PHYSICAL REVIEW C 84, 024605 (2011)

Formation of the isomeric pair 1**Ir™¢ in interactions of « particles with *2Os
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Cross sections were measured by the activation technique for the nuclear processes '*2Os(a,d+pn+np)'**1r"-¢
up to a-particle energies of 39 MeV. From the measured data the isomeric cross-section ratio was deduced as a
function of projectile energy. The present experimental data as well as those for the '**Pt(n,p)'**Ir" ¢ reaction,
given in the literature, were compared with the results of nuclear model calculations using the code TALYS, which
combines the statistical, precompound, and direct interactions. In general, the experimental data were reproduced
well by the model calculations, which were done using relatively low values of 7 (i.e., Oc/ ®yigia). The results
provide more evidence for the mass dependence of 7. The level density parameter for '**Ir was determined

unambiguously.
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I. INTRODUCTION

Studies of isomeric cross sections are of fundamental
interest. It is known that the isomeric cross-section ratio,
especially near the threshold of the reaction, is dependent on
the spins of the levels involved, rather than on their separation
energies [1,2]. Through detailed investigations on several
isomeric pairs, involving different combinations of target,
projectile, and ejectile, the effects of changes in the ratio of the
effective moment of inertia to the rigid-body moment of inertia
(1 = Octr/ Origia), assumptions regarding the spin distribution
after preequilibrium (PE) decay, and the role of input nuclear
structure information have been elaborated [1-5].

The level density parameter a, a fundamental parameter
for the model calculations, is determined from the measured
mean s-wave neutron level spacing. The low-energy neutrons
can excite only the levels of the compound nucleus having the
spin of I = I,41/2, where I, is the spin of the ground state
of the target nucleus. Therefore the level density parameter
cannot be determined without knowing the spin distribution,
i.e., the spin cutoff parameter and finally the previously defined
n value. Since the introduction of the back-shifted Fermi
gas model [6], the level density parameters are calculated
for n = 1.0 and n = 0.5, but there is no strong experimental
evidence that any of these values are valid. Furthermore, as
a result of recent studies on the high-spin isomers '*Nd”,
14INg™, 5Hg™, and '""Hg™ [7-9] it has been suggested
that the n value is mass dependent (i.e., n 7% const as it was
supposed earlier). This suggestion is based on the low 7
value for mercury isotopes and somewhat higher value for
the Nd isotopes, both being lower than 0.5. Other evidence
is in [10], where for 'V the value n = 0.75 was found
and in [11] where a mass number dependence in the spin
cutoff factor was shown from the analysis of the discrete
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levels (see the connection of their data to n in [8]). Now
we report on the formation of the isomeric pair '**Ir:2 in
a-particle-induced reactions on highly enriched '°>Os. The
ground state '**Ir$ (T, = 19.28 £ 0.13 h) has a low spin
(17) and the metastable state '**Tr” (Tip =171.0 £ 11 d),
lying at an excitation energy of <440 keV, has a higher spin
(10,11). Both of them decay independently to '°*Pt, emitting
B~ particles and several y rays. The isomeric cross-section
ratio has been previously measured for the '%*Ir(n,y)'%1r"
process [12] as well as for the '%*Pt(n,p)'**Ir" ¢ reaction [13].
In both cases the value was <0.05. The present investigation
had therefore two motivations: (a) to study the effect of
higher angular momentum brought by the « particle on the
isomer ratio, and (b) to provide more evidence for the mass
dependence of 7.

II. EXPERIMENT AND RESULTS

Cross sections of the '22O0s(a,d+pn-+np)'**1Ir" € processes
were measured as a function of the «-particle energy via
the activation technique using the well-known stacked-foil
irradiation arrangement. This involved irradiation of '*2QOs
targets and identification of the product radionuclides. The
enriched '°20s (99.65%; supplied by Chemotrade) targets
were prepared by electrolytic deposition on 10-pm thick Ni
backings. Several such targets and thin Ti (12.5 pum) foils,
used as monitors as well as energy degraders, were irradiated
together in a stack with a primary a-particle energy of 40 MeV
at a beam current of 100 nA for 1 h at the CGR-560 cyclotron
of the Vrije Universiteit Brussel (VUB), Brussels, Belgium.
Due to the thin Ti foil in front of the stack, the effective
a-particle energy in the first sample was 38.9 MeV. The
beam flux was measured via the " Ti(e, x)°'Cr monitor
reaction [14]. The details on target preparation, irradiation,
beam flux monitoring, and chemical separation have already
been reported in connection with the characterization of
the therapeutic radionuclide '*Pt" via x-ray spectrometry
[15]. The beam energy degradation along the stack was
calculated using the computer program STACK, based on the
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FIG. 1. Decrease in the count rate of the 328.45-keV y ray as a
function of decay time. The data were fitted with the known half-lives
of the two independently decaying isomeric states '**Ir" ¢,

