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The cross sections of the 191Ir(n, 2n)190Ir and 191Ir(n, 3n)189Ir reactions have been determined by means of
the activation technique, relative to the 27Al(n, α)24Na reaction, at neutron beam energies higher than 15 MeV.
The quasi-monoenergetic neutron beams were produced at the 5.5 MV Tandem T11/25 Accelerator Laboratory
of NCSR “Demokritos” by implementing the 3H(d, n)4He reaction. The induced γ -ray activity of the irradiated
target and reference foils was measured with high resolution, high purity germanium (HPGe) detectors. The cross
section for the high-spin isomeric state (11−) of the 190Ir nucleus was determined along with the sum of the
ground (4−), the first (1−), and the second (11−) isomeric states. Moreover, the cross section for the production
of the ground state of the residual nucleus of (n, 3n) reaction, 189Ir, was also estimated. Additionally, cross
section theoretical calculations were carried out using the EMPIRE 3.2.2 and TALYS 1.8 codes, in which the input
parameters were chosen in such a way as to simultaneously reproduce several experimental reaction channel cross
sections in a satisfactory way, namely the (n, 2n), (n, 3n), (n, p), (n, α), and (n, total) ones. Similar combination
of theoretical model parameters had also been successfully used in the case of the neighboring 197Au nucleus,
and this constitutes an encouraging confirmation of how accurately the theoretical models can reproduce the
experimental results in this mass region.
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I. INTRODUCTION

Iridium is widely used in various medical and industrial
applications. For example, as an activation detector it can probe
the low and high energy components of the neutron fluence
in neutron environments [1]. Especially the (n, 2n) reaction
products provide information on the high energy neutrons
above the (n, 2n) threshold, i.e., ∼9 MeV. More specifically,
the reaction 191Ir(n, 2n) leads to the population of two levels of
the residual nucleus 190Ir which present large spin differences
(isomeric state m2 has 11− and ground state g has 4−). Due
to the existence of the former (m2), the theoretical study of
this reaction is a powerful tool for obtaining information on
the structure of the involved nuclei and therefore constitutes
an open field of study [2]. Above 15 MeV, apart from the
energetically allowable (n, 3n) competing reaction channel, an
additional contribution to the cross section arises from the pree-
quilibrium emission. Hence, the simultaneous reproduction of
the isomeric cross section along with other channels sets a
significant constraint, rendering theoretical calculations quite
sensitive to the choice of specific nuclear model parameters
such as the level density (α) and the spin cutoff (σ 2).

Regarding experimental measurements, six datasets [3–8]
exist in literature [9] for the cross section of the sum of the
ground and the first isomeric states (g + m1), which present a

*akalamara@central.ntua.gr

few data points above 15 MeV, whereas for the cross section
of the second metastable state (m2), although there exist two
datasets [5,10] in the energy range from 15 to 18 MeV, at
higher energies there is a complete lack of experimental data.
Moreover, the existence of accurate cross section values for
the population of the high spin isomeric state, which has
a much shorter half-life time (m2: T1/2 = 3.25 h) than the
one of the ground state (g: T1/2 = 11.78 d), could give an
important boost to experimental applications, since it offers the
possibility of an immediate and less time-consuming activation
analysis. Concerning the cross section of the (n, 3n) reaction,
only two datasets exist in the literature [4,11], therefore the
present data can provide new information not only for the cross
section libraries but also for the compound nucleus evaporation
process when combined with the (n, 2n) cross section data.

In 2007, the two (n, 2n) reaction channels were studied
by our group at four neutron beam energies between 10 and
11.3 MeV [7], and the present work constitutes a continuation
of the previous one in order to determine the cross section
at higher neutron energies, where the existing data are either
sparse (in the case of the g + m1 cross section) or absent (in
the case of the m2 cross section for energies above 18 MeV).
At these energies, since the (n, 3n) reaction channel is open, its
cross section was studied and included in the present project.

For all the aforementioned reasons, the purpose of this
work was to experimentally determine the 191Ir(n, 2n)190Ir,
191Ir(n, 2n)190Irm2, and 191Ir(n, 3n)189Ir reaction cross sec-
tions at incident neutron energies ranging from 15.3 to
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FIG. 1. Simplified decay scheme for the deexcitation of the ground and isomeric states of the 190Ir nucleus. The intensities are obtained
from the NNDC Brookhaven National Laboratory library [14] and from Refs. [15,16], and all energies are presented in keV.

