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Activation cross section and isomeric cross-section ratio for the (n, 2n) reaction on 191Ir
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The 191Ir(n, 2n)190Ir cross section was measured by means of the activation technique at four neutron energies
in the range 10.0–11.3 MeV. The quasimonoenergetic neutron beam was produced via the 2H(d, n)3He reaction
at the 5.5 MV Tandem Van de Graaff accelerator of NCSR “Demokritos.” The cross section for the population
of the second high spin (11−) isomeric state was measured along with the sum of the reaction cross section
populating both the ground (4−) and the first isomeric state (1−). Statistical model calculations taking into
account pre-equilibrium emission were performed and compared with all the available experimental data. The
experimentally deduced excitation function for populating both the ground and first isomeric state was well
reproduced by the theoretical calculations. The statistical model calculations of populating the second metastable
state revealed its strong dependence on the details of the introduced level scheme, as well as on the ratio between
the effective moment of inertia and the rigid body moment of inertia of the residual nucleus. The experimental
cross-section data corresponding to the second isomeric state and to the isomeric ratio were reproduced in a quite
consistent way by the calculations.
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I. INTRODUCTION

The study of neutron threshold reactions, and wherever it is
possible of their isomeric cross-section ratio, is of considerable
importance for testing nuclear models. In general, cross
sections for the formation of isomeric states are more difficult
to be predicted than those for the total reaction channels, since
more details on the structure of the residual nucleus have to
be taken into account (cf. Ref. [1]). The relative probability of
forming isomeric states in a nucleus is mainly governed by the
spin state values of the levels involved, and the spin distribution
of the excited states of the compound nucleus. The high spin
value 11− of the second isomeric state (m2) of 190Ir (Fig. 1)
relative to the corresponding value 4− of the ground state (g),
offers great sensitivity for the study of the spin distribution of
the residual nucleus.

The 191Ir(n, 2n) reaction and the isomeric cross section ratio
σm2/σg+m1, have been studied in the past but only for incident
neutron energies higher than 12 MeV (Refs. [2–12]). In these
studies limited information concerning the level scheme of the
odd-odd 190Ir [13,14] was available. However, the details of
the level scheme of the residual nuclei are very important to
the isomeric cross-section ratio calculation, especially in the
191Ir(n, 2n) reaction, due to the high spin difference between
the 11− isomeric state (m2) and the ground state 4−.

The purpose of this work was to experimentally deduce
the 191Ir(n, 2n)190Irg+m1 and 191Ir(n, 2n)190Irm2 reaction cross
section at the neutron beam energy range 10–12 MeV. Also,
theoretical statistical model calculations were compared to all
the available experimental data in an attempt to investigate
spin dependence of the level density as well as the effective
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moment of inertia of the residual nucleus and their role in the
formation of the isomeric state.

II. EXPERIMENTAL

A. Irradiations

The 191Ir(n, 2n)190Ir reaction cross section has been mea-
sured in the energy range between 10.0 and 11.3 MeV, by
means of the activation technique. The neutron fluence for
the cross section measurement was determined by using the
monitor reaction 27Al(n, α)24Na as Ref. [15]. In total, four
irradiations were carried out at the 5.5 MV Tandem Van de
Graaff accelerator of NCSR “Demokritos.” Each irradiation
lasted for ∼9 h, corresponding to ∼87% of the saturated
activity of the second isomeric state (11−)190Irm2 (Fig. 1).
The cross section for the formation of this state is lower than
that for the population of the ground and first isomeric states
190Irg+m1.

Two natural high-purity iridium foils (37.3% 191Ir and
62.7%193Ir) having a diameter of 13 mm were used for
the irradiations. Each 0.5-mm-thick sample was sandwiched
between identically shaped 0.5-mm-thick Al foils. This sample
setup was sandwiched once more, between two gold foils,
0.25 mm in thickness and of equal diameter. Although the
neutron flux was deduced from the Al foils, for which
the 27Al(n, α)24Na reaction cross section is well known, the
activity of the Au foils was also measured aiming at the
determination of the effect of parasitic neutrons to the cross
section measurement, as described in Sec. II C.

