompt y flash in
the calorimeter was used as a fast event trigger for
charged particle and high-energy y-ray detectors.

Energetic y rays were detected at 0&,b=110' by a
10.2X10.2 cm Bi4Ge30, 2 scintillator, surrounded by a
plastic scintillator anticoincidence detector as well as by
a 10 crn thick lead shield. Time-of-flight over a 83 cm
path was used to separate detected y rays from neutrons,
using the start signal from the BaFz calorimeter. Pile up
was rejected by an appropriate electronic circuitry.
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FIG. 1. Center-of-mass converted H (a) and He (b) spectra
from the ' C+' Sm reaction measured at Oi,b=120. Solid
lines describe the results of cAscADE statistical model calcula-
tions using different input sets.
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In Table I we detail the parameter values used in CAS-

CADE calculations. Available default options have been
used to assign to the inputs the values resulting from pub-
lished parametrization of nuclear properties. Spin distri-
butions in the entrance channel have been defined using
the values of the critical angular momentum J,„and
di6'useness 6 derived from measured evaporation residue
cross sections. These J „values are in agreement with
those directly determined from y-ray measurements. '
The original version of the CASCADE code was modified
to include the yrast lines and fission barriers by Sierk,
with finite range corrections, replacing the original rotat-
ing liquid-drop model (RLDM) values. ' We made also
possible the account of E1 transitions through the giant
dipole resonance, with the classical energy-weighted
sum-rule strength, ' instead of the original energy-
independent strength.

In the first step we have performed calculations using
the default values for the energy-independent y-ray
strengths and the following values of the level density pa-
rameter: a = A/12 (set 1) and a = A/8 (set 2). The re-
sults are compared with evaporation residue distributions
in Fig. 4 and charged particle spectra in Figs. 1 and 2.
For a quantitative comparison, in Table II we report the
values of the percent deviation between experimental and
calculated cross sections. In Table III we also quote the
average neutron multiplicity, taking into account the

1n —4n cross sections, to be compared directly with the
experimental results from Ref. 3.

In Fig. 4 and in Tables II and III, the poor agree-
ment ' is verified between calculated and experimental
evaporation residue distribution (especially the ratio be-
tween 2n and 3n cross sections) in the case of the Ni-
induced reaction. As reported in Ref. 2, better results are
achieved in the reproduction of the ' C-induced reaction
data by using the level density parameter a = A/12 (set
1). This is also confirmed by the corresponding calculat-
ed neutron multiplicity values in Table III: the set 1 cal-
culation reproduces well the experimental multiplicity
whereas using the level density parameter a = A /8 (set 2
input) a large overestimation is observed.

Charged particle spectra offer further information. It
is well known that the shape of the particle spectra is
determined by the phase space available to a given decay
channel and by the access to this phase space. The avail-
able space is primarily determined by the level density of
the daughter nucleus that defines the high-energy slope of
the evaporation spectra. A comparison between model
calculation results and experimental data in Figs. 1 and 2
suggests that the level density parameter a = A /8 (set 2)
gives a better account of the spectral slope than
a = A /12 (set 1) for both reactions, in apparent contra-
diction with the results from the evaporation residue dis-
tributions. A second important information arises from

TABLE I. Evaporation calculations using cAScADE.

Angular momentum distribution in the compound nucleus:
A Nj+ Zr: J .„„=46%,diffuseness 5=44.
8 "C+' Sm: Jmax =27&~ diffusenes ~=2

Myers, droplet model with Wigner term mass formula (Ref. 15).

Optical potential for emitted particles:
1 Neutrons, Wilmore and Hodgson {Ref. 16}
2 Protons, Percy (Ref. 17)
3 a particles, Huizenga and Igo (Ref. 18)

Level density parameters at low excitation (E*~7.5 MeV)
1 Fermi gas level density formula {Ref. 19) with empirical parameters from Dilg (Ref. 20)

2 Effective moment of inertia 2=0.85X J„g,d.

Level density parameters at high excitation (E*~15 MeV)
1 Fermi gas level density formula {Ref. 19) with parameters from liquid-drop model (Ref. 21).
2 Level density parameter a = A/DALDM MeV

Set 1: DALDM=12, set 2—4: DALDM=8

Yrast line:
SUBROUTINE BARFIT, A. J. Sierk, L.A.N. L., Group T9, 1984 (Ref. 22)

Fission:
1 Level density parameter at the saddle point a&=a,
2 Fission barrier: SUBROUTINE BARFIT, A. J. Sierk, L.A.N. L., Group T9, 1984 (Ref. 22)

y-decay width (Weisskopf units):
1 E1 decay: Set 1,2: B (E1)= 10 ', set 3,4: B(E1)=EWSR.
2 M1 decay: B (M1)= 3 X 10
3 E2 decay: set 1,2: B(E2)=5; set 3: B(E2)=200; set 4: 8(E2}=500
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TABLE II. Percent deviation between experimental and cal-

culated evaporation residue cross-section distributions.
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the low-energy part of the spectra: the calculations large-
ly overestimate the experimental yield for particle ener-
gies close to the emission barrier generating a spurious
low-energy peak. This extra production by model calcu-
lations of low-energy particles in the low-excitation-
energy region also influences the number of emitted neu-
trons and seems to be responsible for the poor reproduc-
tion of the experimental evaporation residue data. The
particle-gamma competition at low excitation is therefore
supposed to be a critical point in the statistical model cal-
culation for ' Er.

