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Recent accurate data obtained for the isomeric cross section of the 197Au(n, 2n) reaction provide a valuable
opportunity to consider the question of the effective moment of inertia of the nucleus within a local consistent
model analysis of all available reaction data for the 197Au target nucleus. Thus, a definite proof of a moment of
inertia equal to that of the rigid-body has been obtained for the 196Au nucleus, while indications infer about half
the rigid-body for 194Ir.
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I. INTRODUCTION

The cross sections for nuclear reactions induced by neutrons
below 20 MeV are generally considered to be reasonably
well known despite many reactions for which the data are
too conflicting or incomplete to make possible validation
of different model calculations. This is why there is still
a lot of interest in the model constraints that are respon-
sible for calculation variance (i) at incident energies below
20 MeV, where the statistical model (SM) calculations are
most sensitive to parameters related to residual nuclei and
emitted particles, and (ii) above 20–30 MeV, where the
pre-equilibrium emission (PE) becomes usually the prevailing
process so that the data analysis may better validate the model
assumptions.

Among the former SM parameters some of the most im-
portant concern the nuclear level density and its Gaussian spin
distribution with the dispersion σ determined by the nuclear
moment of inertia. Actually, the moment of inertia I plays
a basic role within both nuclear reaction and spectroscopic
studies, with different features pointed out within each of these
fields. Therefore, a brief going over might be worthwhile.

The spin cutoff parameter σ 2 is implicit in the Bethe
formula [1] based on the Fermi gas (FG) model, assuming
equally spaced single-particle states and no collective levels,
while it was related by Bloch [2] to the rotations of the whole
nucleus as a rigid body. Ericson [3] expressed σ , in terms of
I and the nuclear temperature t , as σ 2 = I t/h̄2. At the same
time, the rigid-body value Ir was noted as a limit at high
excitation, where the nucleus can be described as an ordinary
FG, while a constant temperature was found suitable at low
excitation, similar to a melting system. Nevertheless I values
reduced by �30%, due to pairing interactions, were found with
an uncertainty still of the same order as the expected effect [3].

Huizenga and Vandenbosch [4] discussed thoroughly the
dependence of the isomeric cross-section ratios on the spin
distribution of both the compound and the residual nuclei, and
consequently the σ values that can be provided by their SM
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analysis within reactions for which compound nucleus (CN)
formation predominates. The importance of the competitive
γ -ray emission that was not considered by former SM analyses
was pointed out by Grover [5], including an uncertainty
between ∼0.1 and ∼1.6 for the ratio I /Ir reported by various
authors until then. Moreover, Grover gave a first comment [6]
on the difference between the moment of inertia that describes
the spin dependence of the level density and an “effective”
moment of inertia which is defined by the energies of the lowest
excited level at a given spin J of the nucleus (the yrast levels
[7]). It was thus emphasized that, while the former is related to
the FG of noninteracting particles, the latter is consistent with
the opposite shell model calculations corresponding roughly
to I/Ir ∼ 0.5. The shell structure may also account for values
I < Ir , for nuclei away from closed shells, and for the opposed
case, for nuclei near closed shells [7].

While mainly constant σ 2 values were related formerly to a
constant-temperature (CT) level density formula, Hilmann and
Grover [8] performed shell model combinatorial calculations
using the BCS theory for pairing forces and found definite
energy and spin dependencies of I . Gilat [9] also found by
means of analytical approximation of shell model calculations
that the use of the Ir can reproduce only the gross trend of σ

with mass number A, averaged over the shell effects. Behkami
and Huizenga [10] found in a similar way that σ 2 values,
expressed as a sum of independent contributions of σ 2