The neutron beam was produced via the 2H(d, n)3He
reaction, i.e., by bombarding the D2 gas target [16] with
deuteron beam currents, typically kept between 2 and 6 µA.
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FIG. 1. Simplified representation of formation and decay of the
ground state and isomeric states of 190Ir [17]. All energies are in keV.

A 5-µm molybdenum foil served as the entrance window and
a Pt foil as the beam stop of the gas cell. During the irradiations
the gas target was cooled through a cold air jet to minimize
the effect of heating in the deuterium gas pressure, which was
continuously controlled through a micrometric valve. Using
this setup, a flux of the order of ∼4 × 106 n/(cm2·s) was
achieved.

The neutron flux was monitored by a BF3 counter placed at
0◦ with respect to the neutron beam and at a distance of 3 m
from the deuteron gas target. The neutron yield, as measured
by the BF3 detector, was recorded at regular time intervals
(40 s) by means of a multichannel scaler. This neutron flux
history file was used in the analysis, for off-line correction of
the fraction of 190Ir nuclei, which had already decayed during
activation. The sample sandwich was placed at 0◦ with respect
to the neutron beam and at a distance of 7 cm from the center
of the gas cell. At this distance, the angular acceptance of the
samples setup was less than ±5.5◦. During the irradiations, the
gas cell was constantly operated at a pressure of 1100 mbar, to
keep the uncertainty of the neutron beam energy distribution,
as low as possible.

The main quantities concerning the irradiations of the
samples are summarized in Table I.

B. Activity measurements

Following the irradiations, the induced activity on the
samples was measured with a 56% relative efficiency HPGe
detector. The source to detector distance was more than
10 cm. At this distance any corrections for pile up or
coincidence summing effects were negligibly small.

The population of the second isomeric state (m2) was
measured independently through the 502- and 616-keV lines
(Fig. 1), where the contribution from the decay of the ground
state was small, i.e., ∼8% for the 502.5-keV transition and
∼3% for the 616.5-keV transition. The intensity measurement
of these lines, originating from the decay of the 11− isomeric
state, started 2–4 h after the end of the irradiation and lasted
for ∼10 h. The induced activity on the aluminum foils was
determined afterwards using the same experimental setup.

TABLE I. Summary of the irradiation parameters.

10.0 MeV 10.5 MeV 11.0 MeV 11.3 MeV

Irradiation
time (h)

7.07 10.13 9.45 9.02

Integrated
flux
(×1011)
(cm−2)

1.02±0.05 1.07±0.06 1.35±0.07 1.36±0.07

Measuring
timea (h)

19.27/10.0 42.4/10.0 15.46/11.0 16.77/11.0

Decay
correction
fB

a

0.991/0.501 0.988/0.393 0.989/0.416 0.989/0.438

aFor these parameters two values are given: A/B. A corresponds to
the measurement σg+m1 and B to the σm2 one.

In less than 1 h the activity of the aluminum foils could be
determined with a statistical error better than 2%. The sum of
the cross sections for the population of the first isomeric state
(m1) and the ground state (g), was determined via the 518.5-,
557.9-, and 569.3-keV transitions (Fig. 1). These transitions
were free from any contribution coming from the decay of
the second isomeric state. The measurement of the activity
related to the decay of the ground state, started ∼16 h after
the end of the irradiation. In this way, it was ensured that the
1− isomeric state (m1) with a half-life T1/2 = 1.12h, has fully
decayed to the ground state. This procedure was necessary to
correctly evaluate the sum of the 190Irm1 and 190Irg population,
because the decay of the first metastable state (m1) is not
accompanied by γ emission. The contribution of the decay
of the second isomeric state (m2) to the σg+m1 cross section
was calculated taking into account the relevant cross sections
and branching ratios of the updated level scheme [17] and was
found to be less than 0.4% in all cases. Figure 2 shows the
γ -ray spectra emitted by the iridium sample during the 42-h
measurement of the decay of the ground state (lower spectrum)
and the 10-h measurement of the decay of the 190Irm2 isomeric

