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Angular momentum dependence of the nuclear level density in the A ~ 170-200 region
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Neutron evaporation spectra along with y multiplicity has been measured from ' TI*, '8Re*, and '®Tm*
compound nuclei at the excitation energies of ~27 and 37 MeV. Statistical model analysis of the experimental data
has been carried out to extract the value of the inverse level density parameter £ at different angular-momentum
(J) regions corresponding to different y multiplicities. It is observed that, for the present systems the value
of k remains almost constant for different J. The present results for the angular-momentum dependence of
the nuclear level density (NLD) parameter @ (=A/ k), for nuclei with A ~ 180 are quite different from those
obtained in earlier measurements in the case of light- and medium-mass systems. The present study provides
useful information to understand the angular-momentum dependence of the NLD at different nuclear mass

regions.
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I. INTRODUCTION

An accurate determination of nuclear level density (NLD)
and information on its dependence on key nuclear parameters
such as excitation energy and angular momentum (spin)
is essential for precise estimation of nuclear reaction rates
using statistical models. Although several theoretical as well
as experimental attempts have been made in the past to
understand the excitation-energy dependence of NLD; the
information on its angular-momentum dependence is quite
limited. Information on the angular-momentum dependence
of nuclear level density can be obtained experimentally by
measuring light-particle evaporation spectra in coincidence
with the low-energy y-ray multiplicity, which is directly
related to the angular momentum populated in the nucleus.
With the development of advanced y-ray multiplicity detector
arrays, it has been possible to carry out such measurements
in recent times [1-6]. On the theoretical side, where the
information on the variation of NLD over a wide range of
excitation energy (E*) and angular momentum (J) comes only
from the phenomenology based semi-empirical formulations,
the spin dependence in NLD is accounted for by two
different approaches. In the first approach, applicable mostly
at moderate £* and J, the angular-momentum dependence is
incorporated through the spin-dependent rotational energy [7],

h2
Ewi = z—J(J + 1), (1
~Seff
with
St = Jo(1 + 81> + 8,04 )

Here e and I are the effective and rigid-body moment of
inertia of the system and &, and §,, known as the deformability
coefficients, are adjustable parameters that provide a range of
choices for the spin dependence of the level density [8]. The
rotational energy is subtracted from the excitation energy and
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the effective energy is used to calculate the NLD by using the
standard level density formula [9]. In the second approach,
mostly applicable for low E* and J, the spin dependence is
introduced in the total level density by a multiplicative Gaus-
sian function [exp [—(J + %)2 /(2011 [10], where the width
of the Gaussian is determined by the temperature-dependent
(T -dependent) spin cutoff factor o = [(J07T)/h?]'/?. At high
excitation energy (i.e., for E* > FE.y) these two approaches
become equivalent. In both the approaches the spin depen-
dence in NLD has been incorporated independently and there
is no additional dependence of the level density parameter on
angular momentum or deformation. These prescriptions have
been tested mostly with the inclusive particle spectra and found
to be reasonable to explain the experimental data. However,
recent data from exclusive measurements with respect to
angular momentum have not been properly explained by
the available prescriptions of spin dependence of nuclear
level density [2—4]. In these cases additional dependence on
angular momentum was required, which was incorporated
through the variation of the level density parameter with
angular momentum. In one such measurement of angular-
momentum-gated neutron evaporation spectra for A ~ 118,
populated at excitation energies E* ~ 31 and 43 MeV and
angular momentum J ~ 104 to 207, it has been observed that
the inverse level density parameter decreases with increasing
angular momentum, indicating a relative enhancement of
NLD for higher J [3]. In another recent study, we have
simultaneously measured all the (significant) light-particle
evaporation spectra along with y -ray multiplicity emitted from
the compound nuclei *’Tc* and %*Zn* populated at E* ~
36 MeV and J in the range of 10/ to 20/. From the analysis
of the all three (n, p, and « particle) light-particle spectra, a
strong variation of the level density parameter with angular
momentum was observed for both systems [2]. In this case
also, the inverse level density parameter was found to decrease
with increasing angular momentum. A strong variation of the
inverse level density parameter with angular momentum was
also reported in the measurement of angular-momentum-gated
a-particle spectra for a number of nuclei with A ~ 120,
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FIG. 1. (Color online) Schematic illustration of the experimental
setup used in the present experiment.

