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Study of the 191Ir(n, 2n)190Ir reaction cross section

N. Patronisa∗, C. T. Papadopoulosa, S. Galanopoulosa, M. Kokkorisa, G. Perdikakisa, S.
Harissopulosb, A. Lagoyannisb, and R. Vlastoua

aDepartment of Physics, National Technical University of Athens

bInstitute of Nuclear Physics, NCSR ”Demokritos”, Athens

The 191Ir(n,2n)190Ir cross section was measured by using 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”. After the irradiations the induced activity of the
samples was measured through a 56% relative efficiency HPGe detector. 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−). The experimental data will be combared to theoretical calculations in order
to deduce information for the spin dependence of the level density parameters.

1. INTRODUCTION

Investigation of neutron threshold reactions, and wherever possible their isomeric cross
section ratio, is of considerable interest for testing nuclear models. The prediction of the
cross sections for the formation of isomeric states is a difficult task compared to 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 at energies higher than 12 MeV (Refs. [2–12]). Furthermore, in these
studies limitted information concerning the level scheme of the odd - odd 190Ir [13,14]
was available. It should be noted that the details of the level scheme of the residual nuclei
[15] 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 measure the 191Ir(n, 2n)190Irg+m1 and 191Ir(n, 2n)190Irm2

reaction cross section at the neutron beam energy range 10-12 MeV, where no data exist
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2 N. Patronis

Figure 1. Simplified representation of formation and decay of the ground state and iso-
meric states of 190Ir. All energies are in keV

in the litarature. Also, theoretical statistical model calculations will be performed in an
attempt to investigate spin dependence of the level density as well as the effective moment
of inertia of the residual nucleus and their role in the formation of the isomeric state.

2. EXPERIMENTAL

2.1. Irradiations
The 191Ir(n, 2n)190Ir reaction cross section has been measured at energies 10.0, 10.5,

11.0 and 11.3 MeV, by means of the activation technique. The 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 core activity of the second isomeric
state (11−) 190Irm2 (Fig. 1). The neutron fluence for the cross section measurement was
determined by using the monitor reaction 27Al(n, α)24Na as reference [16].

The neutron beam was produced via the 2H(d, n)3He reaction, e.g. by bombarding the
D2 gas target [17] with deuteron beam currents, typically kept between 2-6 μA. 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, in order
to minimize the effect of heating in the deuterium gas pressure, which was continously
controlled through a micrometric valve. Using this setup, a flux of the order of ∼ 4 × 106

n/(cm2·s) was achieved.
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 placed 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. 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, however, was used for the determination of the
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Study of the 191Ir(n, 2n)190Ir reaction cross section 3

effect of parasitic neutrons to the cross section measurement. The low background of
parasitic neutrons from deuteron break up and reactions with the structural materials of
the gas target, has been verified experimentally in a previous work [19], by sequential gas-
in and gas-out activation experiments as well as by the multiple foil activation technique
[20]. These investigations revealed that under certain experimental conditions threshold
reaction cross sections can be measured by means of the activation technique, without
implementing any correction for the presence of parasitic neutrons. This was also proven
from the comparison between the activity of Al and Au foils. The 197Au(n, 2n) reaction
threshold (Ethr = 8.1 MeV ) and the shape of its excitation function are similar to that of
191Ir(n, 2n) reaction. Despite the lower threshold (Ethr = 3.2 MeV ) of the 27Al(n, α)24Na
reaction, which was finally used as reference, the values of the neutron flux as deduced
from Au and Al foils were in excellent agreement. This is a clear indication that the
introduced uncertainty due to the presence of parasitic neutrons is negligible compared
to other sources of uncertainty.

The neutron flux was monitored by a BF3 counter placed at 0◦ with respect to the
neutron beam and at a distance of 2 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, in order to keep the uncertainty of the neutron beam
energy distribution, as low as possible.

2.2. Activity measurements
After the irradiations, the induced activity on the samples was measured with a 56 %

relative efficiency HPGe detector. The sample to detector distance was more than 10 cm
so that 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 of 190Os, where the contribution from the decay of the ground
state was small i.e. ∼8% for the 502.5 keV 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 hours 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. In less than one hour 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
keV, 557.9 keV and 569.3 keV transitions of 190Os. 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 to ensure that the 1− isomeric state (m1) with a half life T1/2 = 1.12 h, has fully
decayed to the ground state. This procedure was necessary in order to correctly evaluate
the sum of the 190Irm1 and 190Irg population, since the decay of the first metastable state
(m1) is not accompanied by γ emission.
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4 N. Patronis

Figure 2. The evolution of the photopeak net area counts with measuring time. The
experimental data (points), as resulted after the 10.5 irradiation, are presented with the
theoretical fitted curve for the expected half-life time (line). The above panel corresponds
to the 558 keV transition from the decay of the ground state (g) and the lower panel to
the 502 keV transition form the decay of the second isomeric state (m2).

During the activity measurements the resulted decay spectra of 190Ir were recorded at
regular time intervals. By this mean the evolution of the photopeak net area counts with
measuring time, could be compared to the theoretical curve for the expected half-life time.
As can be seen in Fig. 2 the excellent agreement between the experimental points and
the theoretical fitted curve for the expected half-life time, suggest that no contamination
was present in the photopeak net area. This procedure was followed for all the used
transitions.

3. 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 1 along with their
uncertainties. All the data reported in this work in the energy range 10 - 12 MeV have
been determined for the first time. The only existing data at lower incident neutron
energies are at 8.6 MeV and 9.3 MeV [23], 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 the191Ir(n, 2n)190Ir reaction, the partial cross section for one gamma
transition (Eγ=117.3 keV, 6+ → 5+), was reported in the past by Fotiades et al. [24].

The cross section data σg+m1 for populating the ground (g) and first isomeric state (m1)

16th Hellenic Symposium on Nuclear Physics

100



Study of the 191Ir(n, 2n)190Ir reaction cross section 5

Table 1
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

Figure 3. The measured cross section σg+m1 for the population of the ground and first
isomeric state of 190Ir

16th Hellenic Symposium on Nuclear Physics

101



6 N. Patronis

Figure 4. The measured cross section σm2 for the population of the second isomeric state
of 190Ir

are shown in Fig. 3 along with all the previous measurements reported in literature. The
cross section σm2 of populating the second isomeric state (m2) was measured indepen-
dently, resulting in the data points presented in Fig. 4. The available experimental cross
section data of populating the (m2) metastable state are rather discrepant, particularly
in the high neutron beam energy region, where more than one data sets are available.

In the future, statistical model calculations will be performed with emphasis to the
reproduction of the available isomeric cross section experimental data. By comparison
of the experimental results and the theoretical calculations valuable information can be
deduced about the spin dependence of the level density parameters as well as for the role
of the level scheme to the isomeric cross section ratio calculation.
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