20.9 MeV, implementing the activation technique. The
27Al(n, α)24Na reaction was used as reference in order to
determine the total neutron integrated fluence over the irra-
diation time. The irradiations were performed at the 5.5 MV
Tandem T11/25 Accelerator Laboratory of NCSR “Demokri-
tos” using quasi-monoenergetic neutrons produced by means
of the 3H(d, n)4He reaction. Furthermore, theoretical statis-
tical model calculations were performed over a wide energy
range (10−8–35 MeV) and the results were compared to
all available experimental datasets in literature. Apart from
the measured reactions, 191Ir(n, 2n)190Ir, 191Ir(n, 2n)190Irm2,
and 191Ir(n, 3n)189Ir, three more reaction channels have been
simultaneously reproduced with the same parametrization,
using the latest versions of EMPIRE and TALYS codes (3.2.2
[12] and 1.8 [13], respectively) and the obtained results are
quite satisfactory.

II. THE RESIDUAL NUCLEI

A. The 190Ir nucleus

The residual nucleus of the (n, 2n) reaction on 191Ir, namely
190Ir, is unstable and decays via electron capture (91.4%)
and internal conversion (8.6%) to 190Os (Fig. 1). The decay
half-life of the ground state is 11.78 d and the deexcitation is
accompanied by γ -ray emission, with the energies of the three
most intense γ -rays being 518.55, 557.95, and 569.30 keV.

However, the nucleus can be produced at an excited state
and populate one of the two isomeric states which lie at
the excitation energies of 26.1 (m1) and 376.4 keV (m2),
respectively. The former isomeric state decays with a half-life
of 1.12 h by low energy γ -ray emission, and, due to the γ -ray
high mass attenuation factor, its de-excitation cannot be easily

studied. The latter, having a half-life of 3.087 h, decays to
190Os with a probability of 91.4% and can be independently
determined by measuring the two most intense γ rays (616.5
and 502.5 keV) emitted during its deexcitation.

Due to the fact that the 8.6% of the population of the m2
state decays to the ground state, the most appropriate sum-
mation to represent the experimental scenario in an activation
measurement is given by the following expression [15]:

191Ir(n, 2n)190Ir g+m1+0.086 m2

Thus, when measuring the 518.55, 557.95, and 569.30 keV
γ -ray transitions, the population of the ground, first, and a part
of second isomeric states is included in the results.

B. The 189Ir nucleus

The residual nucleus of the (n, 3n) reaction on 191Ir, namely
189Ir, is unstable and decays by means of electron capture
(100%) to 189Os (Fig. 2) with a decay half-life 13.2 d. During
its deexcitation several γ -rays are emitted; the most intense is
the 245.1 keV one.

III. EXPERIMENTAL PROCEDURE

A. Activation

In order to determine the cross section of the
191Ir(n, 2n)190Ir reaction, six irradiations were performed at
the 5.5 MV Tandem T11/25 Accelerator Laboratory of NCSR
“Demokritos” by means of the activation technique. The
neutron beam energy was varied between 15.3 and 20.9 MeV,
and the 27Al(n, α)24Na reference reaction cross section was
used in order to define the neutron flux during the irradiation.
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FIG. 2. Simplified decay scheme for the deexcitation of the ground state of the 189Ir nucleus. The intensities are obtained from the NNDC
Brookhaven National Laboratory library [14] and all energies are presented in keV.

The data obtained by the three irradiations with the longest
irradiation time (see Table I) had sufficient statistics to allow
for the determination of the cross section of the (n, 3n) reaction
channel.

High purity Ir and Al foils (0.4–0.5 mm in thickness and
13–14 mm in diameter) were used for the measurements, while
the Ir samples were stacked between two Al foils in order to
accurately determine the neutron flux.

The quasi-monoenergetic neutron beams were produced
by implementing the 3H(d, n)4He reaction (Q = 17.59 MeV)
using a 0.2–1.5 μA deuterium beam which impinged on a
solid Ti-tritiated target, as described in Refs. [17,18]. The
distance of all the samples from the flange with the Ti-T
target was ∼2 cm, thus limiting the angular acceptance to
±19◦, where the neutron beam can practically be considered
as monoenergetic. The flange with the Ti-T target assembly
was air-cooled during the irradiation and the neutron fluence
for each energy measurement is presented in Table I.

In order to record the neutron beam fluctuations during
the irradiation time, which varied between 10 and 100 h (see
Table I), a BF3 detector was placed at a distance of 3 m from

TABLE I. The neutron beam energy, the corresponding neutron
fluence and the duration for each irradiation are presented.