E* ~ 60 MeV, and J ~ 10k to 20h in Ref. [4]. With the
observed dependence of the level density parameter on J
in the earlier studies it will be interesting to extend this
study to different mass regions, specifically for heavier nuclei.
With this aim we measured y -ray-multiplicity—gated neutron
evaporation spectra for the *He + '’ Au, “He + '3!Ta, and
“He + '9Ho reactions at E* ~ 27 and 37 MeV to extract the
explicit angular-momentum dependence of NLD for heavier
systems. The present results along with the earlier measure-
ments in lighter systems are likely to help in understanding the
systematics of the angular-momentum dependence of NLD at
different mass regions in a better manner.

II. EXPERIMENTAL DETAILS

The present experiment was performed by using 28 and
40 MeV “He ion beams obtained from the K 130 cyclotron
of the Variable Energy Cyclotron Centre in Kolkata, India.
Self-supporting foils of '8! Ta, 1% Ho (thicknesses ~1 mg/cm?)
and 7 Au (thickness ~500 pg/cm?) were used as targets to
populate the compound nuclei 2! T1*, '85Re*, and ' Tm* from
the *He + 97 Au, *He + '®'Ta and *He + '®Ho reactions,
respectively. To detect the neutrons emitted in the decay of the

10° g

E O Fold2
—— CASCADE (@ =A/9.1)
o~ [0 Fold3
‘é’ 104 —— CASCADE (@ = A/9.1)
= ¥  Fold 4 & more
,e —— CASCADE (a = A/9.0)
= 103
= o
3
Nb 102
= EE,, =40 MeV
Coooo v b b g
24 68 10
Ec.m. (MeV)

FIG. 2. (Color online) Experimental neutron energy spectra
(symbols) for different folds along with the theoretical fits (continuous
lines) made by using the statistical model code CASCADE for the
“He + '7 Au system at 40 MeV incident energy.
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compound nuclei, four liquid-scintillator (BC501A) detectors
of dimension 5Sinch x Sinch were used [11]. The neutron
detectors were placed outside the scattering chamber at angles
90°, 105°, 120°, and 150° with respect to the beam direction
at a distance of 150 cm from the target. A schematic of the
experimental setup used in the present measurement is shown
in Fig. 1.

To keep the background of the neutron detectors at the
minimum level, the beam dump was kept 3 m away from
the target and was well shielded with layers of lead and
borated paraffin. The energy of the emitted neutrons has
been measured by using the time-of-flight (TOF) technique
whereas the neutron gamma discrimination was achieved by
both pulse-shape discrimination (PSD) and time of flight. In
converting the neutron TOF to neutron energy, the prompt y
peak in the TOF spectrum was used as the time reference. The
efficiency correction for the neutron detectors were performed
by using the Monte Carlo code NEFF [12]. Neutrons emitted in
these reactions were detected in coincidence with a 50-element
BaF;-based low-energy y-ray filter array [13], which was used
to estimate the populated angular momenta of the compound
nuclei and to provide the start signal for the TOF measurement.
The filter was split into two blocks of 25 detectors each
and were placed on the top and bottom of the thin-wall
reaction chamber (wall thickness ~3 mm) in a staggered
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FIG. 3. (Color online) Same as Fig. 2 but for the *He + '*'Ta
system at (a) 40 MeV and (b) 30 MeV incident energies.
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FIG. 4. (Color online) Same as Fig. 2 but for the “He + '©Ho
system at (a) 40 MeV and (b) 28 MeV incident energies.

castle-type geometry (Fig. 1). Typical solid angle coverage of
the multiplicity filter was about ~33%. Data from the neutron
detectors were recorded in event-by-event mode in coincidence
with y rays of different folds. Here “fold” is defined as the
number of BaF, detectors fired simultaneously in an event,
which is directly related to the populated angular momentum.
The angular-momentum distributions for different folds were
obtained by converting the measured y -fold distribution using
the Monte Carlo simulation technique based on the GEANT3
toolkit, by including real experimental conditions like detector
threshold and trigger conditions in the simulation [13].

