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High-resolution transmission and capture time-of-flight measurements of 2’1 and %I have been carried out
at the 150 MeV pulsed neutron source at the Geel electron linear accelerator (GELINA) facility of the Institute
for Reference Materials and Measurements. Below 10 keV, the individual resonances were analyzed with the
Reich-Moore approximation of the R-matrix theory. The resonance parameters (energy and partial widths) and
the potential scattering length R{ were determined using the resonance shape analysis technique. Within the
3.5-100 keV neutron energy range, the capture and total cross sections were interpreted in terms of average
resonance parameters with the Hauser-Feshbach formalism with width fluctuations. This work has delivered a
consistent set of '2712°] s- and p-wave average resonance parameters (neutron strength function S;, mean level

spacing D;, and average radiation width (I'y, )).
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I. INTRODUCTION

The main objective of partitioning and transmutation (P-T)
studies is to develop the technology to efficiently transmute
minor actinides of high toxicity such as 2'Np, 2123 Am,
and 2*2%Cm, and some long-lived fission products such as
PTe, 121, and '*3Cs using reactors (fast or thermal) or hybrid
systems.

With 400 kg of '?°I produced yearly in European reactors
and a very long B~ half-life of 1.57 x 107 years, iodine
requires disposal strategies that will isolate this isotope from
the environment for a very long period of time. However,
iodine is considered difficult to isolate as it may migrate into
the groundwater and move throughout the ecosystem. '2°I is
potentially a good candidate for P-T applications: after one
single neutron capture, '2°I transmutes in '*°I and decays to
the noble gas '3°Xe with a 12.36 h half-life.

The capture cross section of the radioactive iodine '*’I was
measured more then 20 years ago at the Oak Ridge electron
linear accelerator (ORELA) by Macklin [1]. Improvements of
the capture cross section within the thermal and epithermal en-
ergy ranges are needed to evaluate the transmutation potential
of ' in reactor configuration. For that purpose, time-of-flight
(TOF) measurements covering the energy range from 0.5 eV to
100 keV have been carried out at the 150 MeV pulsed neutron
source at the Geel electron linear accelerator (GELINA) of the
Institute for Reference Materials and Measurements (IRMM)
in Geel, Belgium. Two types of experiments have been
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performed—capture and transmission—related, respectively,
to neutron capture and total cross sections. Since the Pbl,
samples used in this work contain natural and radioactive
iodine, extensive measurements of 27T have been carried out
under the same experimental conditions as for '?°1. Preliminary
and intermediate results can be found in Refs. [2,3].

This paper focuses on the experimental method and on the
data analysis used to determine the '”’I and '*I total and
capture cross sections. For the analysis, we have distinguished
the resolved and unresolved resonance range (RRR and URR).
A consistent description of these two regions has been assessed
by means of an appropriate statistical interpretation of the
individual Reich-Moore resonance parameters into Hauser-
Feshbach average parameters.

II. SAMPLE PREPARATION

Although the ideal target material would have been ele-
mental iodine, this choice was rapidly ruled out in view of
the radiological hazard, volatility, and reactivity of I,. A Pbl,
compound was considered a reasonable compromise, with no
lead resonances in the resolved resonance energy range of
the iodine isotopes. Besides, lead has a low capture cross
section, and pressed Pbl, is mechanically more stable. The
characteristics of the samples are given in Table I.

Four samples containing commercial Pb'?’I, powder were
prepared at the IRMM. Thin samples were designed to
study the broad resonances at 20.4, 31.2, 37.6, and 45.3 eV.
Otherwise, broad resonances with a high peak cross section
value are “black” in transmission or “saturated” in capture. For
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TABLE I. Sample characteristics.

Experiment Sample Diameter 1271 thickness 1291 thickness
(mm) (at/b) (at/b)
1271 transmission Thin Pbl, 55 (7.09 £0.10) x 10~
Lil 100 (9.45+0.11) x 104
Thick Pbl, 55 (2.38 £0.04) x 1072
1271 capture Thin Pbl, 80 (9.48 +£0.22) x 107*
Thick Pbl, 80 (4.76 + 0.09) x 1073
1297 transmission Thin Pbl, 55 (1.47 £0.04) x 10~* (7.09 £0.17) x 1074
Thick Pbl, 55 (1.46 £0.04) x 1073 (7.08 £0.18) x 1073
1297 capture Thin Pbl, 80 (1.56 +0.05) x 10~ (7.56 +0.18) x 10~
Thick Pbl, 80 (7.90 £0.23) x 10~ (3.81+0.09) x 1073

technical reasons, it was necessary to increase the physical
thickness of the so-called thin samples by using a low
structureless cross section diluent powder. In this work, the
Pb'?’I, powder was mixed with a large amount of sulfur
(about 1 g/cm?). However, the homogeneity of the mixture was
unknown. Parallel independent measurements were performed
with a liquid sample of Li'?’1, especially designed to study the
low neutron energy of the '?’I total cross section. The use of
ionic compounds dissolved in water enabled us to prepare very
thin homogeneous samples of 1 mm thick.