En Duration Neutron flux
(MeV) (h) (n/cm2 s)

15.3 ± 0.5 26.1 (3.10 ± 0.12) × 106

17.1 ± 0.3 96.1 (2.24 ± 0.10) × 105

17.9 ± 0.3 9.7 (2.26 ± 0.10) × 105

18.9 ± 0.3 27.8 (3.02 ± 0.14) × 105

20.0 ± 0.2 10.1 (1.32 ± 0.10) × 105

20.9 ± 0.2 32.4 (2.43 ± 0.17) × 105

the neutron source. The beam instabilities were used in the
offline analysis to correct for the decay of the product nuclei
during the irradiation.

B. γ -ray spectroscopy

Following the end of the irradiations, the induced activity on
the Ir target and reference foils was measured using three high
purity germanium (HPGe) detectors of 100%, 56%, and 16%
relative efficiency. The activity measurements of all samples
were carried out at a distance of 10 cm from the detector
window, thus there was no need for significant pile-up or true
coincidence summing-effect corrections. At the same distance,
a 152Eu point source was placed in order to determine the
absolute peak efficiency of each detector.

For the population of the second isomeric state (m2), the
measurements began ∼1 h after the end of the irradiations
and the corresponding cross sections were independently
determined through the two most intense γ rays (616.5 and
518.55 keV) emitted during the deexcitation of the 190Irm2

nucleus [see Fig. 3(a)].
Apart from the aforementioned measurements, Ir spectra

were also taken ∼2 d after the irradiations in order to obtain the
cross section of the ground state, when the second metastable
state (T1/2 = 3.087 h) had fully decayed to the ground one.
These cross section values were deduced as the weighted av-
erage using the integral of the 518.55, 557.95, and 569.30 keV
γ -ray peaks and, as mentioned in Sec. II A, correspond to the
sum of the population of (g + m1 + 0.086 m2) levels. Typical
spectra of iridium samples for the (g + m1 + 0.086 m2) cross
section are presented in Fig. 3(b), where the γ -ray peaks of
interest have been marked.

Regarding the determination of the (n, 3n) reaction cross
section, due to the half-life of 13.2 d, it is crucial to analyze
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FIG. 3. Off-beam γ -ray energy spectra obtained after the neutron
irradiation at 15.3 MeV [(a) and (b)]. γ -ray transitions from the decay
of (a) the second isomeric (m2) of the 190Ir nucleus and (b) the ground
plus both isomeric states (g + m1 + 0.086 m2) of the 190Ir nucleus
are marked. The durations of these measurements were 10 and 72 h,
respectively. Concerning the measurement of the ground state of the
189Ir nucleus (c), the 245.1 keV γ ray is marked in the 56 h spectrum
obtained after the irradiation at 20.9 MeV.

TABLE II. Decay data used for the daughter nuclei [14].

Reaction T1/2 Eγ (keV) Iγ (%)

191Ir(n, 2n)190Irm2 3.087 h 616.5 90.14
502.5 89.38

191Ir(n, 2n)190Irg+m1+0.086 m2 11.78 d 518.55 34.0
557.95 30.1
569.30 28.5

191Ir(n, 3n)189Ir 13.2 d 245.1 6.0
27Al(n, α)24Na 14.997 h 1368.626 99.9936

spectra with the longest available duration, in order to collect
more counts in the 245.1 keV γ peak integral [Fig. 3(c)].

The decay data of the reference and Ir targets are presented
in Table II.

IV. ANALYSIS

In order to experimentally determine the cross section for
the three measured reaction channels, the integral of the γ -ray
peak in the spectrum obtained with the HPGe detector (Nγ ), the
absolute efficiency of the detector at the corresponding energy
(εγ ), the γ -ray intensity (Iγ ), the number of the target nuclei
(Nτ ), and a correction factor for the γ -ray self-absorption
effects (F ) estimated via Monte Carlo simulations using the
MCNP5 code [19], were combined according to the following
expression:

σIr = σAl
NγIr

NγAl

(εγ Iγ FDfcNτ )Al

(εγ Iγ FDfcNτ )Ir
C�. (1)