n and σ 2
p ,

depend on the structure of single-particle levels which may
completely reverse the importance of the roles of neutrons
and protons. Furthermore, Huizenga et al. [11] showed that
values of σ 2 for doubly even nuclei with 20 � A �209 at a
fixed excitation energy E∗ = 7 MeV do not increase smoothly
with A but show structure reflecting the angular momenta of
the shell model orbitals near the Fermi energy. This structure
was proved soon after that by Canty et al. [12], through
comparison of realistic shell model calculations with FG model
level density, to be washing out with the increase of E∗ up to
50–60 MeV. A particular case was pointed out at the same
time by Joly et al. [13] by analysis of γ -ray strength functions
deduced from neutron capture between 0.5 and 3 MeV, namely,
Ir values for near closed-shell nuclei 104Rh and 198Au and half
of Ir for the deformed nucleus 170Tm.
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The knowledge about the level density spin cutoff factor
σ , available until the beginning of the 1970s, from isomer
ratio and angular distribution measurements was reviewed
and completed through the latter way by Lu et al. [14],
taking into account its energy dependence and discussing
the motivation of finding various I /Ir values. Taking also the
advantage of the higher angular momenta brought by heavier
incident α particles, they provided evidence for the full Ir .
The smaller I values reported previously were considered to
be due to incorrect assumptions and approximations. The same
motivation was found by Hille et al. [15] also by analysis of
angular distribution, for 50% decrease of a former established
I /Ir value. On the other hand, a new and direct determination
of the spin cutoff factor was introduced in the beginning of the
1980s by Weigmann et al. [16] by comparison of both neutron
and proton resonance data for the same compound nucleus
41K, with the corresponding result I/Ir ∼ 1.00 ± 0.18.

A significant development of the theoretical approaches
came out in the 1990s. Thus, a proper description of the
energy-dependent spin cutoff factor deduced from both the
spin distribution of the low-lying levels and the resonance data
proved the consistency of the phenomenological generalized
superfluid model, taking into account the phase transition from
the superfluid state to the normal state at a critical temperature
lower than �0 = 12/

√
A [17]. Actually, according to this

phase transition, the authors of a reviewed resonance data
analysis [18] themselves considered the result of a half of Ir

surprising. Moreover, a microscopic approach [19] led to a
moment of inertia that is about half of the Ir value at lower
excitation energy, due to the pairing correlations, and increases
by ∼15% at higher excitation. However, a dramatic increase
in the moment of inertia up to the Ir value was shown to be
associated with the breaking of nucleon pairs for temperatures
of 1.0–1.5 MeV, within shell model Monte Carlo (SMMC)
calculations [20] as well as, later on, in a simplified spin cutoff
model [21]. Further developments made possible conversion
of the SMMC values of σ 2 to an energy-dependent I that is at
low energies significantly smaller than the Ir value due to the
pairing correlations [22].

However, the moment of inertia assessment based on the
spin distribution analysis at low excitation is related to the
spectroscopic information that has been available up to a
few 100 keV above the yrast line, beyond the low-lying
levels and resonance data with spins usually �5h̄ (e.g.,
Ref. [23]). Sorensen [24] reviewed at length that, while the
moment of inertia given by the measured energies of yrast
levels in a number of rare-earth nuclei is two to three times
smaller than the Ir values due to the pairing correlations, it
increases smoothly with the spin increasing, for low angular
momenta, until suddenly it rises at about spin 14–16 to Ir .
The backbending, i.e., anomalous behavior of the moment of
inertia at high spin in nuclear rotational bands of medium
and heavy nuclei, where I rises faster than J , was related to
a phase transition to vanished pairing correlations that takes
place over several J units. Moreover, Bohr and Mottelson [25]
pointed out the differences between the “dynamical” effective
moment of inertia, defined by the “envelope” of the yrast
bands, and those defined by individual bands, with respect
to the Ir value, and the fact that the available resolved band

spectra give information on the rotation of the nucleus in its
superfluid phase. Large variations of I were also showed to
be caused by shape change, collapse of pairing correlation or
alignment of particles in transitional nuclei [26] like these
within present work. More recently, I values at high spin
that may be substantially smaller than Ir values as if the
nucleus was superfluid, while it was already in the normal
state, were attributed to shell effects [27]. However, for the
shape transitional nuclei, or almost spherical nuclei, the I

values may increase with spin much faster [28].
In the meantime, a value of I/Ir = 0.75 ± 0.06 at the

neutron binding energy for the nucleus 51V [29], obtained
by the direct method of Weigmann et al. [16], was later
considered in two different ways. Thus, a variable moment
of inertia was adopted between the 0.5 and 0.75 values of
I/Ir , for the excitation energies from the nucleus ground state
(g.s.) to the nucleon binding energy, and then to 1 around
E∗ = 15 MeV [29]. It was next involved within consistent
analyses of the isomeric cross-section ratio [30–36] with good
results. However, it was also found that even the largest
change between the 0.5 and 1 values of I/Ir may be still
of the same magnitude with the uncertainties associated
with the decay schemes and measured-data spread, so that a
definitive conclusion on this point was precluded [30]. On the
other hand, the I/Ir value of 0.75 for A ∼ 50 [29], taken into
account in the whole E∗ range, and values of 0.15–0.30 found
in analyses of isomeric cross-section ratios for A ∼ 140 [37]
and A ∼ 200 [38–41] led the authors of the latest references
to the assumption of a mass-dependent effective moment of
inertia. Similar calculations for lead isotopes have shown that
the isomer population is more readily reproduced using an I