For '2°1, the starting material was 210 1 of waste solution
provided by the French fuel reprocessing facility of La Hague.
The solution, containing 1.3 g/l of iodine, had been made
alkaline (pH = 14) using Na,COj3 in order to keep the iodine
in solution. Though well documented, the chemistry of iodine
remains complex. The nature of species formed during a
reaction is not always predictable. Indeed, numerous oxidation
states are possible, and iodine may also form compounds
with itself, oxygen, and other elements. The procedure for
the separation of the iodine from the mother solution was
developed and optimized at the IRMM [4]. This procedure
involved three steps: (1) acidification and oxidation of iodide
(I7) to iodine (I) with nitric acid and extraction of the I,
into chloroform (CHCl3); (2) reduction of iodine to iodide
with sodium sulfite (Na;SO3) and extraction back into an
aqueous phase; and (3) precipitation of iodine as Pbl, by
the addition of Pb(NO3),. The total quantity of '?°T extracted
was about 140 g. The samples were canned by compaction of
the powder into cylindrical aluminum containers of different
sizes.

The preparation and mass determination of the sample is
a crucial step in the experimental procedure. The characteri-
zation of the radioactive Pbl, samples was done by activation
measurements, neutron resonance capture analysis (NRCA),
inductively coupled plasma mass spectrometry (ICP-MS), and
conventional chemical methods. Our radioactive Pbl, samples
have a complex elemental composition involving natural
and radioactive iodine (3.36 = 0.08% and 16.49 % 0.40%),
non-negligible amount of natural lead (53.5 &£ 3.0%), sulfur
(6.2 +0.4%), sodium (0.75 £ 0.04%), hydrogen (0.09%),
oxygen (14.5 £ 1.5%), and nitrogen (1.2 &= 0.4%). The global
accuracy of the '/ and 'I mass fractions is close
to 2.5%.

III. EXPERIMENTAL TECHNIQUES
A. The GELINA facility

Experiments on iodine were performed at the Geel electron
linear accelerator (GELINA) of the Institute for Reference
Materials and Measurements. The measurements are based
on the time-of-flight method. Detected events are correlated
to the neutron energy by measuring the time elapsed since
the generation of the neutron burst. The neutron source
of the GELINA facility consists of a mercury-cooled uranium
target. Neutrons are produced in a two-step process. Intense
bremsstrahlung is generated after slowing down of fast
electrons in the target. Short bursts of fast neutrons are then
produced via (y, n) reactions and to a lesser extent via (y, f)
reactions. To enhance the neutron spectrum intensity below
a few hundred keV, two 36 mm water slabs in a beryllium
canning are placed just above and below the target. The
neutrons emitted from the target-moderator assembly are led
to the experimental areas along neutron flight paths. The trans-
mission and capture experimental areas are shown in Fig. 1.
Detailed descriptions of the experimental techniques are given
elsewhere [5,6].

B. Measuring sequences

Capture and transmission experiments are divided into
several sequences of sample changer positions. The sample
changers are monitored by the acquisition systems and expose
different filters to the neutron beam in a repetitive way. As
the experiments took several weeks, the sequence had to be
short enough to reduce the systematic uncertainties resulting
from a possible instability of the accelerator and from any
variations of the sample temperature. In TOF measurements,
two types of filters can be distinguished. Permanent antioverlap
filters eliminate the slowest neutrons of each burst, while black
resonance filters are used for determining the time-dependent
background.

In our transmission and capture measurements, adequate
thicknesses of W, Ge, Mo, Co, Na, S, and Bi were placed in
the neutron beamline in order to absorb nearly all neutrons
in a given energy region. In that way, any count rate observed
below a black resonance could be attributed to the background.
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FIG. 1. Schemes of the transmission and capture flight paths.

The energy-dependent background was interpolated between
the different black resonance regions with a simple function
of time.

Antioverlap filters have a different goal. Without them,
slow neutrons from a given burst get mixed up with neutrons
from the next burst. To prevent overlap, boron or cadmium
filters are placed in the neutron beamline. At a 800 Hz
repetition rate, the perfect 1/v behavior of the boron total cross
section is suitable for investigating a large neutron energy
range. At a 100 Hz repetition rate, we take advantage of the
so-called Cd cutoff at 0.2 eV to study the energy range below
10eV.

C. Transmission experiments

In transmission measurements, the neutrons cross a filter
setup and the sample/dummy at a distance of 23.7 m. Neutrons
are detected at 49.34 m with a 1/4 in. thick Li glass (NE912)
viewed by a 5 in. EMI 9823 KQB photomultiplier. The latter
is placed at a right angle to the neutron beam axis. The neutron
beam diameter is 45 mm.