An additional correction factor (D) was used for the counting
collection,

D = e−λt1 − e−λt2 , (2)

where λ is the decay constant of the residual nucleus and t1,
t2 correspond to time intervals from the end of the irradiation
to the beginning and end of the measurement with the HPGe
detector, respectively. In order to correct for the produced
nuclei which decayed during irradiation, the information on the
beam fluctuations was taken into account through the following
factor:

fc =
∫ tB

0 eλtf (t )dt∫ tB
0 f (t )dt

e−λtB (3)

where f (t ) are the counts obtained via the BF3 counter, which
represent the beam flux in arbitrary units over specific time
intervals, and tB is the duration of the irradiation in seconds.
The cross section of the 27Al(n, α)24Na reference reaction
(σAl) was adopted from the IRDFF 1.05 library [20], while the
factor C� corresponds to the neutron flux ratio in aluminum
and iridium foils, and it was estimated both experimentally
and with Monte Carlo simulations implementing MCNP5 [19].
Due to the fact that the agreement between experiment and
simulation was very good, the uncertainty of the C� factor
was considered negligible.
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TABLE III. Experimental cross section values and uncertain-
ties for the 191Ir(n, 2n)190Irm2, 191Ir(n, 2n)190Irg+m1+0.086 m2 and
191Ir(n, 3n)189Ir reactions.

En σm2 σg+m1+0.086 m2 σ(n,3n)

(MeV) (mb) (mb) (mb)

15.3 ± 0.5 179 ± 8 1786 ± 76
17.1 ± 0.3 203 ± 15 1465 ± 72 167 ± 43
17.9 ± 0.3 210 ± 12 1291 ± 82
18.9 ± 0.3 178 ± 10 991 ± 52 716 ± 179
20.0 ± 0.2 134 ± 13 731 ± 91
20.9 ± 0.2 86 ± 7 479 ± 37 1095 ± 198

V. EXPERIMENTAL CROSS SECTIONS
AND UNCERTAINTIES

The experimental results for the cross section of
the three measured reaction channels 191Ir(n, 2n)190Irm2,
191Ir(n, 2n)190Irg+m1+0.086 m2, and 191Ir(n, 3n)189Ir are pre-
sented in Table III along with their corresponding total es-
timated uncertainties. The (n, 2n) cross section has been
deduced for six neutron energies (see Table I), while the
(n, 3n) cross section could be extracted only at 17.1, 18.9 and
20.9 MeV, where the combination of the total neutron flux
during irradiation and the cross section allowed for reasonable
counting statistics.

In order to deduce the cross section of the second isomeric
state, the weighted average of the cross sections obtained via
the 616.5 and 502.5 keV γ rays was estimated, and the results
are shown in Fig. 4 along with existing experimental datasets
in literature. The results of the cross section of the sum of
the g + m1 + 0.086 m2, correspond to the weighted average
of the cross sections deduced via the 518.55, the 557.95, and
the 569.30 keV lines and are presented in Fig. 5 along with
existing experimental datasets in literature and ENDF/B.VIII.0
evaluation results for the total (n, 2n) channel. Concerning the

FIG. 4. Experimental cross section values for the
191Ir(n, 2n)190Irm2 reaction compared with previous data.

FIG. 5. Experimental cross section values for the
191Ir(n, 2n)190Irg+m1+0.086 m2 reaction compared with previous
data and ENDF/B-VIII.0 evaluation (solid curve). The datasets with
an asterisk in the end correspond to the total (n, 2n) channel cross
section, while the rest correspond to g + m1 cross section values.

(n, 3n) reaction cross section, the experimental results were
obtained only through one γ ray, namely the 245.1 keV one,
since the other emitted ones could not be measured due to low
counting statistics (see Fig. 6). All the experimental results are
discussed in Sec. VII.

The most important uncertainties were evaluated and are
presented in Table IV. Each of the six blocks of Table IV
corresponds to the uncertainties and results of the cross sections
obtained from each γ -ray line at every neutron energy. Due to
the fact that all the factors involved in Eq. (1) were considered
uncorrelated, the total uncertainties presented in the third

FIG. 6. Experimental cross section values for the 191Ir(n, 3n)189Ir
reaction compared with previous data and ENDF/B-VIII.0 evaluation
(solid curve).
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TABLE IV. The 191Ir(n, 2n)190Irm2, 191Ir(n, 2n)190Irg+m1+0.086 m2, and 191Ir(n, 3n)189Ir cross sections obtained from each γ ray (mentioned
in Table III) along with the total uncertainties (in %) and the uncertainties for the most significant contributions in Eq. (1) at each neutron
energy. The uncertainties of the (Nτ )Ir and σAl factors of Eq. (1) are the same for every row of the table (0.1% and 3% respectively), thus for
convenience they are omitted from the table.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Ir (Nγ )Al (Nτ )Al (εγ )Ir (εγ )Al

