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Neutron capture cross sections on '°11?3[r were measured by the activation technique.
The results are discussed in terms of the compound nucleus formation mechanism.

PACS numbers: 25.40.Lw

1. Introduction

Capture cross section measurements using activation technique in the MeV region
are complicated mainly due to the accompanying parasitic neutron producing reactions.
Since the capture cross section increases rapidly with decreasing neutron energy even
small contaminations by low energy neutrons, scattered in the target backing or in the
sample itself, may lead to serious disturbance of the measurement. These effects have
been studied systematically in Refs. [1, 2] and the resulting precautions have been followed
in the present measurement of the capture cross seclions on iridium isotopes in the neutron
energy range from 0.3 to 1.3 MeV. The present measurement has been undertaken in order
to prove the ability of the compound nucleus concept to describe such cross sections with
enough accuracy. It has been shown earlier that the simpler mechanisms like direct and
semidirect or collective capture do not play a significant role at such low energies [3, 4].
On the other hand the new statistical approach [5] to the evaluation of the width fluctuations
allows one to search enhancement effects [6], which however disappear for heavy nuclei,
where large number of channels is involved.

2. Experimental procedure

Natural, high purity, metallic Ir and enriched *°!Ir (98.17 ), loaned from the Inter-
national Atomic Energy Agency, has been irradiated with neutrons from the *H(p,n)*He
reaction. Tritium absorbed in a thin transmissive Ti layer, evaporated on copper backing,
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was bombarded with protons accelerated in a 3 MeV Van de Graaff accelerator of the
Institute for Nuclear Studies in Warsaw. For monitoring the fluctuations of the neutron
flux during the irradiation the pulses from a long counter have been detected in a multi-
scaler mode. The neutron energy was selected by a proper choice of the neutron emission
angle and the energy of the protons. The neutron energy spread was evaluated from the
effective energy distribution of neutrons incident on the samples, which have been calcu-
lated with aid of a Monte Carlo code LOS [7], with account for the activation geometry,
for the dependence of neutron energy upon emission angle and for proton energy loss in
the titanium-tritium layer of the target.

In order to avoid non-negligible contaminations by secondary neutrons, due to inelastic
scattering in the activated sample material, the iridium samples were thin sheets of
675 mg/cm? thickness. The samples have been contained in a holder made of aluminium,
which has a high 842 keV inelastic scattering threshold. The tritium target backing was
0.5 mm. A possible effect of the low energy background neutrons was controlied by simul-
taneous measurements of the ratio of yields of two monitoring reactions, the
115Tp(n, y)*4™In and the !**In(n, n’)**5™In reaction. The excitation curves of these reactions
have opposite slopes and the cross section ratio is a sensitive measure of admixtures of low
energy background neutrons. No significant effect was observed. In order to avoid contribu-
tions from neutrons, which have been thermalized in the walls of the target room all samples
were encapsulated in cadmium containers during the irradiation.

Irradiations lasted usually three half-lives. The yields of the investigated reactions
have been determined by following the decay of the induced y-ray activities with use of
a 40 ccm Ge(Li) spectrometer. The spectrometer was equipped with standard ORTEC
electronics and a ND-4420 analysing system, which allowed programming and automatic
timing of the measurement. The relative efficiency curve for the Ge(Li) crystal was determin-
ed with use of radioactive sources 1°°Yb and 226Ra. The y-ray spectra were recorded about
twice per half-life for each sample. The decay data have been analysed using a least squares
fitting code ZORBUM [8], with the half-lives assumed (see Table I). The investigated
y-ray yields were referred to the yield of the 417 keV y-rays following the decay of 11*™In
from the *3In(n, y)!**™In standard reaction of known cross section [9]. In Table 1 the
decay characteristics including the energies of the measured y-rays are gathered. In case
of the residual nucleus !22]r the cumulative decay of its ground state, with halif-life 74 d has
been followed. The interference caused by the two isomeric states in !°2Ir allows one to
determine by activation a cross section, which equals ¢,41.0000146,, —0.000550,,,.