The transmission experiment consists of measuring the
attenuation of the incident neutron beam going through a
sample of thickness n at/b. The transmission factor T'(E) is
then expressed as the ratio of the transmitted neutron flux
¢in(E) and the incident flux ¢ou(E):

Pin(E)
Pou(E)

T(E) x (1

Experimentally, this transmission factor is obtained from
the ratio of a sample-in measurement Cj,(E) and a sample-out
measurement C,,(E), both corrected for dead time [a;,(E) and
aou(E)] and background contributions [Bi,(E) and By (E)],
that is,

ain(E)Cin(E) — Bin(E)
aou(E)Cou(E) — Bou(E)’

in which N7 stands for the normalization factor. The latter
accounts for the differences in integrated intensities of the
incident neutron beam during the sample-in and sample-out
cycles. Ny was estimated by monitoring the neutron flux using
four BF; tubes (TGM25) located in the armored concrete
roof above the uranium target of GELINA. These detectors
are called central monitors (CMs). They give an accurate
normalization of the transmission data with a maximum
dispersion of about 0.5%. The experimental dead time per
event of 1.42 ps was continuously monitored during the
measurement. Corrections of less than 2.4% and 3.5% for
the data taken at 100 and 800 Hz, respectively, were applied
below 1 keV. The background was determined in the minima
of specific resonances with the black resonance technique, as
explained in Sec. III B. At 1 keV, the background contribution
was of the order of 4%.

T(E) = Nr @

D. Capture experiments

For the capture experiment, the sample is located 28.67 m
from the neutron source. The experimental setup consists of
three detectors. The neutron flux is measured with a '°B
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ionization chamber, while capture y rays emitted from the
sample are detected by two C¢Dg liquid scintillators (NE230)
placed at 90° with respect to the beam axis. A series of
collimators results in a neutron beam with a diameter of
75 mm.

In this work, the neutron capture cross section is measured
by detecting the prompt y rays emitted when the compound
nucleus deexcites to its ground state. In practice, we measure
a capture yield Y (E) defined as the number of capture events
N (E) per incident neutron ¢(E). The essential requirement
for a radiative neutron capture detector is that its efficiency
is independent of the capture y-ray spectrum. This result can
be achieved by using a total energy detector which has the
property of making the probability of detecting a capture event
proportional to the excitation energy E* of the compound
nucleus. In the present work, this condition is realized by
weighing the pulse amplitude response of small deuterate
benzene CgDg liquid scintillators with a weighting function
W. The latter was measured at the IRMM by Corvi [7]. The
experimental capture yield Y (E) is then expressed as

Y(E) = Ny NeE)
U e(E)
_ Ny a(E)Z,C I, Ey\W()— B (E) B (E) 3)
E*  a(E)Cr(E) — Br(E)

in which Ny represents the normalization factor, a(E) is the
dead time correction, C,, (I, E) is the count rate observed at
a given pulse height energy, Cr(E) stands for the count rate
delivered by the boron chamber, 6,2, (E) is the '°B(n, &) cross
section, B, (E) and Br(E) are the background contributions,
and W(I) is the weighting function expressed as a function of
the y-ray energy I.

The normalization Ny was achieved by analyzing simulta-
neously the capture and transmission data. This technique led
to a normalization accuracy of about 3%. The time-dependent
background in the neutron flux spectrum was estimated with
the black resonance technique. At 1 keV, the contribution
of the background was less than 1.3%. For the C¢Dg, we
determined the shape of the background together with the
resonance parameters. The background contribution reaches
4% near 1 keV. In our analysis, the prompt component of
the time-dependent background was disregarded. The former
originates from secondary neutrons produced in reactions such
as (n,n), (n,n'), or (n,2n) and subsequently captured in
the detector environment. This effect acquires a significant
importance for structural materials where I',/ Ty > 103

E. Data reduction

The data reduction procedure is divided into several
sequences of operation. Bastian wrote a set of commands
for neutron data reduction called AGS [8]. The AGS system
concerns basic operations such as spectrum addition or
division, dead time correction, nonlinear fitting, and several
other involved operations, preserving all the steps in a single
file with full uncertainty propagation. A large number of data
sets covering the energy range from 0.5 eV to 100 keV was
obtained, together with experimental covariance matrices.
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The last step of the data reduction procedure consists of
producing experimental average cross sections that are used
for analyzing the unresolved resonance range in terms of
average resonance parameters. To deduce a set of average
parameters from experimental capture and transmission data,
one has to account for the fluctuations of the cross section
and the multiple scattering effects. For that purpose, we
used the Monte Carlo code SESH [9], which was especially
written for the calculation of sample thickness corrections
to resonance-averaged transmission and capture data. The
program simulates multiple collision events and calculates the
corrections for cylindrical samples. For each neutron energy,
it generates a resonance environment by sampling resonance
spacing and partial widths from the Wigner level spacing [10]
and Porter-Thomas reduced neutron width [11] distributions.
The Doppler-broadened total, capture, and scattering cross
sections are then computed from the sampled resonance
parameters in the single-level Breit-Wigner (SLBW) approxi-
mation [12]. The final results given by the SESH code consist
of two correction factors Cy and Cy. The total (o,(F)) and
capture {0, (E)) pointwise cross sections are then deduced as
follows:

(T(E)) n;
) —Z (o i(E), (4

1
(o0(E)) = —;1

Y(E i
LINED —Z” (BN, (5)

(0y(E)) = 7 Cr(E)

in which (T(E)) and (Y(E)) stand for the experimental
transmission [Eq. (2)] and capture yield [Eq. (3)] averaged
over a suitable energy mesh, n is the sample thickness of
the isotope under investigation, and i labels the contributions
of the other isotopes within the sample (n; is the thickness
in atoms per barn and &; stands for the capture detection
efficiency). For our capture setup, ¢; is expressed as the ratio
of the excitation energies of isotope i to the isotope under
investigation (E7/E*).

IV. THE RESOLVED RESONANCE RANGE

The cross sections determined in this work result from the
analysis of 18 TOF measurements. The resolved resonance
range (RRR) was analyzed up to 10 keV with the shape
analysis programs REFIT [13] and SAMMY [14]. Below 5 keV,
the resonance parameters were extracted with a simultaneous
analysis of the transmission and capture measurements. Within
the 5-10 keV energy range, the neutron width values and
resonance energies were determined with the transmission data
alone.

A. Resonance shape analysis

The REFIT [13] and SAMMY [14] codes adjust nuclear
parameters so that the theoretical curve agrees with the
observed data within the limit of the uncertainties. In the
RRR, the nuclear parameters are the energy Ej, the neutron
and radiation widths T',, 'y, the total angular momentum
J, the orbital momentum [, and the effective radii R’. The
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theoretical cross sections are generated with the Reich-Moore
approximation of the R-matrix formalism [15] and Doppler
broadened using the ideal free gas model with a given
effective temperature as suggested in Lamb’s theory [16]. The
theoretical transmission Ty, (E) and capture yield Yy, (E) are
calculated as

Tin(E) = exp [— Znio,.,(E)} , 6)

Z,‘ niay.i(E)
Y oiniori(E)’

in which i labels the contribution of the various isotopes
contained in the sample, u(E) represents the self-shielding
and multiple scattering effects, 0;(E) and o, (E) stand for the
total and capture Doppler-broadened cross sections.

It is not possible to proceed to a direct comparison of the
cross sections generated via the Reich-Moore formalism with
the capture and transmission data. To confront experiments
with the theory, expressions (6) and (7) must be broadened with
the experimental resolution function R(E) of the GELINA
facility. The theoretical curves are calculated as

Yin(E) = w(E)[1 — Tu(E)] )

T(E) = /00 R(E, E'YTw(E')dE', ®)
0

Y(E) = /Oo R(E, E'YYw(E')dE'. )
0

The description of the experimental resolution function
of the GELINA facility and its impact on the resonance
parameters were poorly documented. During this work, its
analytic treatment has been significantly improved with Monte
Carlo simulations carried out by Coceva [17]. The systematic
error affecting the area of isolated resonances was reduced
to 3% [18].

B. External levels

The thermal capture and total cross sections are essential
ingredients in the determination of the contribution of the
external levels and of the potential scattering. The thermal
cross section is the resulting cross section of the tails of
all resonances including negative resonances corresponding
to levels below the neutron binding energy. Various ad hoc
approaches exist to describe their contributions. A convenient
approximation involves using broad negative resonances [19].
Their resonance parameters and the effective potential scatter-
ing length R, are determined simultaneously by including in
the fitting procedure experimental thermal cross section values
with transmission and capture data.

1271 thermal capture cross sections reported in the literature
are listed in Table II. A significant discrepancy of about
19.2% exists between the two recent measurements carried
out at the Rikkyo University research reactor by Katoh [31]
and obtained at the 10 MW Budapest research reactor by
Belgya [32]. Consequently, we decided to determine external
levels and R}, values of I with the weighed mean value of
the thermal capture cross sections given in Table II. Starting
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TABLE II. "I thermal capture (o)) and total (o,") cross
sections. The thermal value reported by Grimeland is not included
in the weighed mean value used in this work.