For 191Ir(n, 2n)190Irm2 cross section obtained via the analysis of the 616.5 keV γ -ray peak
15.3 0.176 4.9 1.8 0.3 0.5 2.5 2.3
17.1 0.196 9.9 8.5 2.3 0.6 2.5 2.4
17.9 0.211 6.7 4.3 1.6 0.5 2.8 2.7
18.9 0.182 5.8 2.4 1.2 0.6 2.8 3.1
20.0 0.131 11.3 7.0 2.1 0.5 5.3 6.2
20.9 0.084 9.4 3.4 0.9 0.5 5.3 6.2

For 191Ir(n, 2n)190Irm2 cross section obtained via the analysis of the 502.5 keV γ -ray peak
15.3 0.182 4.9 1.8 0.3 0.5 2.6 2.3
17.1 0.210 8.9 7.2 2.3 0.6 2.6 2.4
17.9 0.208 7.2 5.0 1.6 0.5 2.9 2.7
18.9 0.172 6.5 3.7 1.2 0.6 2.9 3.1
20.0 0.138 11.2 6.7 2.1 0.5 5.3 6.2
20.9 0.089 9.6 3.9 0.9 0.5 5.3 6.2

For 191Ir(n, 2n)190Irg+m1+0.086 m2 cross section obtained via the analysis of the 518.55 keV γ -ray peak
15.3 1.775 4.8 1.6 0.3 0.5 2.6 2.3
17.1 1.491 5.5 1.8 2.3 0.6 2.6 2.4
17.9 1.227 8.5 6.7 1.6 0.5 2.9 2.7
18.9 1.004 6.4 3.4 1.2 0.6 2.9 3.1
20.0 0.762 19.5 17.2 2.1 0.5 5.4 6.2
20.9 0.484 8.6 4.0 0.9 0.5 3.0 6.2

For 191Ir(n, 2n)190Irg+m1+0.086 m2 cross section obtained via the analysis of the 557.95 keV γ -ray peak
15.3 1.780 4.9 1.6 0.3 0.5 2.6 2.3
17.1 1.421 5.3 1.1 2.3 0.6 2.6 2.4
17.9 1.398 8.7 7.0 1.6 0.5 2.9 2.7
18.9 0.980 6.2 3.1 1.2 0.6 2.9 3.1
20.0 0.777 17.5 15.0 2.1 0.5 5.4 6.2
20.9 0.467 9.0 4.9 0.9 0.5 3.0 6.2

For 191Ir(n, 2n)190Irg+m1+0.086 m2 cross section obtained via the analysis of the 569.30 keV γ -ray peak
15.3 1.809 4.9 1.6 0.3 0.5 2.6 2.3
17.1 1.537 5.3 0.9 2.3 0.6 2.6 2.4
17.9 1.287 9.7 8.1 1.6 0.5 2.9 2.7
18.9 0.992 6.3 3.4 1.2 0.6 2.9 3.1
20.0 0.666 19.7 17.5 2.1 0.5 5.4 6.2
20.9 0.488 8.9 4.6 0.9 0.5 3.0 6.2

For 191Ir(n, 3n)189Ir cross section obtained via the analysis of the 245.1 keV γ -ray peak
17.1 0.167 25.7 25.0 2.3 0.6 3.6 2.4
18.9 0.716 25.0 24.2 1.2 0.6 4.3 3.1
20.9 1.095 18.1 14.8 0.9 0.5 7.8 6.2

column of Table IV have been deduced by a quadratical sum-
mation of all the uncertainties that exist in the same row of the
table. Nevertheless, the correlations between the cross section
measurements for the second isomeric state (m2) obtained
from two γ -rays were taken into account by determining the
weighted average according to Eq. (27) reported in Ref. [21].
Furthermore, in order to take into account the correlations in
the case of the (g + m1 + 0.086 m2) cross sections, where the

weighted averages were obtained from three γ rays and three
cross section values, the formalism mentioned in Appendix 2
of [22] was adopted.

VI. THEORETICAL CALCULATIONS

Theoretical cross section calculations were performed for
incident neutron energies ranging from 10−8 to 35 MeV, by
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TABLE V. Basic keywords and the corresponding values used in
the input file of the EMPIRE 3.2.2 code.