III. RESULTS AND DISCUSSIONS

The experimental neutron energy spectra for different y
folds were extracted and compared with the theoretical calcula-
tions performed with the statistical model code CASCADE [14]
by using the extracted angular-momentum distributions for
different folds as inputs. The fold-gated experimental neu-
tron energy spectra for the “*He + '°’Au, “He + '®'Ta, and
“He + '9Ho systems, along with the corresponding CASCADE
fits are shown in Figs. 2, 3, and 4, respectively. In the
CASCADE calculation, the phenomenological level density
formula predicted by the back shifted Fermi gas model [9]
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FIG. 5. (Color online) Variation of the inverse level density pa-
rameter with average angular momentum corresponding to different
y folds in the case of (a) “He + '“Ho (b) “He + '8'Ta, and (c)
“He + 7 Au systems.

given by
32
2J+1) n?
nt(E*,J) = —— | ——
Pint( ) 12 <2%eff \/E

eXP(Z\/a(E* - Erot - AP))
X
(E* - Erot - AP)2

3

was used, where a is called the level density parameter, E* is
the excitation energy, and A p is the pairing energy. The NLD
parameter a is related to the density of the single-particle
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levels near the Fermi surface and is influenced by the shell
structure and the shape of the nucleus, which in turn depend
on the excitation energy. The shell effect and its dependence
on excitation energy has been accounted for by the Ignatyuk

formalism [15], which is expressed as
AS
a=€z[1—7{1—eXp(—VU)}] 4)
_ 0.4A%3
y == %
a
U:E*_Erol_AP» (6)

where a is the asymptotic value of the liquid-drop NLD
parameter at the excitation energy where shell effects are
depleted. Here AS is the shell correction obtained from the
difference of the experimental and the liquid-drop model
masses and y is the rate at which the shell effect is depleted
with the increase in excitation energy. The quantity U is
nothing but the available thermal excitation energy which
contributes to the temperature. In the present formulation
of pine(E*,J) the spin dependence in NLD is incorporated
through the spin-dependent rotational energy E, by using
the rotating liquid drop model (RLDM) prescription as given
by Egs. (1) and (2). The shape of the neutron kinetic
energy spectra in the statistical model calculation were mostly
determined by the value of the level density parameter. The
role of the deformability coefficients (§; and §,) were found
to be insignificant for the neutron spectra for all systems. The
experimental spectra were fitted with the theoretical spectra

PHYSICAL REVIEW C 91, 014609 (2015)

TABLE I. Average angular momenta and the extracted inverse
level density parameters for different y folds.

System E, (MeV) Fold (J) (h) k (MeV)

“He + 7 Au 40 2 15.0 £ 4.9 9.1 £ 04
“He + 7 Au 40 3 18.0 &+ 5.0 9.1 £ 0.5
“He + '7Au 40 >4 21.0 £ 6.0 9.0 £ 0.5
“He + '81Ta 40 2 13.0 £ 4.0 11.1 £ 0.3
“He + '¥'Ta 40 3 15.0 &+ 4.0 109 4+ 0.5
“He + '¥'Ta 40 >4 18.0 £ 5.0 10.8 + 0.6
“He + '81Ta 30 2 12.0 £ 4.0 10.1 &£ 0.5
“He + '¥'Ta 30 3 14.0 +£ 4.0 10.3 + 0.8
“He + '¥'Ta 30 >4 17.0 £ 5.0 10.0 £ 1.1
“He + '%Ho 40 2 15.0 £ 4.9 9.5+ 04
“He + '“Ho 40 3 18.0 &+ 5.0 92 £ 04
“He + 'Ho 40 >4 21.0 £ 6.0 9.2 + 0.6
“He + '%Ho 28 2 12.0 £ 4.0 8.0 £ 0.5
“He + '“Ho 28 3 15.0 £ 5.0 7.7 £ 0.6
“He + 'Ho 28 >4 18.0 £ 6.0 7.8 £ 0.6