A large enhancement [of a factor 200-300 Weisskopf
units (W.u. )] for the E2 transition rates in the rare earth
region is, indeed, well documented experimentally.
Experimental values are much larger than the value
8 (E2)=5 W.u. contained in CASCADE as a default op-
tion and used in calculations with set 1 and 2 input. Su-
perdeformed shapes, as those supposed to be excited in
the Ni-induced reaction, are characterized by very large

8(E2) values ( —2000 W.u. ). For this reason we per-
formed calculations using the usual level density parame-
ter value a = A /8 and improving the description of the
gamma decay. The E1 strength was given by the
energy-weighted sum rule with GDR excitation and the
E2 strength was enhanced. Calculations using
8(E2)=200 and 500 W.u. , labeled set 3 and set 4, re-
spectively, are reported in Figs. 1, 2, and 4 and Tables II
and III and show, indeed, a much better account of the
experimental data. The shape of the charged particle
spectra is now described correctly in the low-energy re-
gion too, with the disappearance of the spurious low-
energy peak. In the calculations with enhanced E2 tran-
sition rates, the y decay competes more effectively at low
excitation energies, reducing the yield of low-energy par-
ticles. The predicted shape of the particle spectra exhib-
its only a small dependence on the 8(E2) values. The
disappearance of the spurious low-energy peak in the par-
ticle spectra results also in a reduction of the particle de-
cay chain length, i.e., of the neutron multiplicity that de-

20

i
I ~I I

1n 2n 3n 4n p2n u n e2n x

EXIT CHANNEL 12C+ 144S ~Ni+ Zr

TABLE III. Experimental (Ref. 3) and calculated average
neutron multiplicity taking into account the 1n —4n cross sec-
tions.

FIG. 4. Experimental evaporation residue distributions (Ref.
1) for the ' C+ ' Sm (a) and Ni+ Zr (b) reactions compared
with the results of CASCADE statistical model calculations using
different input sets.
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creases with increasing gamma decay strength, as sho~n
in Table III. Computed neutron multiplicities (set 3 and
set 4) are close to the experimental value in case of the
' C-induced reaction, whereas in the Ni case good
agreement is reached only with the larger B(E2) value.
Looking at the overall comparison between experimental
and calculated evaporation residue distributions (Fig. 4
and Table II), one sees also a relevant improvement going
from B(E2)=5 W.u. (set 2) to 8 (E2)=200 W.u. (set 3),
with smaller differences between set 3 and set 4. In the
' C+ ' Sm case, the same qualitative agreement between
model calculation and experimental evaporation residue
distribution is obtained with the level density parameter
a = A/8 and enhanced E2 transition rates with respect
to that obtained previously by using the unusual value
a = 2 /12 without 8(E2) enhancement, the latter calcu-
lation also producing unrealistic spectra of evaporated
charged particles. An acceptable description of the ex-
perimental data is obtained by set 3 and 4 calculations
also in the case of Ni-induced reaction.

We note that the computed yield of the charged parti-
cle channels shows still some underestimation with
respect to the experimental data. The shapes of the parti-
cle spectra are very well reproduced with the exception of
the alpha spectra in the ' C+' Sm reaction. This is be-
cause the computed spectra are due only to the a2n chan-
nel, while the experimental ones result also from the con-
tribution of the an channel, weakly populated in the
model calculation.

The need of a level density parameter a (( A /8 was es-
tablished in previous works to reproduce the shape of
neutron spectra from the Ni+ Zr reaction. Those
spectra are characterized by a slope parameter (average
temperature) T-2.4 MeV at the lower spin. Such high
value of the slope parameter cannot be reproduced by
model calculations using the usual level density parame-
ter a = 3 /8 which yields spectra of evaporated nucleons
with T-1.6 MeV. We stress that proton spectra exhibit
a slope parameter T-1.6 MeV for both ' C+' Sm and