Author Ref. Year o/" (barns)
Dunning [20] 1935 94
Rainwater [21] 1947 10.3
Author Ref. Year o)" (barns)
Seren [22] 1947 6.65+1.3
Pomerance [23] 1951 6.34+0.32
Grimeland [24] 1952 5.03
Tattersall [25] 1960 6.61+0.3
Meadows [26] 1961 6.22+0.15
Jozefowicz [27] 1963 5.84+0.2
Robertson [28] 1965 6.174+0.2
Ryves [29] 1970 6.12+0.12
Friedmann [30] 1983 47+0.2
Katoh [31] 1999 6.4+0.29
Belgya [32] 2004 5440.1
weighed mean value (used in this work) 5.804+0.05

with the prior '*’I parameters recommended in the Japanese
Evaluated Nuclear Data File JENDL-3.3 and with a channel
radius a, = 6.801 fm, we obtained the following posterior
values for the parameters of the negative resonances:

E_(J" =2%)=—542+0.1eV,
Fy(J®™ =2%)=99.8 +1.0meV,
T,(J" =2+) = 116.3 + 1.1 meV,

E_(J™ =3%)= —433+0.1eV,
Ty(J™ =3%)=98.340.9meV,
[,(J™ =3%)=111.8 £ 1.0meV,

And for the s-wave effective radius,
Ry, =55+0.1 fm.

The accuracies quoted on the resonance parameters were
determined with the SAMMY code. The uncertainty on R;
takes into account the statistical uncertainty, the accuracy
of the normalization factor and of the sample thickness.
Contributions at low neutron energies of the external levels
to 27T cross sections are shown in the upper part of Fig. 2,
and are compared with experimental results reported in the
literature.

For iodine 129, five earlier works report thermal capture
cross section measurements (Table III). Among them, Roy,
Friedmann, and Nakamura used the activation technique
with a near-core reactor based thermal spectrum, whereas
Block and Pattenden measured the total cross section at
the ORNL fast chopper time-of-flight neutron spectrometer.
The measurements based on the activation technique yield
discrepant values. The result provided by Roy is questionable
because the existence of the isomeric state 39T (9.2 min) was
established later in 1966 [37]. The radiative capture of neutrons
is then complicated by the activation of the metastable state
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FIG. 2. Solid curves represent the Reich-Moore description of the low neutron energy range of the '27-'*I capture and total cross sections.

Thermal values reported in the literature are given in Tables II and III.

of 131, The in-beam technique used by Block and Pattenden
is insensitive to the isomer contribution. From the information
reported by Pattenden, we find a total cross section of about
34.8 b, which agrees with the value of 35 + 4 b reported

TABLE III. "I thermal capture (0/") and total (o;") cross

sections.

Author Ref. Year a!" (barns)
Block [33] 1960 35+4
Pattenden [34] 1963 34.8
Author Ref. Year a;’l (barns)
Roy [35] 1958 26.7 £2.0
Block [33] 1960 31.0+ 4.0
Pattenden [34] 1963 28.0£2.0
Friedmann [30] 1983 339+ 1.9
Nakamura [36] 1996 303+ 1.2
weighed mean value (used in this work) 30.0 £0.8

by Block. However, the values of the capture cross section
reported by the two authors exhibit a significant discrepancy.
Block deduced a > capture cross section of 31 b by assuming
a '2°T scattering cross section of 4 b, while Pattenden gave a
value of 28 £ 2 b, which was deduced from a least-squares fit
of the data from 0.01 to 0.7 eV with the equation

Wi

in which a describes the 1/v slope of the capture cross section
in the thermal energy range and b stands for an energy-
independent scattering cross section. A SAMMY calculation
with the total cross sections reported by Block and Pattenden,
together with our transmission measurement carried out at
a 100 Hz repetition rate, gives a capture cross section of
about 28.6 b, which is consistent with the result reported
by Pattenden. Therefore, there are not many possibilities for
improving the trend indicated by these five existing thermal
values. In our analysis, we decided to adopt the weighed
mean value of 30.0 £+ 0.8 b reported in Table III, which
is very close to the thermal value reported by Nakamura.
With a channel radius a, = 6.837 fm, the posterior negative

0(E) = — + b, (10)
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resonances determined with the SAMMY code are

E (JT =4t) = —21.6+0.1 eV,
Ty(J™ =4+) = 105.9 + 3.7 meV,
I,(J*® =4%) = 643 4+ 0.4 meV,

E_(J® =3")=—10.7+0.1 eV,
Iy(J™ =3%) = 105.9 + 2.4 meV,
IL,(J™=3%) = 447 £0.2 meV,

and the s-wave effective radius is
R, =57=+1.6 fm.

The R’ accuracy cannot be improved because of the low
hydrogen, oxygen, and nitrogen mass fraction accuracies. The
value of 5.7 fm obtains a good agreement with the experimental
total cross sections shown in the lower part of Fig. 2.