energy-range relationship. The Ir activity was measured by
a HPGe detector with a digital y-ray spectrometry system
(ORTEC DSPEC jr ™) and GAMMAVISION data acquisition
software. The sample-to-detector distance was 10 cm, whereby
the effect of sample size on the efficiency and also the random
coincidence loss became almost negligible. The radionuclide
19418 (T 2 = 19.28 h) was detected by the y ray at energy
328.45 keV (I, = 13.1 £ 0.4%). The metastable state '**Ir"
(T1/2, =171.0d) also produces the same y ray (1, = 93 &=5%).
The contributions of the two states were obtained by a decay
curve analysis of the area under this y-ray peak. A typical
decay curve is given in Fig. 1.

The activity of the longer lived '**Ir”" was measured after
the complete decay of '°*Ir¢. The counts of the y rays at the
energies 328.45 keV (93%), 338.8 keV (55%), and 482.83 keV
(97%) were used to calculate the cross section of the '%Ir™
formation. The decay data were taken from [16]. A good
consistency was found among the results of those energies.

The count rate at the end of the bombardment (EOB)
was converted to decay rate by introducing the necessary
corrections for the efficiency of the detector and the intensity of
the y ray. For the counting geometry used, the random and true
coincidence losses were negligible (< 1%). From the decay rate
and incident beam intensity, the cross section was calculated
using the usual activation formula (cf., for example, [17]). The
estimated uncertainties involved were similar to those given
in [15]. The total uncertainty in the cross section obtained from
the quadratic sum of individual uncertainties was 15%-20%.
The isomeric cross-section ratio was calculated as the ratio
of 0,, and o,. The uncertainty in the isomeric cross-section
ratio was smaller, while dividing the formula for o,, by o and
eliminating the common parameters we obtain:

<
Om _ Ly(1—em Tirr)
o, G ’

where C"*refer to the calculated EOB count rates of the
decaying metastable and ground states, respectively. The
preceding formula was used to deduce the uncertainties of
the isomeric cross-section ratios, and the obtained values
were 12%—-17%. These include 8.95% uncertainty common
to all energies which originated from the uncertainties of
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TABLE 1. Sources of uncertainties in the measured cross sections
of m and g states.

Source of uncertainty Uncertainty (%)

Number of target nuclei 2
Target uniformity 5
Counting statistics 5-13
Efficiency of detector 4-6
Chemical yield determination 3
Half-life 0.7, 6.43
y-ray intensity 3.1,5.4
Monitor cross section (particle flux determination) 9-13
Total 15-20

the half-lives and emission rate of the 328.45-keV y ray.
The covariance matrix of isomeric cross-section ratio was
also created. The sources of uncertainties are summarized in
Table 1. The results of measurements and their uncertainties
are given in Table II.

III. NUCLEAR MODEL CALCULATIONS

Besides experimental studies, reaction cross sections were
also calculated using the nuclear model code TALYS (version
1.2), which has been recently developed by Koning et al. [18].
It incorporates a number of nuclear models to analyze all the
significant nuclear reaction mechanisms over the energy range
of 1 keV-200 MeV. In the calculations, the particle trans-
mission coefficients were generated via the spherical optical
model using the ECIS-06 code [19] with global parameters
for neutrons and protons from Koning and Delaroche [20].
For the optical model parameters (OMP) of complex particles
(d, t, o, *He) the code made use of a folding approach,
building up the OMPs from the neutron and proton potential.
With these default OMPs for the incident « particle, the
model underestimated the measured cross section as found
previously [15]; therefore the OMPs were adjusted within

TABLE II. Activation cross sections of «-particle-induced reac-
tions on 1*20s.

E, (MeV) 1920 ) 94T 2
1941 (mb) 194]r¢ (mb) Om/0g

3894+0.2 7.4+ 1.0 21.0£2.6 0.352 £ 0.029
37.94+0.2 69+1.0 20.0 £2.8 0.345 £ 0.030
37.5+0.2 6.1+1.0 199 +£28 0.306 £ 0.029
36.44+0.2 554+09 19.1 £2.7 0.288 £+ 0.028
35.1£0.3 45+0.7 16.1 £2.3 0.279 £ 0.030
345+0.3 3.6 +0.6 13.4+£2.0 0.268 £+ 0.031
326 +0.3 19+04 8.8+ 1.7 0.216 £ 0.035
325403 22+04 87+13 0.253 £ 0.031
31.8+0.3 1.8+0.3 83+£1.6 0.216 £ 0.028
30.6 £0.3 1.2+0.2 57+1.2 0.210 £ 0.029
2094+04 1.0+ 0.2 52+1.0 0.192 £ 0.027
27.8 £ 0.4 0.6 £0.1