FIG. 2. Part of the γ -ray spectra of the 10.5-MeV run. The upper
spectrum corresponds to decay measurement of the second isomeric
state 11− and the lower spectrum to the decay measurement of the
ground state of 190Ir. In the analysis only the lines indicated with their
energy values were used.
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state (upper spectrum). In both spectra the prominent line at
605 keV can also be observed. However, this transition could
not be used in the analysis, due to its contamination from the
604 keV transition from the decay of the 192Ir isotope, which
was produced during the irradiation, via the 193Ir(n, 2n)192Ir
reaction.

C. Neutron spectra

The neutron energy distribution in the samples was deduced
according to the analytical approach described by Klein et al.
[18], taking into account the energy loss and straggling of
the deuteron beam at the entrance foil and at the deuterium
gas. Also, the sample geometry and distance from the gas cell
were adjusted so that the width of the neutron beam energy
distribution that the sample subtends be less than 0.1 MeV.

The contribution of background “parasitic” neutrons, orig-
inating from the interaction of the deuteron beam with the gas
cell structural materials, has been verified experimentally via
sequential gas-in and gas-out measurements [19], implement-
ing the multiple foil activation technique. This contribution
of the “parasitic” neutrons, bearing energies high enough to
activate the 27Al reference foil, did not exceed 3% in the
least favourable case (En = 11.3 MeV). Despite the lower
threshold of the 27Al(n, α) reference reaction, compared to
the (n, 2n) reactions on 197Au and 191Ir, the values of the
neutron flux as deduced from the Au and Al foils were in
excellent agreement. This verifies the fact that the contribution
of “parasitic” neutrons originating both from deuteron break
up and the interaction of the beam with the structural materials
of the gas cell, is negligible for high threshold reactions
such as the ones considered in the present work. Since
the 197Au(n, 2n) reaction threshold (Ethr = 8.1 MeV) and
the shape of its excitation function are similar to that of the
191Ir(n, 2n) reaction, the contribution of the small “parasitic”
part of the flux to the activation of Al and Ir foils is expected
to compensate each other at the final calculation of the (n, 2n)
reaction cross section. Thus, no correction was necessary to
account for the presence of those “parasitic” neutrons.

III. DATA ANALYSIS

For each run, the neutron flux irradiating the iridium sample
was measured via the 24Na activity induced at the front and
back aluminum foils. The total number of activated nuclei at
the end of the irradiation

A = �NCACDT

(1 − e−λtm )e−λtw εI
(1)

could be derived from the number of counts �N in the
1369-keV line of 24Na. The factors CA,CDT correspond to
self-attenuation and dead-time corrections, respectively. The
measuring time and the time interval between the end of the
irradiation and the beginning of the measurement are denoted
as tm and tw, respectively. The factors λ, ε, and I are the decay
rate of 24Na, the absolute efficiency of the HPGe detector, and
the intensity of the 1369-keV line, respectively.

TABLE II. Decay properties of the product nuclei.

Product Half-life γ -ray Intensity
nucleus energy (keV) per decay (%)

190Irga 11.78 ± 0.10 d 518.5 34.0 ± 1.5
558.0 30.1 ± 1.3
569.3 28.5 ± 1.3

190Irm2a 3.087 ± 0.012 h 502.5 89.4 ± 0.2
616.5 90.1 ± 0.2

24Nab 14.9590 ± 0.0012 h 1368.6 100 ± 0.0

aReference [17].
bReference [20].

The γ -ray intensities and half-lives used in the analysis are
summarized in Table II. The time integrated neutron flux �tot

for each aluminum foil was deduced after combining Eq. (1)
with the well-known activation equation

A = �totNσfB, (2)

where the factor N corresponds to the number of sample atoms
per cm2, whereas σ is the cross section of the 27Al(n, α)24Na
reaction as obtained from the IRDF-2002 database [15].
The time factor fB corrects for the decay during activation,
including the effects due to time variations of the neutron
flux [21]. By averaging over the induced activities of the front
and back aluminum foils, one is able to correct for target
geometry, neutron scattering, and self-shielding.