C. Internal levels

The resonance parameters were determined with the si-
multaneous REFIT fitting procedure. The consistency of the
results was verified with the SAMMY code. Below 10 keV, we
identified 719 resonances for '2’I and 399 levels for '?°I. This
work improves significantly the knowledge of the RRR of the
iodine isotopes. The '?’T and '?°T resonance parameters are
given in Tables IV and V up to 1 keV. The complete table of
resolved resonance parameters are reported in Ref. [38].

The errors given for the resonance energies take into
account the accuracy of the flight path length, the experimental
channel widths used to map the entire TOF spectra, the incom-
plete description of the moderation distance, and the time delay
uncertainties. The quoted errors for the radiation widths are
only the statistical uncertainties provided by the REFIT code.
For the neutron widths, the sources of systematic errors are
mainly the sample thickness, the incomplete description of the
resolution function, and the time-dependent background. The
average systematic error affecting the '’I and '*’I neutron
width values remains below 3.3% and 3.6%.

This work has confirmed the existence of three small
1271 p-wave resonances at 7.5, 10.3, and 13.9 eV. These
resonances were previously discovered in the framework of
parity violation studies in a compound nucleus [39,40]. The
resonance peaks are shown in Fig. 3. The resonance at 7.5 eV is
not clearly visible in our spectra. However, a closer inspection
of the raw data has indicated the existence of a small structure
at the correct neutron energy with an amplitude similar to the
1271 resonance peak reported in the literature. Other examples
of capture and transmission data are shown in Fig. 4 together
with the least-squares adjusted theoretical curves.

D. Spin and parity

For 271291, the parity of the resonance states cannot be
determined from the shape of the resonances. The interference
between the potential and the resonant scattering is too small
to derive any information. In this work, we have assigned the
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TABLE IV. %I resonance parameters.

Ey Jr 'y gl
eV) (meV) (meV)
—54.19 £0.11 2F 99.8+1.0 48.462 £0.458
—43.31 £0.10 3t 98.3+£0.9 65.213£0.583
7.55 £ 0.01 1- 100.0 0.00012
10.35 £ 0.01 1~ 90.0£5.9 0.003 +0.001
13.95 £ 0.01 2- 99.2+£21.2 0.002 +0.001
20.38 £ 0.01 2+ 95.7+£0.6 0.7194+0.024
24.63 1~ 100.0 0.00064
31.21 £ 0.01 3t 94.7+£0.3 9.998 +0.290
37.65 £ 0.02 3+ 95.5+£04 23.250£0.698
39.74 £ 0.02 3~ 96.3+£9.6 0.010+0.003
45.31 +£0.02 2+ 99.8+£0.3 9.438 +0.302
53.74 £0.02 4- 100.0 0.017 £0.001
64.05 £ 0.03 1~ 100.0 0.005 +0.001
65.92 £0.03 2+ 103.5+10.4 0.911£0.027
78.42 £0.04 3+ 102.8 +0.5 14.717£0.574
85.76 £+ 0.04 3~ 100.0 0.019+0.001
90.40 £ 0.08 3t 103.8+0.4 10.663 £0.373
101.10 £ 0.10 4~ 100.0 0.0144+0.001
118.27 £ 0.11 2~ 100.0 0.007 £ 0.001
134.10 £ 0.13 3~ 100.0 0.024 +0.002
136.83 + 0.13 1~ 100.0 0.044 +0.002
139.59 + 0.13 3* 95.3+£0.8 22.819£0.685
145.68 + 0.14 4~ 100.0 0.036 +0.002
153.76 + 0.14 2- 100.0 0.101 +0.004
159.40 + 0.15 3~ 100.0 0.007 £ 0.001
167.77 £ 0.16 3t 100.0 0.5854+0.021
168.56 + 0.16 2+ 105.5+0.5 44,920+ 1.437
174.09 + 0.16 2" 156.9+3.9 1.686 + 0.059
178.30 + 0.17 3t 102.6 +4.7 0.450£0.015
195.46 + 0.18 3+ 102.3+0.5 64.513£1.935
201.10 £ 0.15 4~ 100.0 0.039 +0.002
206.34 + 0.15 2+ 91.4+0.8 19.906 £0.916
223.62 +0.17 2- 100.0 0.0114+0.001
227.12 £ 0.17 3~ 100.0 0.0124+0.001
237.31 £ 0.18 2+ 111.94+1.5 24.419 £0.903
244.84 +0.18 3* 124.9+2.4 5.764 +0.248
256.68 £+ 0.19 4~ 100.0 0.063 +0.003
265.23 +0.20 3+ 1204+£1.9 20.660 £ 0.930
271.30 £ 0.20 3* 111.5+3.2 4.252+0.179
274.48 £+ 0.20 3~ 100.0 0.023 +0.009
282.60 + 0.21 2- 100.0 0.011£0.005
292.41 +£0.22 1~ 100.0 0.143 +0.006
299.57 +£0.22 2" 111.0+2.2 8.005 £0.280
306.44 4+ 0.26 4- 100.0 0.03540.003
310.85 £ 0.26 2F 118.6+2.3 10.247 £ 0.400
314.55 £ 0.27 3~ 100.0 0.047 +£0.004
324,16 +0.28 2+ 100.0 0.2334+0.010
325.39 £ 0.28 2F 100.0 0.4604+0.017
329.00 £ 0.28 3t 125.0£7.1 1.673 £0.054
346.35 + 0.29 4- 100.0 0.122 +0.006
351.96 £+ 0.30 2- 100.0 0.093 4+ 0.006
353.40 £+ 0.30 1~ 100.0 0.094 4+ 0.005
362.53 +0.31 2+ 143.8 +4.7 3.868 +0.128
374.74 £+ 0.32 2F 989+1.0 67.339£2.020
382.13 £ 0.32 3~ 100.0 0.198 £0.011
386.17 +0.33 2+ 89.6+0.8 108.425 +3.578
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TABLE IV. (Continued.)
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TABLE IV. (Continued.)