value that is half rather than the full Ir [42].
The above review of the knowledge gathering about spin

cutoff factor σ 2 may account for the results obtained by
level counting at low energy, starting with analyses [43] that
assumed only the dependence on A. At later times, a similar
but enlarged study [44] found a weak A dependence that could
be attributed to a value I < Ir below the excitation energies of
6–8 MeV, while most recent work of these authors [45] gave the
spin cutoff factor as a function of both A and E∗, with similar
conclusions. Meanwhile, a parallel study but within both FG
and CT models, done finally for 20 � A � 110 [46], indicated
that I at energies of a few MeV is slightly less than Ir . More
recently, Koning et al. [47] gave both a closed form of the
discrete spin cutoff σ 2

d and a suggestive view of the difference
between this value and the FG one at the neutron binding
energy versus A (Fig. 5 of Ref. [47]). A linear interpolation is
adopted between the two values [47,48].

A thorough way of using the data available in the whole
excitation range in analysis of the isomeric cross sections was
initiated by Chadwick and Young [49], with a spin cutoff factor
interpolated linearly between the σ 2 value determined from
the spin distribution of observed low-lying discrete levels and
the FG value adopted within the related E∗ range. They also
took into account 14+, 15+, and 16+ discrete levels embedded
within the continuum of statistically described levels, which
decay into the isomeric 16+ state of 178Hf, to describe its
population. An increase of 30–40% for this population cross
section was thus obtained, while these authors considered that
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the existence of such undetected bands that decay fully into the
isomeric state is physically unlikely. Soon after, they proved
[50] that better results for this yet quite particular case [51]
are obtained provided that the same spin distribution after
PE and equilibrium decay is not assumed. While the PE spin
distribution was discussed early on by Feshbach et al. [52] and
further detailed by Fu [53], its basic role for a proper analysis
of the isomeric cross-section ratios was first proved by Bogila
et al. [54] for proton incident energies above 25 MeV. A decade
later the Los Alamos group [55] proved that, taking properly
into account the PE spin distribution for neutron inelastic
scattering on 193Ir, the 11/2− isomer production cross section
is reduced by 50% at 14 MeV. Moreover, it was also shown
that, while the production cross section of a high-spin isomer
through a (n, 2n) reaction would be reduced by including the
real PE spin distribution, the same effect may be obtained
using only the CN spin distribution with a significantly reduced
σ 2 value [56]. These authors noted that the above-mentioned
rather strong decrease of the ratio Ir/I to 0.15–0.20 [39] was
artificial and resulted from the use of an improper PE spin
distribution, i.e., the CN one. Further calculations [57] using
PE spin distribution do not indicate a need for the value I < Ir .

The so different statements [38–42,55–59] for the level
density spin cutoff obtained from isomer-ratio measurements
in the transitional region from well-deformed to spherical
nuclei near the Z = 82 shell closure and the new accurate
data obtained for the reaction 197Au(n, 2n) [59] motivate this
analysis. The reaction models involved and the consistent
parameter set adopted to avoid compensation effects in the
case of improperly adjusted parameters are discussed in Sec. II.
The calculated results are compared in a unitary way with the
available data for all reaction channels in Sec. III. Questions
still existing are discussed in Sec. IV, and conclusions are given
in Sec. V. Preliminary results are described elsewhere [60].

II. NUCLEAR MODELS AND PARAMETERS

To avoid the usual question marks associated with the model
calculations which combine PE with equilibrium decay of the
remaining compound nucleus, we have analyzed the activation
cross sections of the 197Au target nucleus using a consistent
local parameter set, established by distinct analyses of various
independent data. An updated version of the STAPRE-H95 code
[61,62] has also been used, including a generalized geometry-
dependent hybrid (GDH) model [63] for PE processes, which
takes into account the angular-momentum conservation [64]
and α-particle emission [65] with a preformation probability
ϕ [66] that is assumed to have a 0.25 value [67]. The same
optical model potential (OMP) and nuclear level density
parameters were used, beyond the OM and SM frameworks,
for the calculation of the PE model intranuclear transition
rates and single-particle level (s.p.l.) densities at the Fermi
level [63,68,69], respectively.