The measured activity from the decay of the second
isomeric state (190Irm2) was corrected for the contribution from
the decay of the ground state. Furthermore, the appropriate
corrections were applied for the self-attenuation of γ rays
in the iridium sample and for the extended geometry of the
samples. This correction factor was determined by means
of GEANT4 [22] Monte Carlo calculations, where the full
experimental setup was included.

By combining Eqs. (1) and (2), and using the average
neutron flux through the aluminum foils, the sample cross
section could be deduced.

The corresponding uncertainties were obtained by summing
up quadratically all the possible individual errors that are
summarized in Table III. The uncertainties in the time factors
and the counting statistics were negligible. It should also be

TABLE III. Compilation of uncertainties.

Uncertainty %

27Al(n, α)24Na cross section 2
Detector efficiency 4
Correction factors 2
Measurement of neutron flux 5.2
Counting statisticsa 0.5–0.9/1.1–2.0
Time factors <0.5
γ -ray intensity per decaya 4.5/0.2
Total uncertainty of cross section 6.1–6.4

aFor these factors two values of uncertainty are given:
A/B. A corresponds to the uncertainty of σg+m1 measure-
ment and B to σm2.
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noticed (Table II) that high uncertainties are introduced to the
cross-section calculation by the relative γ -ray intensities from
the decay of the ground state of 190Ir.

IV. THEORETICAL CALCULATIONS

In the region of 5–25 MeV the dominant reaction mecha-
nism of neutron interaction is the compound and precompound
nucleus processes. Cross sections calculations were performed
in the framework of the Hauser-Feshbach theory [23] for
the equilibrium process, whereas the pre-equilibrium effects
were taken into account via the exciton model [24]. The
STAPRE-F [25] code, which was applied, is designed to es-
timate energy-averaged cross section for the particle-induced
reactions with several emitted particles (n, p, d, α) and γ rays,
under the assumption of sequential evaporation. In this work,
the contribution to the denominator of the Hauser-Feshbach
equation, corresponding to the charged-particles emission was
ignored, because in the heavy mass region A � 190, neutron
reactions with charged-particle emission are strongly hindered
by the Coulomb barrier. Each evaporation step is treated in the
framework of the statistical model, taking into consideration
the angular momentum and parity conservation, as well as the
pre-equilibrium decay in the first particle emission.

The exciton model assumes that after the initial interaction
between the incident particle and the target nucleus, the excited
system can pass through a series of stages of increasing
complexity before equilibrium is reached. Neutron emission
may occur from these states yielding the pre-equilibrium
neutrons. Pre-equilibrium emission of the first neutron causes a
reduction of the population that reaches the equilibrium stage,
i.e., of the cross section for the formation of the equilibrate
compound nucleus. The pre-equilibrium emission factor is
determined by the square matrix element |M|2 = KA−3E−1

n ,
where A is the mass number of the nucleus, En is the incident
neutron energy, and K is the free parameter of the model.
This parameter can be estimated experimentally by the hard
component of the spectrum of inelastically scattered neutrons
or from the shape of the excitation function of (n, 2n) or
(n, 3n) reactions. In the present work, the best value for the
K parameter as obtained from the available experimental data
was equal to 200.

The excited state of the compound nucleus de-excites either
by neutron emission to another isotope or by γ -ray cascade to
the ground state or to the isomeric state of the residual nuclei.
The γ -ray transmission coefficients are also of considerable
significance. The strength functions for multipole radiation
M1, E2,M2, and E3 were calculated according to the
Weisskopf model, based on the single particle estimation and
normalized to the E1 strength function, which was obtained by
means of the Brink-Axel hypothesis [26,27]. The E1 strength
function was normalized to reproduce the experimentally
observed average total radiation width 〈�γ 〉 at the neutron
binding energy, as it was provided by Ignatyuk [28].

In the continuum region, the level density was calculated
using the generalized superfluid model (GSM), in the form of
the phenomenological model provided by Ignatyuk et al. [29],
which takes into account, shell, pairing. and collective effects
in a consistent way.