aIncludes '?Os(a,pn+np)'*Ir" 2 reaction contributions.
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their recommended limits to describe well the measured data.
The y-ray transmission coefficients were calculated through
the energy-dependent y-ray strength function according to
Kopecky and Uhl [21] for El radiation, and according to
Brink [22] and Axel [23] for all the other transition types.
For the preequilibrium reactions a one-component exciton
model of the TALYS code was used. The energies, spins,
parities, and branching ratios of the discrete levels were based
on the RIPL-2 database [24], which unfortunately does not
contain the isomeric state '**Ir" . It is missing, possibly because
the energy of the level is not properly known. According
to the Evaluated Nuclear Structure Data File (ENSDF), the
energy of the level is (190 + X) keV. We set X = 0. The
experimental data were described well with this choice. In
the continuum region the level density was calculated by
the back-shifted Fermi gas model (BSFG) [6]. The a and
A parameters of the BSFG for Pt isotopes were modified
to get the best description of the measured cross section for
the 1920s(a,n)'°Pt" and '20s(«,3n)'Pt” reactions [15].
In the present calculations those modified parameters were
kept. In one output file of the TALYS code, the program sums
up all the cross sections, calculated for various contributing
routes, which lead to the same activation product isotope.
Therefore the calculated result is comparable directly with the
experimental value. The spin distribution of the level density
was characterized by the ratio of the effective moment of
inertia to the rigid-body moment of inertia (7 = Oefr/ Origia)
and calculations were carried out for 1 values in the range of
0.15-1.0 in order to obtain the best fit to the experimentally
determined isomeric-to-ground-state production ratio over the
whole investigated energy range. Using the best n value, the
level density parameter for the '"‘Ir was determined and
all calculations were repeated with the new level density
parameter to get the final value for the 7.

IV. DISCUSSION

A. Excitation functions and isomeric cross-section ratios

The experimental data for the '°>Os(a,d + pn + np)'**1r™ -2
processes determined in this work are plotted as a function
of the «-particle energy in Figs. 2—4. The results of nuclear
model calculation using n = 0.275 are also shown in the same
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FIG. 2. Measured and calculated excitation function of the
1920s(at,d+pn+np)'*1r¢ process.
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FIG. 3. Measured and calculated excitation function of the
1920s(a,d + pn + np)'**Ir'™ process.

figures. In general, good agreement is found between the
experimental and theoretically calculated excitation functions
of the two isomeric states (Figs. 2 and 3), both in terms of shape
and magnitude. The experimental isomeric cross-section ratio
(o /0,) is also reproduced very well by the model calculation
(Fig. 4).

After completion of the investigation on the formation of
the isomeric pair '**Ir™ 2 in the a-particle-induced process,
we studied the formation of the same isomeric pair via another
reaction available in the literature. The experimental data for
the *Pt(n,p)!**Ir"-¢ reaction reported in the literature are
shown as a function of the neutron energy in Figs. 5-7.
It should be noted that several groups [25-28] reported
experimental cross sections for the '*Ir¢ with neutron energy
around 14 MeV; but in only one laboratory [13] data for
both the isomeric states were measured over a somewhat
broader neutron energy range of 13.5-14.8 MeV. The results
of nuclear model calculations done in this work are also given
in Figs. 5-7. It should be noted that the neutron-induced
reaction cross sections are much smaller than those for the
a-particle-induced reactions.

For the '%*Pt(n,p)'**Ir¢ reaction (Fig. 5) the experimental
and theoretically calculated data agree very well. The results
of the two data libraries (TENDL-2009 and ROSFOND-2010)
are also shown. Apparently the ROSFOND-2010 curve shows
better agreement with the experimental data, though the

1.0
1920(0,d+pntnp) ™

0.8 ® Experiment n=0.40

TALY S
0.61 ——n=0275
o ——1=0.20
G o4 =0.275
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FIG. 4. Measured and calculated isomeric cross-section ratios of
the 20s(a,d + pn + np)'*“Ir"¢ processes with the best n = 0.275
value, as well as with n = 0.20 and n = 0.40.
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FIG. 5. Measured and calculated excitation function of the
194Pt(n,p)'**Ir¢ reaction. The measured data were taken from the
literature (Filatenkov and Chuvaev [13], Coleman et al. [25], Hankla
et al. [26], Molla and Qaim [27], Hua et al. [28]), and the result of
nuclear model calculation (TALYS) is from this work.