The comparison of various measured data and calculation
results, including their sensitivity to model approaches and
parameters, has concerned all activation channels for which
there are measured data. Thus, the use of model parameters that
may be improperly adjusted, to take into account properties

peculiar to specific nuclei in the decay cascade, was avoided.
The unitary character of the model analysis is thus also
ensured.

The nucleon optical potential of Koning and Delaroche
[70] was found to describe adequately [60] the Refer-
ence Input Parameter Library (RIPL-3) recommendations
for the low-energy neutron scattering properties [48] as well
as the recent neutron total cross sections [71]. Actually we
used the neutron transmission coefficients obtained within the
code TALYS [72] by using RIPL 1464 potential segment. The
same TALYS calculation has been used to obtain the fraction of
the neutron reaction cross section corresponding to the
collective inelastic scattering cross sections. Typical ratios of
the direct inelastic scattering to the total reaction cross sections
in the incident energy range from 4 to 40 MeV decrease from
∼20% to 3%, being used for the corresponding decrease of the
latter within the rest of the reaction cross-section calculations.

For calculation of the α-particle transmission coefficients,
we have used the optical potential established previously [73]
for emitted α-particles and supported recently by semimicro-
scopic analysis for A ∼ 90 nuclei [74].

The modified energy-dependent Breit-Wigner (EDBW)
model [75,76] was used for the electric dipole γ -ray strength
functions fE1(Eγ ) requested for calculation of the γ -ray
transmission coefficients. The systematic EDBW-model cor-
rection factor FSR has been chosen to provide fE1(Eγ ) values
close to the related experimental data and former calculations
(Refs. [77,78]). At the same time we used the γ -ray strength
function fM1 parameters of Ref. [78] as well as global
estimations [79] of the γ -ray strength functions for the other
multipoles λ � 3. The corresponding strength functions have
finally been checked within the calculations of capture cross
sections of 197Au nucleus in the neutron energy range from
keV to ∼8 MeV [60], using also the OMP and nuclear level
density parameters described below.

The nuclear level densities were derived on the basis
of the backshifted Fermi gas (BSFG) formula [80], for the
excitation energies below the neutron-binding energy, with
the parameters a and � obtained by fit of recent experimental
low-lying discrete levels [81] and s-wave nucleon resonance
spacings D0 [48]. Above the neutron binding we took
into account the washing out of shell effects [82,83] using
the method of Koning and Chadwick [84] for fixing the appro-
priate shell correction energy. To have a smooth connection we
chose a transition range from the BSFG formula description
to the higher energy approach, between the neutron binding
energy and the excitation energy of 15 MeV. Concerning
the level density spin distribution, we first used the above-
mentioned variable ratio I/Ir varying among values of 0.5 for
ground states, 0.75 at the neutron binding energy, and 1 around
the excitation energy of 15 MeV [29]. The results below proved
however the need to consider a constant ratio I/Ir , equal to
either 1 or 0.5. Therefore we did the fit of low-lying discrete
levels [81] and s-wave nucleon resonance spacings D0 also for
these constant I/Ir values in the range 187 < A < 206. The
three sets of the a parameter values obtained in this way are
shown elsewhere [60] while the values for the case I/Ir = 1
are given in Table I. For the nuclei without resonance data
we applied the smooth-curve method [79] by using average a
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TABLE I. Low-lying level number Nd up to excitation energy E∗
d [81] used in cross-section calculations and the levels and s-wave

neutron-resonance spacings D
exp
0 in the energy range �E above the separation energy S, for the target-nucleus g.s. spin I0, fitted to obtain the

BSFG level density parameter a and g.s. shift �, for a spin cutoff factor calculated with the rigid-body value for the nucleus moment of inertia,
and reduced radius r0 = 1.25 fm.