TABLE I
Decay characteristics of the investigated residual nuclei
Reaction E, (keV) T2 Branching ratio Conversion coefficient
!
1911r(n, Y)1°%8Ir : 308+ 316 744 0.342, 0.945 0.092, 0.078
{ 468 74d 0.514 0.0274
1930r(n, Y %4Ir | 328 19.2h 0.14 0.0764
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The measured cross sections were corrected for the attenuation of y-rays in the sample
and container materials, and for summing of pulses in the Ge(Li) crystal due to cascades
of y-transitions. In the latter correction the angular distributions of emitted y-rays have
been assumed isotropic. The resulting multiplicative correction factor k reads,

m=1 N
el HIC=00] B DG e=20l} ®
L 1+ai 4 : l+cxi

and applies to cross section determined via measuring a transition m, which is in cascade
with m—1 subsequent preceding y-transitions and N—m subsequent following transitions.
a;, by, o; and n; denote the attenuation in the sample material, the branching ratio, the
conversion coefficient and the detection efficiency, respectively. Formula (1) can be easily
generalized to include parallel transitions. The decay of 92Ir jeads to cascades of y-rays
in 192P¢ with multiplicity between 2 and 3. The corresponding correction compensating the
removal of pulses from the photopeak amounts up to 139,

3. Results

The measured neutron capture cross sections are compiled in Table 1I and in Fig. 1.
The errors shown contain both statistical and systematic errors. The latter ones account
for the uncertainty in: a) detection efficiency, amounting to 1.5%, b) determination of
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Fig. 1. Comparison between model calculations and the experimental cross sections for the neutron capture
on °'Ir and !*?Ir. The filled circles are present results, the open ones are {rom Ref. [10}. For description
of calculations see text
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TABLE 1T
Cross sections for neutron capture
Eq ; 1914r(n, y)'22E T ML, | 1931r(n, vy "4 r Reference cross section
MeV ‘ mb mb mb
0.53+0.14 333+ 36 i 187420 | 180
0.86+0.21 ‘, 266+ 29 I51£16 ! 200
1.2040.15 : 225+ 24 | 129+ 14 . 176
1.31+0.07 180+ 19 ; 91+14 : 170

? measured o5~ 1.0000140n,; —0.000550m,.

the y-ray attenuation in the sample material up to 59, c) integration of the pulse height
spectrum, up to 39%. d) determination of the correction for summing of cascading y-rays
in the Ge(Li) crystal, up to 5%, and ¢) of the cross section of the monitoring reaction
15 n(n, y)'*¢™In, which reaches 7% [9].

Fast neutron capture has been studied carlier by Lindner ct al. [10] on both iridium
isotopes and by Tolstikov et al. [11] on 1%3Ir. The two data sets for '?*r are consistent
and agree with the results of the present experiment. In case of '?!Ir our cross sections
are higher by about 309%,.

4. Theoretical calculations and discussion

The calculations of the capture cross sections have been performed along the formalism
proposed by Tepel et al. {12]. It has been shown that the compound nucleus cross section
o factorizes

o Fo4+s J+5

N 2J+1
Gap = 1A, L
) 7(2/+1\

J7=0 S=|I,~s| I=|J—S]

fe+s I+5
Voust U, I
x E E — [ +04(W,— D], (2
du V.o U
S =\c-s| U=}J~5 'f ;1},‘22 o

with the angular momentum effects included. Here S, /, J are the channel spin, orbital
angular momentum and compound nucleus spin, respectively. For the outgoing channel
the same but primed notation holds. I, and I are the target and residual nucleus spins
and s denotes the nucleon spin value. The summation over ¢ accounts for all the open
channels, ¢ = (¢, §”.1"") with ¢ denoting the kind of particle emitted.

The unitarity of the S-matrix vields the relation between V, and the optical model
transmission coefficients T,

T, = V4V V)T (W— ), )
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The width fluctuation effects, which influence significantly the cross sections provided
a low number of reaction channels is open [13], demonstrate themselves in an enhancement
of the elastic scattering by a factor W, which varies between the limits 2 and 3 for strong
and weak absorption, respectively. The elastic enhancement W, has been related to the
transmission coefficients 7, by generating numerically the statistical S-matrix [14],

W, = 1+ — +(87+5)(T"~T>2 LAY 4
v= e —— @7 () (%),
[+ 12 ST \ST @

with

v = 455(” g%)/(mgi); T - ;; 5)

This formuia fulfils the Agasi-Weidenmiiller limit {15]. which predicts W, = 2 for ) T,
c

going to infinity. even when T, < 1. The stmplest way of solving equation (3) is by iteration
method. Making use of the fact that V(3 V)-! = T3 T.) ' we obtain