Keyword Value

LEVDEN 0
DIRECT 0
HRTW 3
GSTRFN 1
OMPOT (n) 401
OMPOT (p) 5405
OMPOT (α) 9600
PCROSS 2.99

means of two nuclear reaction model codes, namely EMPIRE

3.2.2 [12,23] and TALYS 1.8 [13,24]. The purpose of this work
was to determine the optimum combination of nuclear model
parameters for each code and to achieve a good reproduction
of the cross section for the three measured reaction channels
[(n, 2n)g+m1+0.086 m2, (n, 2n)m2, and (n, 3n)] and for three
more: (n, p), (n, α), and (n, total). In both codes, the com-
pound nucleus reaction cross sections were calculated in the
framework of the Hauser-Feshbach theory [25].

The basic keywords used in the input file of the EMPIRE

code are presented in Table V. The description of the compound
nucleus level densities was made by using the formalism of the
enhanced generalized superfluid model (EGSM) [26], while
the transmission coefficients were calculated by implementing
optical model routines via the ECIS06 code [27,28]. Concerning
direct reaction channels, spherical optical model calculations
were performed, and, in order to account for the correlation
between the incident and exit channels in elastic scattering,
width fluctuation corrections were activated implementing the
model of Hofmann, Richert, Tepel and Weidenmuller (HRTW)
[29] up to an incident neutron energy of 3 MeV. γ emission,
which is important for nuclear deexcitation in the low energy
range, was described by using modified Lorentzian (MLO1)
γ -ray strength functions by Plujko [30], with parameters
available in the RIPL-3 database [31]. All the available in
RIPL-3 neutron optical model potentials [32–44] were tested,
but the one introduced by Wilmore et al. [35] was finally
chosen, for yielding the most satisfying results on the si-
multaneous reproduction of the 191Ir(n, 2n)190Irg+m1+0.086 m2

and 191Ir(n, 2n)190Irm2 reaction cross sections. Concerning
the optical model parameters for the outgoing protons, the
data by Koning et al. [42] were adopted, while parameters
obtained by Avrigeanu et al. [45] were used for the outgoing
alphas. Furthermore, the classical exciton model [46] was
implemented by means of the PCROSS code [12], which is in-
cluded in EMPIRE, to account for the pre-equilibrium emission
mechanism. By using the aforementioned parametrization,
apart from the two measured (n, 2n) reaction channels, a quite
satisfactory reproduction of the cross section of the (n, 3n),
(n, p), (n, α), and (n, total) channels was also achieved (see
Fig. 7).

Concerning cross section theoretical calculations with the
TALYS 1.8 code, the basic keywords used in the input file are
shown in Table VI. The nuclear level densities were described

according to the generalized superfluid model (GSM), whereas
the asymptotic level density parameters (α̃) for the 192Ir, 191Ir,
190Ir, and 189Ir nuclei were explicitly declared in order to
take the values from literature [47] as mentioned in Ref. [7].
Moreover, direct inelastic scattering was treated by distorted
wave Born approximation (DWBA), whereas width fluctuation
corrections were included for neutrons up to 3 MeV using again
the Hofmann-Richert-Tepel-Weidenmüller (HRTW) model.
γ -ray transitions with a multipolarity up to 4 were taken into
account with strength functions calculated by the Kopecky-Uhl
generalized Lorentzian model. Regarding the optical model
potential for outgoing neutrons, the default option of TALYS

was used, implementing the global parametrization of Koning
and Delaroche [42], while for α particles the parameters
by Avrigeanu et al. [48] were adopted. Concerning pre-
equilibrium emission, the exciton model was assumed and
the transition rates between exciton states were approached
numerically with the optical model for collision probability.
In order to fairly reproduce the cross section of the second
isomeric state, the spin distribution for the preequilibrium
population of the residual nuclei was chosen based on the
particle-hole state densities and the spin cutoff parameter was
multiplied by a factor of 0.7. Furthermore, the spin cutoff
parameter for the ground state level densities was described
by means of the following model:

σ 2 = c

√
U

α
, (4)

where c is a constant, α is the level density parameter
determined either by experimental information or by global
systematics, and U is the excitation energy subtracting an em-
pirical parameter related to the pairing energy (U = E − �). In
addition, for the stripping and pickup preequilibrium processes
of outgoing α particles a scale factor of 2 was used [2].