Nucleus Nd E∗
d Fitted level and resonance data a �

Nd E∗
d S + �E

2 I0 D
exp
0

(MeV) (MeV) (MeV) (keV) (MeV−1) (MeV)

190Ir 26 0.287 59 0.486 20.40 −1.19
191Ir 20 0.686 20 0.686 19.60 −0.63
192Ir 28 0.235 35 0.284 6.198 3/2 0.0025(3) 20.40 −1.31
193Ir 29 0.874 29 0.874 19.46 −0.62
194Ir 36 0.489 36 0.489 6.067 3/2 0.0058(5) 20.00 −1.04
193Pt 32 0.701 32 0.701 6.256 0 0.0314(13) 19.58 −0.79
194Pt 27 1.816 42 2.004 19.00 0.41
195Pt 28 0.695 28 0.695 6.106 0 0.082(10) 18.30 −0.86
196Pt 45 2.013 54 2.093 7.922 1/2 0.018(3) 18.32 0.33
197Pt 23 0.797 27 0.859 5.847 0 0.35(10) 16.65 −0.85
193Au 22 1.284 22 1.284 19.50 −0.05
194Au 12 0.619 4 0.245 20.00 −0.97
195Au 36 1.443 36 1.443 18.80 −0.12
196Au 56 0.598 56 0.598 19.00 −1.17
197Au 14 0.948 14 0.948 17.00 −0.45
198Au 30 0.573 30 0.573 6.515 3/2 0.0155(8) 17.50 −1.13

values, given by the narrow A-range systematics, for the fit of
the low-lying discrete levels.

Concerning the particle-hole state density (PSD) that plays
the same role for the PE description as the nuclear-level density
for SM calculations, a composite formula [69] was used within
the GDH model, with no free parameters except for the α-
particle state density gα = A/10.36 MeV−1 [67]. The PSD’s
most important correction for the nuclear potential finite-depth
was obtained by using the Fermi energy value F = 37 MeV
[85], while formerly [60] the value F = 40 MeV [63] was
adopted. A linear energy dependence was adopted for the s.p.l.
density g of the PE excited particles, at the same time with the
FG model form for the exciton-configuration hole density gh

(Ref. [69] and Refs. therein).

III. MODEL CALCULATION RESULTS

A. The (n, xn) reactions

First we should note the good agreement of the calculated
cross sections for the 197Au(n, 2n)196Au reaction with the
measured data (Fig. 1) especially concerning the most recent
and accurate experiment [59] as well as the ones within the last
decade [86]. However, the sensitivity of these calculations to
the abovementioned three options for the nuclear moment of
inertia is so low that no conclusion is possible. However, the
larger spreading of data shown in Fig. 1(a) around the incident
energy of 14 MeV, where our calculated values match the lower
limit of the most recent data [86], proves the usefulness of
additional accurate measurements even at these energies. The
same applies to the evaluated data [88] from ∼14 to 30 MeV,
while our calculations, however, describe well the recent data
[Fig. 1(c)]. Nevertheless, the large error bars of the data mea-

sured above 30 MeV put the support of model calculations un-
der question. Hence the need for new accurate measurements.

The comparison of the calculated and experimental cross
sections for the population of the high-spin second isomeric
state through the (n, 2n) reaction is quite a different case.
This isomeric state is the 55th excited state of the 196Au
residual nucleus at the top of the discrete levels taken into
account in the SM calculations. Thus its population comes
from the side feeding and continuum decay, so that it is fully
determined by the nuclear level density and γ -ray strength
functions. While the latter quantities were found to be suitably
considered [60], the model sensitivity to the nuclear moment
of inertia assumption shown in Fig. 1(b) is so large that it
makes possible a certain conclusion on the real ratio I/Ir . The
high accuracy of data recently measured [59,86] leads to a
value around 1.

Unfortunately the error bars in the data set available above
20 MeV [Fig. 1(d)] are so large, �50%, that no further
assessment can be concluded on either the correct moment
of inertia or the key PE model quantities that become most
important at these energies (e.g., Refs. [32,33]).

Similar cases of missing data with higher accuracy or better
incident energy resolution are shown in Fig. 2 for the (n, 3n)
and (n, 4n) reactions on 197Au. On the basis of the comparison
between the measured data and actual model calculations, one
may notice the obvious need for improved experimental data
that can establish the accuracy of the actual phenomenological
models.