TENDL-2009 curve also agrees within the lower limits of
uncertainties of the experimental data, but it is systematically
lower than the experimental data. As far as the '**Pt(n,p)'**1r"
reaction (Fig. 6) and the isomeric cross-section ratio (o,,/0,)
(Fig. 7) are concerned, the agreement between experiment and
theory is fairly good. It should, however, be pointed out that
in our calculation, also for this reaction a low value of », i.e.,
0.225, was necessary to reproduce the experimental data.

The isomeric cross-section ratios shown in Figs. 4 and 7
increase nearly linearly with the increasing projectile energy,
thereby confirming the higher probability of formation of the
higher spin isomer with the increasing excitation energy of
the composite nucleus [1,2]. Furthermore, a comparison of the
absolute values of the ratios (Figs. 4 and 7) depicts that the
higher spin isomer is formed at least ten times more favorably
in the a-particle-induced reaction than in the neutron-induced
reaction. Thus the higher angular momentum brought by the
«a particle has a significant effect on the isomeric cross-section
ratio.
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FIG. 6. Measured and calculated excitation function of the
194Pt(n,p)'**Ir" reaction. The measured data are from Filatenkov and
Chuvaeyv [13] and the result of nuclear model calculation is from this
work.
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FIG. 7. Measured and calculated isomeric cross-section ratios
of the '""*Pt(n,p)'**Ir"-¢ reactions. The measured data are from
Filatenkov and Chuvaev [13] and the result of nuclear model
calculation is from this work.

B. Analysis of 5 values

The best n values were determined by analyzing the
isomeric cross-section ratios as a function of the n value, by
calculating the x? value for N measurements which is defined
for correlated data as

X2 = [ — )" M~'[e — &,

,%,...], c:[...,%,...] are
the vectors composed of the measured and calculated isomeric
ratios;E; is the incident energy, M~! the inverse of the
covariance matrix of the isomeric cross-section ratio, the
indexes refer to experimental data or theoretical calculation,
and T refers to the transposition of the vector. Figure 8
shows the “reduced” x? values given by x2/(N — 1).The
best estimation for 7 is defined by the minimum value of
the reduced x2. In the case of the !**Pt(n,p)'*Ir" ¢ reaction,
the covariance information was not available, therefore it was
approximated using the same 8.95% correlated uncertainties
as in the case of our measurement. This underestimates the
correlated uncertainties, as we were not able to remove some
common error source. It can be seen in the figure that the
ratio of the reduced yx? value of the maximum (at 7 = 1.0)
to minimum of reduced x?2 is 2610 for the a-particle-induced
reaction and 9.96 for the neutron-induced reaction. This means

where ¢ =[...

1 94Irm,g

, 104
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FIG. 8. The “reduced” x2value as a function of the 1 value used
for the calculation of the isomeric cross-section ratio in the reactions
1920s(at,d + pn + np)'**Ir'™2 and *Pt(n,p)'*1r" 2.
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that the reduced x? is 200 times more sensitive to the 7 value
in the case of the «-particle-induced reaction. This is related to
the higher angular momentum of the composite system in the
former case. The 1 values for the minima of the reduced x2
values of both reactions are quite near to each other—exactly
Ne,ay = 0.275 £0.02 and 7y, ,) = 0.225 £+ 0.04. They are in
agreement within the limits of uncertainties and the weighted
average is n = 0.265 £ 0.018, with the rounded value of
0.27 £ 0.02. This value is comparable, but significantly higher
than that for the ' Hg” (n = 0.15 £ 0.05) and '"Hg" ( =
0.20 £ 0.05) nuclei [8] and gives more support to our postulate
that n is mass dependent (that is, not constant), and it changes
from nucleus to nucleus. For the general tendency very little
data are available to make a plot, but from the data for Sly
(n =0.75) [10] and our data a decreasing tendency with
increasing mass number is presumable as deduced from the
discrete levels [11].

PHYSICAL REVIEW C 84, 024605 (2011)

We conclude that '°*Ir is the second nucleus for which,
in the framework of the BSFG model, the level density
parameters (a,A) can be determined unambiguously. Using the
experimental data, level spacing at 6.067 MeV and n = 0.31 &+
0.02, and the discrete levels from the ENSDF library [29], we
geta = (16.44 + 0.40)@ and A = (—1.0+£0.1)MeV.

To establish a usable mass dependence of 15, further
experimental investigation and model analysis is needed.
The explanation of the mass dependence needs some deeper
thoughts in the nuclear theory.
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