E, JT Ty gl E, Jm Iy gl

(eV) (meV) (meV) eV) (meV) (meV)
392.09 4+ 0.33 4= 100.0 0.148 £0.012 813.40 £ 0.44 2+ 103.14£2.3 38.870 £ 1.360
393.18 +0.33 2- 100.0 0.321£0.016 818.13 £ 0.44 2- 100.0 0.255+0.018
413.01 £+ 0.39 1~ 100.0 0.084 £ 0.009 828.16 4+ 0.45 3+ 136.1£6.4 6.504 £0.247
420.28 + 0.40 3+ 100.0 13.976 £ 0.629 834.06 & 0.45 3+ 92.7+1.7 88.428 +2.918
421.85 +0.40 3~ 100.0 0.186 £0.016 840.01 4+ 0.45 4- 100.0 0.395+0.026
426.93 + 0.40 2t 99.4+0.7 60.547 £ 1.816 862.47 +0.47 3+ 124.74+11.8 6.737 £0.236
431.40 £ 0.41 4= 100.0 0.148 £0.010 867.44 +0.47 3~ 100.0 0.665 £0.029
43495 + 0.41 3+ 100.9£2.0 27.234+1.334 890.56 4 0.48 2+ 112.5+£7.1 10.651+0.341
440.06 + 0.41 2- 100.0 0.187£0.010 898.05 4+ 0.48 4= 100.0 0.176 £0.025
448.27 +0.42 2+ 1179415 26.581+1.143 901.69 + 0.50 2t 131.5£8.9 11.230+0.371
45478 +0.43 3+ 100.0 0.677£0.023 915.18 + 0.50 3+ 101.8£7.9 13.002 £ 0.416
458.30 +0.43 1~ 100.0 0.104 £0.017 918.21 £+ 0.51 3~ 100.0 0.517 £0.037
468.42 +0.44 3~ 100.0 0.128 £0.013 920.02 + 0.51 2- 100.0 0.310£0.033
475.81 £ 0.45 2+ 107.5+£5.5 5.350£0.203 925.27 £ 0.51 1~ 100.0 0.454 £0.027
480.09 + 0.45 2+ 115.1+4.4 8.176 £0.270 927.99 + 0.51 4= 100.0 0.9514£0.041
499.39 + 0.47 2+ 128.6 £2.4 23.244 +£0.790 943.26 + 0.52 3+ 161.24+5.5 29.597 £0.977
515.35 £ 0.53 2+ 121.14+3.3 23.131+£0.810 955.23 £ 0.53 3+ 96.6 +2.2 79.095 £2.610
518.16 = 0.53 3+ 110.5+4.0 19.628 +0.746 961.30 + 0.53 3+ 101.7£9.1 12.191 £ 0.402
533.34 £ 0.55 3+ 100.6 £1.4 59.322 +£2.136 966.48 + 0.53 4- 100.0 0.725£0.037
545.97 + 0.56 4- 100.0 0.128£0.013 969.68 + 0.53 3~ 100.0 0.14040.026
550.50 &£ 0.57 2F 100.0 0.6324+0.023 972.14 + 0.53 2- 100.0 0.497 £0.031
563.07 £ 0.58 3~ 100.0 0.478 £0.028 987.44 + 0.54 1~ 100.0 0.972 £0.039
565.92 4+ 0.58 3+ 99.24+1.8 87.437+2.711 1003.80 £ 0.56 4= 100.0 0.967 £0.083
569.14 + 0.59 2+ 94.7+6.0 10.626 +0.383
578.71 £ 0.60 2” 100.0 0.321£0.016
584.28 & 0.60 2+ 100.0 2.012+0.066 parity of the resonances with a statistical test implemented in
588.72 £ 0.61 4- 100.0 0.233+0.012 the ESTIMA code [41]. The approach couples the statistical
596.58 £ 0.61 1- 100.0 0.128+£0.013 spin assignment derived from the work of Bollinger and
619.22 + 0.69 3* 95.5+2.1 36.707 £1.321 Thomas [42] and the properties of the Porter-Thomas reduced
624.30 £ 0.69 3 100.0 0.70740.028 neutron width distribution [11]. The adequate distribution for
632.55 £ 0.70 3* 97.3+34 21.4014£0.792  the reduced neutron width T/ is a x? function with one degree
635.75 £ 0.71 4= 100.0 0.386 +0.024 of freedom:
643.63 £ 0.71 2” 100.0 0.514£0.115 L
64473 £072  2F 84.9+11.6 5.534£0.216 Po)dy = . a1
646.99 £+ 0.72 1~ 100.0 0.150£0.016 2T x