B. The (n, p) reaction

A requirement for a unitary reaction model analysis is the
similar description of all measured data for various reaction
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FIG. 1. (Color online) Comparison of experimental [59,86,87], ENDF/B-VII.1 evaluated [88], and calculated cross sections of the reactions
(a,c) 197Au(n, 2n)196Au and (b,d) 197Au(n, 2n)196Aum2 (with the corresponding spin, parity, and lifetime shown between square brackets), for
incident energies up to (a,b) 24 MeV and (c,d) 40 MeV, by using the excitation-energy variable ratio I/Ir of the nuclear moment of inertia to
its rigid-body value (dashed curve) or the constant ratios 0.5 (dotted) and 1 (solid).

channels, i.e., the (n, p) and (n, α) reactions for the 197Au
target nucleus. Moreover, well-known isomeric states are
also populated through these reactions, and their study is a
challenge for the present conclusions on the nucleus moment
of inertia. Regarding the (n, p) reaction, our calculation
results describe rather well the most recent experimental
data [86] for the population of the ground and isomeric states
of the residual nucleus 197Pt as well as the corresponding
isomeric ratio (Fig. 3). However the related sensitivity of the
197Au(n, p)197Ptm reaction cross sections is much lower than
that of the previous case, due to the lower isomeric state spin
and excitation energy, as well as the different decay scheme.
Actually this comparison is just pointing out the particular
case of the high-spin second isomeric state of the 196Au
nucleus.

C. The (n, α) reaction

Similar comments may apply in the case of the (n, α)
reaction shown in Fig. 4 but with an unexpected large
overestimation of the isomeric cross sections measured at
the same time as those for the g.s. population. Actually this
isomeric state has uncertain spin (either 10h̄ or 11h̄), parity, and

excitation energy of 190 + x keV, where x � 250 keV [89].
While the calculated isomeric cross sections are not sensitive
to the excitation energy, assumed by us to be 440 keV, the spin
value is quite important. We have considered, in agreement
with the neighboring similar isotopes, the spin and parity 11−
for this isomeric state. This assumption obviously leads to
lower reactions cross sections, the calculated results being still
larger than the measured data. The sensitivity of the calculated
isomeric cross sections with respect to the moment of inertia
in this case is comparable to the experimental errors, but the
results corresponding to the ratio I/Ir = 0.5 are closer to the
measured data.

IV. DISCUSSION

A. Discrete spin cutoff

The results of the present model analysis are validated by
the use of a consistent set of model parameters, established
through distinct analyses of various independent data, as well
as of advanced reaction-model assumptions and formalisms.
The current finding of a moment of inertia equal to that of the
rigid-body for 196Au is compared in Fig. 5 with other actual
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FIG. 2. (Color online) As for Fig. 1, but for (a) the (n, 3n) reaction and (b) the (n, 4n) reaction on 197Au.

formulas of the level density spin cutoff σ 2. These are the usual
alternative half rigid-body moment of inertia, the latest energy-
dependent parametrization (Eq. (16) of Ref. [45]), and the
discrete spin cutoff σ 2

d [47] for the levels of the nucleus 196Au
given in Table I, which is so close to the global value given
within the same Ref. [47]. Also shown is the energy-dependent
spin cutoff σ 2(E∗

d ) given by the maximum likelihood estimator,
following the discussion in Ref. [90], namely, the ratio of
the sum of the (Ji + 1/2)2 term for all discrete levels with
E∗

i < E∗
d , to twice the number of these levels. This quantity is

also shown for the nucleus 194Ir.
The various σ 2 values obtained through distinct methods

and systematics shown in Fig. 5 need obviously further
investigations beyond the ones briefly reviewed in Sec. I just
for an overall picture. The significant differences between
various estimations even for the same energy range, e.g.,
Refs. [45,47], might be argued by the limited excitation energy
as well as spin ranges of the low-lying discrete levels available
for nuclei in the mass region A ∼ 190 that were considered
within the involved parametrizations.

B. Nuclear moments of inertia for various nuclei

The considerable change found in this work for the I/Ir

value from 1 for 196Au to �0.5 for 194Ir may have several
sources, especially taking into account that the two nuclei
differ one from the other by only a pair of protons. First,
one should note the quite distinct mechanism by which they
are populated. Thus, for the same neutron incident energy
of 15 MeV, the former nucleus is populated by the fully
equilibrated secondary-neutron emission following a 17.5%
weight for the PE processes in the first reaction stage. The
opposite case is that of the corresponding α-particle decay, the
residual nucleus 194Ir being populated by ∼83% α-particle PE,
as is usual for charged-particle evaporation suppressed by the
Coulomb barrier in heavy-mass nuclei. This implies that the
major contribution to the feeding of the 194Ir metastable state
arises from the spin cutoff considered for the PE description,
within the partial level densities [69]. Actually the same partial
level density formula has also been used [65] for description
of the proton PE emission that has an ∼88% weight, and
the populations of both the ground and isomeric states of the