VII. RESULTS AND DISCUSSION

The cross section of the 191Ir(n, 2n) reaction for two exper-
imental channels, resulting in the 190Irm2 and 190Irg+m1+0.086 m2

residual nuclei respectively, as well as the 191Ir(n, 3n) reaction
cross section were measured at incident neutron beam energies
ranging from 15.3 to 20.9 MeV, and the results are presented
in Figs. 4–6. The new data points for the cross section of the
second metastable state (Fig. 4) result in a higher cross section
compared to the majority of the previously existing datasets,
while they agree only with the data introduced by Bormann
et al. [10]. Moreover, they strongly indicate that the centroid
of the cross section curve is formed at ∼17 MeV. Regarding
the 191Ir(n, 2n)190Irg+m1+0.086 m2 reaction cross section, the
experimental results (Fig. 5) follow the general trend pointed
out by previous data points over the whole energy range.
Especially the new experimental data point at 15.3 MeV reveals
that the cross section plateau lies near the lowest experimental
data existing in literature, meaning close to the central values
given by Filatenkov et al. [8], Konno et al. [49], and Temperley
et al. [3] and not so close to the central values obtained
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FIG. 7. Cross sections of six reaction channels for the n + 191Ir interaction. The experimental results of this work for the (n, 2n)
channels are presented along with existing data in literature [9] and theoretical calculations obtained with EMPIRE 3.2.2 and TALYS 1.8 codes.
Each reaction channel is shown separately: (a) 191Ir(n, 2n)190Irg+m1+0.086 m2, (b) 191Ir(n, 2n)196Irm2, (c) 191Ir(n, 3n)189Ir, (d) 191Ir(n, α)188Re,
(e) 191Ir(n, p)191Os, and (f) 191Ir(n, total).

by Herman et al. [5], Bayhurst et al. [4], and Qaim et al.
[50] (although some points of the latter datasets agree within
errors with the present ones). Therefore, the cross section
plateau also lies much lower than the mean value indicated
by the ENDF/B-VIII.0 evaluation for the 11–18 MeV energy

region. Concerning the 191Ir(n, 3n) reaction channel, only few
measurements exist in literature [4,11] and the new points
present significant discrepancies with them. It seems that the
cross section is overestimated by the data of Bayhurst et al. [4],
and furthermore it seems that the cross section curve starts to
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TABLE VI. Basic keywords and the corresponding values used
in the input file of the TALYS 1.8 code.

Keyword Value

ldmodel 3
alimit 77 192 16.4
alimit 77 191 16.3
alimit 77 190 16.2
alimit 77 189 16.1
spherical n

widthfluc 3
widthmode 2
gammax 4
strength 1
jlmomp n

alphaomp 6
preequilibrium y

preeqmode 3
preeqspin 3
rspincut 0.7
spincutmodel 2
cstrip α 2

increase at slightly higher energies compared to ENFB/VIII.0
evaluation (Fig. 6).

The cross section theoretical calculation results obtained
from EMPIRE 3.2.2 and TALYS 1.8 codes are presented in
Fig. 7 along with the data points of the present work and
already existing experimental datasets in literature [9]. The
reproduction of the cross section is quite good for all the studied
reaction channels. More specifically, in the case of the second
isomeric state [Fig. 7(b)] both codes seem to describe well the
trend of experimental data and the position of the cross section
maximum. However, the EMPIRE (blue) curve reproduces the
cross section slightly better than TALYS (grey) curve in both
low (near threshold) and high energy regions. It seems that
if there was the flexibility of a multiplication factor in the
preequilibrium mechanism contribution in the TALYS code, it
would be possible to describe much better the right tail of the
cross section curve. It should be noted that the reproduction
of this reaction channel alone was better without taking into
account the contribution of preequilibrium emission (when
using the TALYS code). But this scenario could not be accepted,
first because it is not physically expected and second because
there was an additional constraint introduced by the goal of
simultaneously describing the two measured (n, 2n) channels,
and it seemed that when the result for the m2 level improved,
the result for the cross section of the sum of the levels (g +
m1 + 0.086 m2) presented increased deviations. Regarding
the cross section of the 191Ir(n, 2n)190Irg+m1+0.086 m2 reaction
channel [Fig. 7(a)], both curves are in very good agreement
with experimental data, while TALYS for neutron energies above
15 MeV seems to slightly overestimate the (n, 3n) channel
[Fig. 7(c)] at the expense of the (n, 2n) one. It should be noted
that the 191Ir(n, 2n)190Irg+m1+0.086 m2 cross section data could
be well reproduced by many combinations of optical and level
density models using both codes. The strong constraint for the
selection of the final combination of the parameters turned out

to be the simultaneous reproduction of the cross sections for
both ground and second isomeric states.