by varying the level density parameter, which is estimated
as d@d = A/k, where k is called the inverse level density
parameter. The optimum values of k were extracted by fitting
the experimental neutron spectra using the x> minimization
technique. The extracted values of the inverse level density
parameter as obtained for different average angular momenta
corresponding to different y folds are shown in Table I. The
variation of k with (J) for the present systems has been plotted
in Fig. 5. It can be observed from the figure that the values
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FIG. 6. (Color online) Variation of the inverse level density parameter with average angular momentum for the “He + *>Nb (filled triangle)
and “He + ®Ni (filled circle) systems as observed from the analysis of the (a) neutron, (b) proton, and (c) a-particle spectra and (d) for the
“He + 'In system as observed from the analysis of the neutron evaporation spectra at Ep,, = 30 MeV (filled triangles) and E},, = 40 MeV

(filled circles). Data were taken from Refs. [2,3], respectively.

014609-4



ANGULAR MOMENTUM DEPENDENCE OF THE NUCLEAR ...

of the inverse level density parameter remains almost constant
for all the folds (angular momentum) in all three cases. For
the sake of comparison, the extracted k values at different
folds in the case of lighter nuclei populated around similar
excitation energy and angular-momentum range through the
“He-induced reactions are shown in Fig. 6. It is seen from
the figure that, for the light- and medium-mass nuclei (%Zn,
97Tc, and '1°Sb) there is a substantial decrease in the k value
at higher angular momentum. On the contrary, the k value
remains almost constant at all the folds in case of the relatively
heavier systems (Fig. 5). It is therefore interesting to note that,
for light- and medium-mass nuclei (''°Sb, %Zn, and *’Tc)
measured neutron (as well as charged particles) evaporation
spectra in coincidence with y-ray multiplicity gave a clear
signature of the angular-momentum dependence of the level
density parameter, while for heavier nuclei (*°'Tl, '®5Re,
and '®Tm) no such dependence on angular momentum was
observed. It may be noted that the value of the spin cutoff
parameter (o) for the current systems are in the range of
10.5A to 15.5h, which is of similar magnitude to that of
the populated angular momenta. The nearly constant nature
of the level density parameter with the variation in angular
momentum in the 180 mass region has also been reported
by Gupta et al. [5] from the measurement of the fold-gated
a-particle evaporation spectra. However, a strong dependence
of k on J was observed from similar measurements in the
A ~ 120 mass region by the same group [4], as already
described in the introduction. The present result as well as
the earlier measurements as discussed above indicates that
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angular-momentum dependence of NLD may have sensitivity
to the mass number. However, to comprehensively understand
the angular-momentum dependence of NLD and its sensitivity
over the mass region, more exclusive measurements at different
mass regions are required.

IV. SUMMARY AND CONCLUSION

The energy spectra of the neutrons emitted in the decay of
201p* 185Re* and 'Tm* have been measured at backward
angles in coincidence with the y rays of different multiplicities.
The analysis of y-ray-fold—gated neutron spectra has been
carried out by using the statistical model code CASCADE. From
the present data it is observed that the k value remains almost
constant with the change in angular momentum. The present
observation is in contrast to the earlier observed trend from
similar measurements for the light- and medium-mass nuclei.
The different trends of variation of k with J as observed in
different mass regions indicate that the angular-momentum
dependence of NLD as described by the spin dependent
rotational energy along with the shape change at higher
angular momentum using the RLDM prescription is sufficient
to explain the experimental data at the A ~ 180 mass region,
which was found to be inadequate in earlier measurements at
the lower-mass regions.
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