10 15 20

0.1

1

10

σ  
(m

b)

E  (MeV)

197Au(n,p)197P t g

Coleman+ (1959)
Tewes + (1960)
Bayhurst+ (1961)
Filatenkov+(2003)

I/Ir=0.5
I/Ir=0.5 - 1
I/Ir=1

[1/2-, 19.3h]

(a)

ENDF/B-VII.1

10 15 20

0.1

1

σ m
/σ

197Au(n,p)197P t m

Maidanyuk+ (1994)
Filatenkov+ (2003)

+ (2003): M/T

I/Ir=0.5
I/Ir=0.5 - 1
I/Ir=1

[13/2+, 95.4min]

(b)

Filatenkov

FIG. 3. (Color online) As for Fig. 1, but for the (n, p) reaction and population of (a) the g.s. and (b) the isomeric state of the residual
nucleus 197Pt, and (b) the same comparison for the isomeric ratio.

044618-6



ISOMERIC CROSS SECTIONS OF FAST-NEUTRON- . . . PHYSICAL REVIEW C 85, 044618 (2012)

10 15 20

0.01
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1
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(m
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E  (MeV)

197Au(n,α)194Ir

ENDF/B-VII.1
Bayhurst+ (1961)

I/Ir=1
I/Ir=0.5 - 1
I/Ir=0.5

(a)
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197Au(n,α)194Ir g
Coleman+(1959)
Maidanyuk+(1994)
Filatenkov+(2003)

I/Ir=1
I/Ir=0.5 - 1
I/Ir=0.5

197Au(n,α)194Irm

[(10,11), 171d]

[1-, 19.3h]

(b)

FIG. 4. (Color online) As for Fig. 1, but for (a) (n, α) reaction cross sections for the target nucleus 197Au and (b) population of the g.s and
isomeric state of the residual nucleus 194Ir. The actual evaluation data [89] are shown for the spin and parity of the isomeric state while the
value 11− has been used in the calculation (see text for details).

corresponding residual nucleus 197Pt are quite well described
(Fig. 3). Therefore we may conclude that the experiment and
model agreement for the isomeric cross section of the 196Au
nucleus proves the correctness of the spin cutoff corresponding
to the rigid-body moment of inertia for the neutron emission
at equilibrium, while the same agreement for the 197Pt nucleus
indicates the correctness of the implemented nucleon PE spin
cutoff. It should be noted, however, that the PE mechanism

0 1 2 3 4 5 6 7
1

10

30

70

rigid-body
half-rigid-body
von Egidy+ (2009): E q.(16)
Koning+ (2008): E q.(24)
Koning+ (2008): E q.(80)
Gardner+ (1985)

 (1985): 194Ir

σ2

E  (MeV)

196
Au

Gardner+

FIG. 5. (Color online) The excitation-energy dependence of the
level density spin cutoff for the nucleus 196Au corresponding to rigid-
body (solid curve) and half rigid-body (dashed) moments of inertia,
the energy-dependent parametrization of Ref. [45] (dash-dot-dotted),
the discrete spin cutoff (dash-dotted) and its global value (dotted) of
Ref. [47], and given by the maximum likelihood estimator [90] (solid
circles). The latest quantity is also shown for the nucleus 194Ir (open
circles).

for α particles [66] is rather different from the usual one for
nucleons.

Second, preliminary cranking-formula calculations of the
moment of inertia for the ground states of 194Ir and 196Au
nuclei [91] have given a ratio of 0.73 between them. This result
is in agreement with the discrete spin cutoff σ 2

d values [90] of
the nuclei 196Au and 194Ir (Fig. 5). Despite the need for further
cranking calculation that should take into account the pairing
vanishing, there is thus a hint to a rather significant difference
between the moments of inertia of the two nuclei.

Third, there is a point at which one should look before
a final search for the isomeric ratio of 194Ir by studying
the 197Au(n, α)194Ir reaction. It is related to the question
of different α-particle OMP parameters in the incident and
outgoing channels, with consequences for the present case
discussed elsewhere [60]. Because this OMP has a key role for
the calculation of both the α-particle transmission coefficients
and the GDH intranuclear transition rates, we shall look first
for the answer to this difference. The advantage of the recent
global consistent description of α-particle OMP in the incident
channel [34] will be taken in this respect. Therefore, for the
time being we remain with the only hint of a value less than
or equal to the half rigid-body moment of inertia for the 194Ir
nucleus populated through the (n, α) reaction. A comparison
with the exact corresponding value I/Ir = 0.31 ± 0.02 [41]
is not yet possible because the isomeric state spin and the
α-particle OMP used in Ref. [41] are not known.