The dependence of the level density 	(U, J ) on the
excitation energy U can be separated from the function of
spin distribution f (J ) in a proportional form

	(U, J ) ∝ ρ(U )f (J ), (3)

where

f (J ) = R(2J + 1)e−J (J+1)/2σ 2
eff (4)

The parameter R represents the dependence of f (J ) on the
shape and symmetry of the nucleus and σ 2

eff is the spin cut-off
parameter.

At the GSM, the level density needs to be treated separately
in two energy regions depending on the nucleus temperature t .
The normal phase t � tcr or U ′ � Ucr and the superfluid phase
t < tcr or U ′ < Ucr, where the level density expressions have
to change according to the simple parametrization proposed
in Ref. [29]. The level density is expressed in terms of
the effective excitation energy U ′ = U + n�0, where U is
the true excitation energy of the compound nucleus and
n = 0, 1, 2 for even-even, even-odd, and odd-odd nucleus,
whereas �0 = 12/

√
A is the pairing correlation function that

is related to the critical temperature tcr = 0.567�0. The level
density parameter α is calculated according to the following
equation

α =
{

ã
[
1 + δε0

U ′−Econd
f (U ′ − Econd)

]
, U ′�Ucr

αcr, U ′ < Ucr,
(5)

where ã is the asymptotic value of α at high excitation energy,
δε0 is the shell correction of the nuclear binding energy,
calculated from the difference between the experimental mass
of nucleus and the liquid drop model mass. The dimensionless
function f (U ′) determines the energy behavior of α [30]. The
critical energy is given by U ′

cr = αcrt
2
cr + Econd, where Econd =

(3/2π2)αcr�
2
0 characterizes the decrease of the ground-state

energy of the superfluid phase relative to the Fermi-gas phase.
For axially symmetric nuclei the value of the spin cut-off

parameter is related to the perpendicular axis moment of inertia
and the temperature of the compound nucleus

σ 2
eff = ⊥t/h̄2, (6)

where

⊥ =
{

rig
(
1 + 1

3ε
)
, U ′ � Ucr

◦
⊥ + (

cr
⊥ − ◦

⊥
)

tc
t
(1 − ϕ2), U ′ < Ucr

(7)

ε is the quadrupole deformation parameter, ◦
⊥ is the perpedic-

ular moment of inertia in the ground state, and the function ϕ

is given by the expression

ϕ = (1 − U ′/Ucr)
1/2. (8)

The GSM parameters used in the calculations were taken
from the literature and are summarized in Table IV. For ◦

⊥
several values have been used in the region 20–30h̄2 MeV−1,
as derived from the empirical estimate rig/3 in consistency
with the experimentally deduced rotational band of the
neighboring nucleus 190Os, without altering the results.

The transmission coefficients for neutrons that determine
the absorption probability as well as the particle emission
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TABLE IV. Statistical model calculation parameters.

Parameter 192Ir 191Ir 190Ir 189Ir Reference

ã, asymptotic value of main level density
parameter (MeV−1)

16.4 16.3 16.2 16.1 [28]

n�0, odd even excitation energy shift (MeV) 1.74 0.87 1.74 0.87 [25]
δε0, shell correction (MeV) −1.621 −1.321 −0.913 −0.718 [28,31]
ε, quadrupole deformation parameter 0.145 0.155 0.164 0.164 [32]
Neutron separation energy (MeV) 6.20 8.03 6.37 8.20 [33]
Average experimental total radiation width (meV) 100 81 90a 80a [28]

aThese values were not included in the average parameters of s- and p-wave neutron resonances provided by
A. V. Ignatyuk and were deduced according to the neighboring nuclei values.

probability were calculated by the code ECIS03 [34], using
the global parameters of Koning and Delaroche [35].

The energies, spin, parities, and branching ratios of the
discrete levels for the iridium isotopes were selected from
Nuclear Data Sheets [17,36,37]. For the calculation of the
isomeric cross section ratio, the first 48 discrete levels of 190Ir
were used.