Ni+ Zr reactions.
By using CASCADE with the set 3 and 4 input, we have

also computed the first moments of the evaporation-
residue angular momentum distributions. In Table IV
model predictions are compared with experimental re-
sults from Ref. 1. We note that the calculated values
reproduce several features of the experimental data, al-
though the agreement is slightly worse for the Ni-

induced reaction. We stress that experimental spin distri-
butions have been obtained from the measured gamma-
ray multiplicity distributions, without corrections for the
angular momentum removed by particle evaporation,
supposed to be small. ' We check that the statistical mod-
el predicts that the spin carried by each evaporated nu-
cleon is Al-0. 6A and 61—1A in the case of the ' C- and

Ni-induced reactions. Larger values are predicted in
the case of evaporation of a particles, where the removed
spin is Al-2R and Al-6A', respectively. Corrections for
spin removed by particle evaporations should be taken
into account in deriving the spin distributions. Further-
more the determination of the average spin in some xn
channels of the Ni+ Zr reaction by discrete line y
technique yielded values larger than that reported in
Ref. 1, resulting in a better agreement with the predicted
values.

The comparison in Table IV shows that the two 8 (E2)
enhanced values used give an equivalent description of
the ' C data, whereas the better fit is obtained in the Ni
case by the larger 8 (E2) value.

IV. GAMMA-RAY SPECTRA

It is well known that the strength distribution of the gi-
ant dipole resonance built on excited states contains im-
portant information on the shape of the compound nu-
cleus. ' y-ray strength distributions in the decay of
heavier Er compound nuclei have been measured in the
past, showing the well-known splitting of the GDR due
to deformation. As average parameters for ' Er cen-
troid and width of a single Lorentzian distribution, we
expect from systematics (E)=14.7 MeV and I =7.3
MeV. A visual inspection of the measured spectra in Fig.
3 shows that the statistics in the GDR energy region are
quite poor so that a two-Lorentzian parameter search ap-
pears to be unrealistic. One-Lorentzian fits to the experi-
mental distributions reported here were used only to
check differences in the GDR strength distribution be-
tween the reactions studied. GDR parameters were
determined by fitting to the experimental y-ray spectra
those calculated by the modified version of the code CAS-

CADE and folded with the detector response function. '

We verified that, as reported in Ref. 2, calculations
with energy-independent E2 strengths with large
enhancement [8 (E2 ) =200—500 W.u.) yield gamma
spectra without a GDR bump, being the resonance

TABLE IV. First moment of the evaporation-residue angular momentum distribution (Ref. 1). cAS-

cADE statistical model calculations are reported with set 3 (set 4) input.

Exit
channel

64Ni+ '2Zr

( ( I ) /p)expt ((I„)/r)"'
1n
2n
3n
4n

p2n
an
a2n

21+2
18+2
7+1

21+2
15+2
10+1

27 (23)
23 (20)
19 (18)
15 (17)
18 (18)
23 (20)
18 (18)

43 4
32+ 3
22. 2
7":1

24=2
34":3
12 1

51 (48)
43 (39)
29 (27)
18 (17)
28 (26)
44 (41)
32 (28)
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covered by the tail of E2 gamma rays. It is well known
that the E2 strength, as measured in continuum y-ray
experiments, is concentrated in the so-called E2 bump lo-
cated at low energy in the y spectra, while the higher en-
ergies are dominated by El transitions. For this reason
the GDR parameter search was performed considering
only the E1 contribution in the spectra for E, ~4 MeV.
The search yields for the Ni+ Zr reaction GDR pa-
rameters well in agreement with systematics {strength
S =0.91+0.04 times the classical energy-weighted sum
rule, (E)=14.5+1 MeV and I =7.5+I MeV and

y /v=4. 4), using a level density parameter a = A/8.
The same kind of calculation performed for the
' C+' Sm reaction gives results very close for centroid
and width but with an unrealistically high strength
(S =1.8+0.4, (E)=15.0+1 MeV, I =6.3+1.6 MeV,
and y/v=3. 8). Aside from the poor reproduction of the
GDR line shape, intrinsically connected to the used one-
Lorentzian distribution as shown by the poor values for
the reduced chi-square g /v obtained, the main point of
this search is the difference in strength obtained for the
two reactions, whereas centroids and widths are practi-
cally the same within the errors and in agreement with
the systematics. Calculations with level density parame-
ters a = A/12 give lower values for the resonance cen-
troids ((E)—13.5 —14.5 MeV) with a too large width
(I -10 MeV).