A point that should be made clear for any case concerns
the eventual importance of the equipartition of the parities
considered as usual for the level densities involved in the
present work. Among various approaches for this question
we have considered the simpler but faster one of Pichon [92].
This model makes use of an asymmetry ratio A(E∗) between
the difference of the number of levels with the parities +1
and −1, respectively, and their sum. Moreover, it assumes that
A(E∗) goes to 0 linearly, starting from the energy of the first
excited level with the parity opposite to the ground-state parity.
This energy is 0.085 and 0.147 MeV, respectively, for 196Au
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FIG. 6. (Color online) Comparison of experimental [87], ENDF/B-VII.1 evaluated [88], and calculated (n, xn) reaction cross sections for
the target nucleus 197Au, by using the model assumptions and parameters given in the text (solid curves) and the alternative replacement of
either the Fermi energy value F = 40 MeV (dotted) or the FG energy dependence of the s.p.l. density g of PE excited particles (dashed), or
use of only the BSFG formula for the nuclear level density (dash-dotted).

and 194Ir. Moreover, using the number of levels with the two
parities up to limits of the low-lying levels given in Table I, we
found that the equipartition of parities is achieved in the two
nuclei at 0.94 and 0.97 MeV, respectively. Even by taking into
account roughly this outcome of a so straightforward approach,
it results that the parity-equipartition assumption plays no role
in the present analysis.

C. Pre-equilibrium emission model assumptions

Finally, while the present local analysis has been able
to provide a suitable description of most of the available
data, Fig. 6 shows that PE model assumptions could be not
responsible for any real effect on the calculated isomeric
cross sections especially below incident energy of ∼17 MeV.
However, these model constrains could be better proved by
analysis of the (n, xn) reaction data above 20–30 MeV.
Nevertheless, it is obvious that improved experimental data
are needed to establish, e.g., the correctness of the (n, 3n) and
(n, 4n) reaction excitation function changes owing to different
values of the Fermi energy. These changes follow the start of
PE contributions due to a higher angular momentum, which
happens when the corresponding local density Fermi energies

(e.g., Fig. 4 of Ref [31]) become larger than the average
excitation energy of exciton holes, within the PSD nuclear
potential finite-depth correction.

The cross-section variations shown in Fig. 6 are related
also to either the use of the FG model or a linear energy
dependence of the s.p.l. density of excited particles within
the PE exciton configurations. A description of the nuclear
level density by means of the BSFG formula at any excitation
energy leads to eventual changes of the excitation functions
at larger energies. However only a few data sets, with
large uncertainties, are available within this energy range.
Therefore further measurements to be performed consistently
at large-scale facilities such as SPIRAL-2 [93] and n_TOF
[94], for incident energies from threshold up to 40 as well
as 100 MeV, may definitely contribute to the increase of
the predictability power of actual phenomenological models.
Currently no related microscopic models of a similar strength
are available.

V. CONCLUSIONS

Questions of consistent model analysis of all available fast-
neutron reaction data for the 197Au target nucleus have been
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discussed within a local approach, using model parameters
established or validated by independent analyses of various
experimental data other than the activation cross sections that
are the object of this work. It has thus been possible to describe
most of these data in a unitary way, while this work has shown
a definite proof of a moment of inertia equal to that of the rigid-
body for 196Au, by analyzing the population of its high–spin
second isomeric state through the (n, 2n) reaction.

A still open question concerns, however, a present hint of a
value less than or equal to the half rigid-body moment of inertia
for the 194Ir nucleus populated through the (n, α) reaction.
Further work within the cranking formula would be beneficial
to account for the large change of the I/Ir value from 196Au
to 194Ir; further work on the question of different α-particle

OMP parameters in the incident and outgoing channels would
also be beneficial. Nevertheless, the usefulness of further
measurements to be performed at large-scale facilities, for
incident energies up to 40 as well as 100 MeV, is obvious
to establish, e.g., the correctness of the (n, 3n) and (n, 4n)
reaction excitation-function changes owing to different PE
model assumptions.
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