V. RESULTS AND DISCUSSION

The experimental results of this work for the
191Ir(n, 2n)190Irg+m1 and 191Ir(n, 2n)190Irm2 reactions, as well
as the isomeric ratio values are presented in Table V along
with their uncertainties. All the data reported in this work
in the energy range 10.0–11.3 MeV have been determined
for the first time. This is a critical energy region, just above
the threshold of the reaction, where the cross section varies
rapidly until it reaches the plateau around 14 MeV, where
many data exist in literature with large discrepancies among
them. The only existing data at lower incident neutron energies
are at 8.6 and 9.3 MeV [38], where only the sum of the
cross section was measured for the population of the ground
state (g) and the first isomeric state (m1). In addition, for the
191Ir(n, 2n)190Ir reaction, the partial cross section for one γ

transition (Eγ = 117.3 keV, 6+ → 5+), was reported in the
past by Fotiades et al. [39].

A. Cross sections and excitation functions

The experimental cross section data for populating the
ground and first isomeric state of 190Ir are shown in Fig. 3 along
with all the previous measurements reported in the literature.
The data provided in this work are in excellent agreement, with
the trend of the existing experimental data.

TABLE V. Cross sections for the 191Ir(n, 2n)190Irg+m1 and
191Ir(n, 2n)190Irm2 reactions.

Energy σg+m1 σm2 σm2/σg+m1

(MeV) (mb) (mb)

10.0 1090 ± 70 25.7 ± 1.6 0.024 ± 0.001
10.5 1400 ± 90 44.4 ± 2.8 0.032 ± 0.002
11.0 1550 ± 100 60.0 ± 3.7 0.039 ± 0.002
11.3 1640 ± 100 65.4 ± 4.0 0.040 ± 0.002

The cross section σm2 of populating the high-spin sec-
ond isomeric state was measured independently and the
corresponding data are presented in Fig. 4. The existing
experimental cross section data for populating this 11− state
(also included in Fig. 4) are rather discrepant, particularly in
the high neutron beam energy region, where more than one
data set is available. However, our data are in agreement with
the general trend of all the data sets.

The theoretical calculations obtained by using the param-
eters described in the previous section are presented with the
dotted line, in Figs. 3 and 4. The experimental σg+m1 values
are fairly well reproduced by this calculation (dotted line),
whereas for the σm2, the theoretical predictions for populating
the 11− isomer overestimate the experimental data in the
high-energy region, despite the large discrepancies.

The attempt to better reproduce the data by varying
within reasonable limits the parameters affecting the energy
dependence of the nuclear level density (ã, ε, etc.), as well as
the total radiation width affecting the γ ray strength, provided
no significant change of the theoretical calculations. Similar
results were obtained, for different assumptions concerning
the shape and symmetry (axially symmetric, triaxial, etc.) of
the Ir isotopes, that belong to the transitional region from well
deformed to spherical nuclei [40].

FIG. 3. The measured and calculated cross section σg+m1 for the
population of the ground and first isomeric state of 190Ir.
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FIG. 4. The measured and calculated cross section σm2 for the
population of the second isomeric state of 190Ir.

This behavior of the calculations for the σm2 and σg+m1

cross sections, is attributed to the fact, that only a small part
of the continuum de-excites by feeding high spin states of the
discrete. This part of the continuum, is strongly dependent
on the spin cut-off parameter σ 2 and consequently, on the
perpendicular moment of inertia, ⊥ and rig [Eqs. (6)
and (7)]. This fact results to a reduction of the population rates
of higher spin levels, compared to their low-spin counterparts,
which becomes more pronounced as the populated level spin
is increased.