V. DISCUSSION AND CONCLUSIONS

A large set of data is today available for the decay of
the ' Er compound nucleus populated via the mass-
symmetric Ni+ Zr and mass-asymmetric ' C+ ' Sm
entrance channels at 47 MeV excitation energy. The re-
ported difficulties in reproducing the experimental data
with statistical model calculations using standard param-
etrization of nuclear properties, have been taken in the
past as evidence for strong deformation effects which
show up in the symmetric entrance channel.
Differences in angular momentum distributions for the
relevant decay channels have been measured in the crys-
tal ball and have been interpreted as an entrance channel
effect. '

We have measured charged particle and energetic y-
ray spectra for the two entrance channels. The compar-
ison of measured charged particle spectra with statistical
model calculations yields the following information: (1)
The level density parameter a = 3 /12 used in the past in
CASCADE calculations for ' Er does not fit the spectral
shapes. The usual value a = 3/8 accounts well for the
slope of evaporative spectra, in good agreement with the
findings of the direct measurement of level density for the
system considered. " {2) The calculated spectra with
standard parametrization, using both level density pa-
rameters a = A /12 and 3 /8, show an unrealistic growth
of low-energy particle emission, which causes the in-
crease of the average neutron multiplicity. This extra
production disappears by enhancing the y-decay width.

The well-known fact that nuclei in the rare earths re-
gion show large enhancement for E2 emission motivat-
ed the calculations reported here with a standard level

density parameter and a large enhancement for E2 tran-
sitions. Such calculations describe well the shapes of
charged particle spectra and the evaporation-residue dis-
tributions of both reactions. Least-square fits of energetic
y-ray spectra with standard CASCADE calculations yield
GDR parameters generally in agreement with systemat-
ics. We still found significant deviations between model
calculations and experimental data for the a-particle
spectra and GDR strength in the case of the ' C+ ' Sm
reactions. Despite the low bombarding energy ( —6
MeV/nucleon), a sizable contribution to the measured
quantities from incomplete fusion reactions ' cannot be
ruled out, giving a possible explanation for the deviations
observed in this case.

We note that the inclusion of "enhanced collective E2
transitions" is stated also in some earlier CASCADE calcu-
lations, ' although specific values are not reported mak-
ing a direct comparison impossible. The E2 transition
rate enhancement needed to reproduce the data has to be
compared with the corresponding quantity, related in sta-
tistical model calculations to the adoption of the elevated
yrast line characteristic of the superdeformed band.
Quadrupole transitions within the superdeformed band
are very enhanced due to the large intrinsic quadrupole
moment Qo. The experimentally observed B(E2) rates
are of the order of B(E2)-2000 W.u. In this respect,
the value B(E2)=200—500 W.u. needed in the calcula-
tion is far from that value. Furthermore it is difficult to
clearly identify differences in the E2 strengths giving the
best fit to the experimental data using ' C and Ni
beams. It seems that differences in predicted quantities
by using different B(E2) values are within the limits of
uncertainty of the statistical model parameters. Direct
measurements of B (E2) rates will help to solve this prob-
lem.

While the average neutron multiplicity values are well
described by model calculations, the experimental neu-
tron spectra from the Ni+ Zr reaction are much
harder than the predicted ones which, in turn, give a
good account for the proton spectral shape. It seems that
a consistent calculation of the available experimental neu-
tron and light charged particle spectra from the Ni-
induced reaction is not possible using the current models.
The differences between the neutron and proton spectra
evaporated from ' Er might be due to different structur-
al properties of nuclei populated in the decay chains not
accounted for by the average parametrizations contained
in the CASCADE calculations. One example of similar
effects has been recently reported in the literature:
large shifts and changes in the shape of the evaporated
protons feeding different bands in the Sr nucleus have
been observed. This effect cannot be explained by statist-
ical model calculations that exclude specific nuclear-
structure effects.

A few more words are needed about the entrance chan-
nel effects. By using the two different entrance channels,
compound nuclei with different spin distributions are
populated at the same excitation energy. The indepen-
dence hypothesis of the compound nucleus decay implies
that the memory of the entrance channel is lost: at a
given excitation energy and spin the decay of the com-
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pound nucleus populates different branches with the same
ratio. In complex decay chains as those considered here,
the independence hypothesis does not mean that the first
moment of the angular momentum distributions for a
given decay channel, derived from the measured y-ray
multiplicity only, should be the same by using the two
different initial CN spin distributions. It is evident from
Table IV that the extremely different locations in the an-

gular momentum coordinate of the an channel are well

accounted for by the model calculations and cannot be
taken as unexpected features related to the entrance
channel. On the contrary, the model predicts that the ra-
tio o.2„/o.3„as a function of the spin should be the same

for the two reactions, whereas the experimental data

show large diff'erences between the two channels (see Fig.
2 in Ref. 1). This effect is clearly out of the statistical pic-
ture of the compoUnd nucleus decay, which is able, as
shown in this work, to describe several aspects of the

Er decay. Further experimental work is therefore
needed to ascertain clear signatures of entrance channel
or nuclear-structure effects not contained in the actual
statistical model picture of the compound nucleus decay.

We are indebted to Dr. D. Bazzacco (Padova) for
several helpful discussions about the BaF2 calorimeter
and E. Durante (Genova) for the Bi~Ge30t2 detector.
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