At this point it should be mentioned that the same behavior
concerning the neutron evaporation was observed when cross
section theoretical calculations were carried out by using
the EMPIRE 3.2.2 and TALYS 1.8 codes for the interaction
of neutrons with the neighboring 197Au nucleus [51]. It is
also worth mentioning that in those cross section theoretical
calculations performed with the EMPIRE code for the n + 197

79 Au
system [51], the same optical model parameters (Wilmore
et al. [35]) as those used in the present work for the n + 191

77 Ir
system, as well as EGSM level densities, were chosen for
yielding the most satisfactory results. These similarities in the
theoretical parametrization are not that surprising since both
nuclei belong in the transitional region from well deformed to
spherical nuclei near the Z = 82 shell closure (Os–Pb region),
where high spin intruder configurations result in high spin
isomeric states unable to communicate with neighboring states
[52]. In the case of the 197Au(n, 2n) reaction, the residual
nucleus 196Au can be produced either in its ground state
(g, 4−) or in a high spin isomeric state (m2, 12−) which
can be attributed to the configuration πh11/2 ⊗ νi13/2. In
a similar way, in the case of the 191Ir(n, 2n) reaction, the
residual nucleus 190Ir can be produced either in its ground
state (g, 4−) or in its high spin isomeric state (m2, 11−) at-
tributed to the πh11/2 ⊗ ν11/2 configuration [53]. By using
almost the same parametrization, both 197Au(n, 2n)196Aum2

and 191Ir(n, 2n)190Irm2 reaction cross sections reproduced very
well the behavior of the experimental data, for both near
threshold and higher energies, as well as for middle energies
in the plateau region. Furthermore, it is observed that the
cross section maximum in the two reactions is ∼200 mb and
is centered around 17 MeV, as revealed by both theoretical
calculations and experimental data. In addition, it may be
worth mentioning that in theoretical calculations with EMPIRE

code for both the n + 196Au and n + 191Ir systems, the (n, 2n)
cross section for the ground state is slightly and systematically
overestimated over the whole studied energy region.

Concerning the (n, 3n) reaction channel, the results ob-
tained from both codes seem to underestimate the cross section
compared to the data by Bayhurst et al. [4], but compared
to the present work, especially the results of EMPIRE code
present a very good agreement. Furthermore, concerning the
charged particle reaction channels [see Figs. 7(d) and 7(e)],
both codes seem to reproduce in a quite satisfactory manner the
cross sections, although there is a certain lack of experimental
data. In addition, results of both codes for the total reaction
cross section [Fig. 7(f)] agree well with each other, but for
this case there is a certain need for experimental cross section
measurements for energies above 10−6 MeV. Cross section
data for the (n, total) reaction over a wide energy range exist
in literature but only for the case of natural Ir and not for each
isotope separately [9,54].

VIII. CONCLUSIONS

The 191Ir(n, 2n)190Irg+m1+0.086 m2, 191Ir(n, 2n)190Irm2, and
191Ir(n, 3n)190Ir reaction cross sections have been measured
at incident neutron energies covering the range between 15.3
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and 20.9 MeV, relative to the 27Al(n, α)24Na reaction refer-
ence cross section. The irradiations were performed at the
5.5 MV Tandem T11/25 Accelerator Laboratory of NCSR
“Demokritos” in Athens, by means of the activation tech-
nique. The experimental results for the cross section of the
191Ir(n, 2n)190Irg+m1+0.086 m2 reaction are in good agreement
with previously existing data and indicate that the maximum
value in which the plateau region lies is about 19% lower
than the ENDF/B-VIII.0 evaluation value, whereas for the
191Ir(n, 2n)190Irm2 reaction the new data points clearly reveal
the shape of the cross section curve above 15 MeV and show
that its maximum plateau is centered around 17 MeV. The new
data points for the cross section of the 191Ir(n, 3n)189Ir reaction
present significant discrepancies with both previous existing
datasets and the ENDF/B-VIII.0 evaluation and reveal that the
cross section is much lower and starts to increase at slightly
higher energies. Furthermore, theoretical cross section calcula-
tions have been carried out in the energy range 10−8–35 MeV,
including the experimental results obtained in the present work
along with data from literature for three additional reaction
channels by means of the EMPIRE 3.2.2 and TALYS 1.8 nuclear
model codes. Both codes reproduced fairly well all the studied
reaction channels, including the isomer production, while the
observation that a similar combination of parameters had also
been used in cross section theoretical calculations performed

for neutron interactions on the neighboring 197Au nucleus [51]
provides an encouraging confirmation of how successfully the
theoretical models can reproduce the experimental results in
this mass region.
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