V‘“:T[H L (W_U-J_‘ 6)
a a ZTC a *

<

Already formula (6) approaches the exact solution of equation (3), when the number of
open channels does exceed 20. If not, we follow

() -1
i+t a
Vit )=Ta[i+i“l;m(wu“‘)] . O]
ps [
The transmission coefficients for radiative transitions are related to the strength
function SAE),
T

Y

= 2nf, (B DEL. ®)

Formulae (2) io (8) were applied in the present calculations, which have been conducted
with use of the EMPIRE code [16]. A complete y-ray cascade, consisting of transitions
between and from the continuum states, as well as of transitions between the discrete levels,
was accounted for in the calculations. The neutron, proton and radiative channels were
assumed to be relevant for a comparison of the results of calculation with experiment.
The population of excited levels with known spins and parities was treated accurately,
and for excitation energies surpassing the highest known level the level density by Cameron
and Gilbert [17] was used to describe the level spectrum.

The parametrisation of the calculation follows the method outlined by Reffo [18].
We have analysed all the experimental information relevant to the determination of the
radiative width and level densities for all nuclei participating in the investigated reactions.
Where resonance schemes were available the staircase analysis was conducted and the
resulting average level spacings were used for determination of the level density parame-
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Fig. 2. Overall systematic trend of the level density parameter a (MeV ') versus neutron number

ter a [19]. The overall systematics (Fig. 2), including the results of our analysis, was con-
sequently assumed to hold for all isotopes, for which no resonance schemes were known.
At transitional energies, lying between the known low excited levels and the densely spaced
resonance levels, the low and high energy level density laws were kept tangent. Since the
matching point U, follows too a well defined systematic trend [18], the values of U, obtained
in our analysis were checked against the overall systematics. The U, values were interpolated
in cases where the low lying levels were not adequate enough. The pairing energies 4 were
taken from Cameron and Gilbert [17). Once a, U, and 4 have been fixed the remaining
level density parameters, namely the nuclear temperature 7 and E;, which defines the
energy dependence of the constant temperature, low energy formula, could be calculated.

The spin cut-off parameter 62 was evaluated cither from the average taken over angular
momentum projections of the shell model single particle orbits close to the Fermi-level [18],

N U
o = 0.24g4%3 \/—~ s 9
a
or, at excitation energies below U,. from the spins of individual excited levels
N
nd 1 -5
e . l <
o —2NVU’+Z) : (10)
i=1

where N is the number of known excited levels with the ground state excluded.
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No parity distribution analysis was possible because of poor knowledge of states with
unnatural parity in the isotopes of interest. Thus an equal distribution of levels between
the two parities had to be assumed. This assumption may affect the radiative width calcula-
tion through the electromagnetic selection rules.

The radiative strength function was calculated according to the Axel prescription
[20] with the giant dipole resonance parameters taken from photoreaction data. For
E2 and M1 transitions the Weisskopf strengths were modified appropriately in order to
reproduce the experimental results.

The optical model transmission coefficients for neutrons were calculated with the
potential of Moldauer [21] and for protons the Becchetti and Greenlees potential was
used [22].

Comparison of the results of calculations with the present experiment and with
the data obtained by Lindner et al. [10], shown in Fig. 2, displays some deviations between
the two data sets and/or the calculations. The giant dipole resonance parameters taken from
global systematics provide radiative widths, at thermal energies, about 80 MeV in accord-
ance with experiment [24]. The resulting cross sections are satisfactory for *°!Ir (solid line)
but low for 193fr (dashed line). Alternatively we have extrapolated, for °4Ir, the giant
resonance strength obtained from photoneutron yields measured for individual irydium
isotopes [23]. This brought the calculation into a good agreement with expcriment at
neutron energies around 1 MeV (solid line), however the corresponding radiative width,
at thermal energy. turned out 1o be 150 MeV, which 1s high with respect to the measured
value. Besides at low neutron energies the solid lines exceed the experimental data by about
30%. It is our experience that these inconsistencies cannot be removed without breaking
the consequent parametrisation of the calculations. One can of course resort to the un-
certainties of the parameter systematics in order to avoid the difficulty but this is not very
conclusive [19]. It seems however that there is no call for another reaction mechanism and
that the compound nucleus concept explains the gross behaviour of the capture cross
sections in the neutron energy range investigated. This conclusion seems to be valid at even
higher neutron energies [25].
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