To further study this dependence on the moment of inertia,
theoretical calculations using rig values lowered by 25 and
50% (keeping the perpendicular moment of inertia of the
ground state 0

⊥ and the quadrupole deformation parameter
ε, fixed), were carried out, and are presented in Figs. 3 and 4
by the solid and the dashed line, respectively. The results of
the calculations show that the population of high- and low-spin
states is strongly dominated by the spin distribution of the level
density. The lowering of rig causes a significant decrease of
the high-spin level cross section σm2 (Fig. 4), whereas the low-
spin cross section σg+m1, gets equally increased. However, this
increase is very small compared to the cross section for pop-
ulating the (g) and (m1) levels σg+m1. Thus the calculation for
the σg+m1 cross section remains in agreement within the errors
of the experimental points throughout the energy range (Fig. 3).

To better reproduce the experimental data for the high-spin
isomer, it seems that the rigid body moment of inertia rig,
should be decreased by a factor of the order of 25%. This is sur-
prising result according to the superfluid model of the nucleus,
because for excitation energies above the critical point of phase
transition, the pairing interaction should disappear. Similar
results have been previously reported from theoretical calcula-
tions and from the interpretation of experimental data [41,42].

B. Isomeric cross-section ratio

The isomeric cross-section ratio of σm2/σg+m1 deduced
from the experimental cross-section data, is presented in
Fig. 5. The ratio is low in the low-energy region and rises
at higher beam energies, following the rise in the population

FIG. 5. The isomeric cross section ratio σm2/σg+m1, calculation
and experimental results.

of high spin levels of the compound nucleus, by the increase
of the incident particle energy.

The theoretical ratio resulting from the calculations of σm2

and σg+m1 (dotted line in Fig. 5) is retaining the trend of
overestimating the data that are exaggerated in the high-energy
region, whereas for low energies there is a fair agreement be-
tween the data and the calculated isomeric cross-section ratio.

The reduced values of rig, tried in the calculations,
produced lower predictions, an effect similar to that for the
isomeric cross section σm2, which is expected, because only
the numerator of the isomeric cross-section ratio changes
significantly by varying the parameter rig.

Indeed, the experimental data of the low-energy region are
reproduced fairly well without altering the rig value (dotted
line), whereas at higher energy regions, the experimental data
can be approached only by reducing the value of rig by 25–
50% (solid and dashed lines in Fig. 5, respectively).

However, a reduction of the order of 25% on the value
of rig (solid line Fig. 5) is sufficient for an acceptable
reproduction of all the available data, throughout the energy
region considered in this work.

A more detailed consideration of the trend exhibited by
the available experimental data reveals three different energy
regions. (i) The low-energy region, which extends up to
neutron beam energies of 11.7 MeV. This energy value
corresponds for the 190Ir nucleus to a true excitation energy
of 3.7 MeV above the threshold of the 191Ir(n, 2n) reaction or,
equivalently, to an effective excitation energy U ′ = 5.44 MeV.
This excitation energy corresponds to the critical energy of
phase transition, Ucr, in the calculation of the level density of
the 190Ir nucleus [Eqs. (5)–(8)]. (ii) The middle-energy region,
between 11.7 and 14.5 MeV, and (iii) the high-energy region
above 14.5 MeV, which is close to the neutron separation
energy and permits the (n, 3n) channel to open. The trend of
the excitation function in these regions is generally increasing,
apart from the middle-energy region, where a plateau is
reached. This trend becomes clear by excluding the single
data points around 14 MeV, corresponding to the experimental
points in Fig. 3 that are lower than the general trend of the data.
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This behavior of the slope discontinuities could be at-
tributed to changes in the moment of inertia, which is a
dynamical quantity depending on the excitation energy. In
the GSM model, to account for shell pairing and collective
effects, ⊥ is proposed to increase from 0

⊥ to cr
⊥ = ⊥ in

the region up to Ucr, which separates the superfluid from the
normal phase, and to remain constant to ⊥ = rig(1 + ε/3)
thereafter [Eq. (7)].

Even though the concept of a varying moment of inertia is
incorporated in the model, the calculations failed to accurately
reproduce the different slopes of the data. The only way to
describe the behavior of the experimental data as shown by
the dashed-dotted line in Fig. 5 (modified) would be to adopt
a reduced by 50% value of rig, while at the same time, in
contrast to Eq. (7), below the critical energy of phase transition
Ucr, the moment of inertia should increase for decreasing
values of excitation energy, until the value of 0

⊥ is reached,
which in any case should be higher than the 50% reduced value
of rig.

Such an anomalous behavior of the moment of inertia is
surprisingly unexpected in the framework of the GSM model.
However, recent microscopic calculations for the iron region
revealed the possible presence of strong odd-even effects in
the spin distribution of the level density in the form of a rise
of the moment of inertia at low temperatures [43].

Another point should be made on the dependence of
the calculations for the isomeric ratio on the level scheme
of the residual nucleus. The isomeric cross-section ratio
is governed by the details of the discrete level scheme
introduced to the calculations. 190Ir is an odd-odd nucleus
in the transition region between spherical and deformed nuclei
with a complex structure so that the detailed reproduction
of the level scheme in the calculations is a difficult task.
In particular, the appearance of the high-spin 11− isomeric
state among the low-lying excited states results from high-
spin intruder configurations π11/2[552] ⊗ ν11/2[615] and
inhibits its communication with neighboring discrete levels.
It should be underlined that the details of the level scheme
became known only recently [17]. On previous Nuclear Data
sheets for A = 190 [13,14], only the energy, spin, and parity
of the ground, first, and second isomeric state were given.
The spin and parity of the ground and first isomeric state
were (4+) and (7+), respectively, instead of the latest reported
values (4−) and (1−). The new spin and parity values of the
most recent compilation [17] resulted after considering the
work of Garrett et al. [40,44]. Apart from the corrected spin
and parity values of the ground and first isomeric state, in
the most recent compilation [17] the second isomeric state
(11−) was pushed up in energy from 175 to 376 keV. These
updates concerning the discrete level scheme were taken into
account in the calculations. For the rest of the level scheme,
in cases where the spin and parity were not known, estimates
from neighboring levels were adopted. The cumulative plot
of the discrete levels taken from Ref. [17] was fitted by the
GSM level density formula. These changes were found to be
quite important to the theoretical calculation of the isomeric
cross-section ratio, which has been performed for the first time
in this work for a wide energy range.

It is interesting to note that Ir isotopes belong to the
transition region from well-deformed to spherical nuclei and
exhibit a very complex structure (γ -softening, triaxiality, shape
coexistence) [40]. Despite the fact that in this region the level
density calculations are supposed to be rather rough [29], in
the present work the general trend of the experimental data
is fairly reproduced. However the details of the excitation
function of the high-spin isomeric cross section ratio has to be
further studied theoretically and experimentally in the region
A = 190.

VI. CONCLUSIONS

The cross section of the (n, 2n) reaction on 191Ir, was
measured independently for the population of the second
isomeric state (σm2), and for the sum of the reaction cross
section for the population of the ground and the first isomeric
state (σg+m1). The cross-section values were determined by
means of the activation technique at the neutron beam energy
range 10.0–11.3 MeV for the first time. Nuclear model
calculations using the code STAPRE-F were performed taking
into account the new up-to-date information on the level
scheme of 190Ir, which was crucial for the determination of
the isomeric cross-section ratio.

The calculations proved that the GSM model is suitable
for calculating effectively the nuclear level density even in the
region of transitional nuclei that is characterized by complex
nuclear structure properties.

The theoretical results for the cross section of the second
isomeric state as well as for the isomeric cross-section ratio
verified the strong dependence of the corresponding cross
sections on the spin distribution of the level density and, more
specifically, on the effective moment of inertia. It is of great
interest that a significantly reduced value of the rigid body
moment of inertia by at least a factor of 25% is required
to obtain an acceptable description of the high-spin isomer
population cross section, for energies well above the point of
phase transition, where the pairing interaction should seize to
affect the nuclear level density.

Finally, evidence for an energy dependence of the moment
of inertia distinctly different to the one adopted in the
framework of the superfluid model was presented, based both
on the trend of the experimental data as well as on the results of
theoretical calculations. However, further studies of this energy
dependence have to be carried out both from the experimental
and from the theoretical point of view in the region around
A = 190, before a firm conclusion is drawn.
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