+

Zgggg i SZi ;, 126'1%309 4 (3)491(7; ig (l)ié For s-wave levels (I = 0), the dimensionless variable x is
66930 £0.74  2* 98.6£2.3 30011+ 1.110  cXpressedas
690.11£0.77 3% 100.0 0.892 +0.033 g, 0 Tev
702.09 + 0.84 3+ 101.3+£2.0 64.046 +2.049 = '8 , Wwith F,(l) =T —, (12)
708.41 £ 0.84 2+ 87.2+5.1 104.954 £ 8.501 (&,T7) E
708.71 £ 0.84 3i 98.5+4.2 123.342 +£7.401 (g Fg) is the average s-wave reduced neutron width, and ',
714.03 + 0.85 4_ 100.0 0.14540.034 stands for the neutron width. The statistical spin factor g gives
726.75 + 0.86 2 100.0 0.358 +0.024 the probability of getting the allowed total angular momentum
73092+ 087 2* 97.4£1.9 61.13042.017 J from the intrinsic spins of the target nucleus / and of the
734.47 + 0.87 3~ 100.0 0.482 £+0.027 .. . . .
74449 £089  3* 977415 109.544 +3.505  ncident particle i, that s,
757.92 +0.90 4= 100.0 0.690£0.034 2J +1
76249 £091 2+ 99.0+1.6 111,759 4 3.688 8= T el 3)
767.08 + 0.91 1~ 100.0 0.379 £0.026
772.14 + 0.92 2- 100.0 0.082 +0.015 The ESTIMA method allows us to distinguish resonances
777.30 4+ 0.92 3- 100.0 0.168 & 0.021 with/ = 0 and [ = 1, according to their neutron width values.
779.76 + 0.93 3+ 100.0 4.199 +0.147 The probability P(I = 1|g;T",) that a resonance is a p-wave
790.64 + 0.94 3+ 106.8 +6.5 10.925+0.371 given its g,;I', can be expressed in terms of conditional
796.74 + 0.95 4- 100.0 0.075 £0.008 probabilities. A detailed description of the formalism based
805.45 £ 0.43 1- 100.0 0.42040.021 on the Bayes theorem and applied to neutron resonance

spectroscopy can be found elsewhere [5,43]. In ESTIMA, this
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TABLE V. '®I resonance parameters.

Ey JT 'y gl
eV) (meV) (meV)
—21.60 £0.10 4+ 105.94+3.7 36.169 +0.225
—10.70 £0.10 3t 105.9+2.4 19.556 £0.087
41.37 £0.02 4+ 949+6.6 0.069 +0.003
72.13 £0.03 3* 90.8+0.6 7.3244+0.249
76.15 £0.03 4+ 106.0 0.058 +0.003
96.36 £ 0.09 4+ 104.94+2.9 0.756 +0.026
115.19 £ 0.11 2~ 106.0 0.028 +0.002
128.32 £ 0.12 3t 979+1.3 3.8324+0.130
140.63 + 0.13 3~ 106.0 0.055+0.029
146.40 + 0.14 3* 108.5+0.9 23.109 +0.786
152.57 £ 0.14 3+ 105.44+0.8 12.123 £0.424
164.96 4+ 0.16 4~ 106.0 0.049 +0.004
198.75 + 0.19 4+ 140.0+4.3 2.037+0.073
202.67 £ 0.15 3~ 106.0 0.026 +0.004
259.16 £ 0.19 4+ 106.0 0.884 +0.032
265.38 +0.20 3~ 106.0 0.2344+0.032
284.17 £ 0.21 3+ 107.4+£2.4 7.3894+0.251
290.65 £+ 0.22 3+ 109.8 £2.2 8.951£0.304
295.60 4+ 0.22 3* 106.0 1.568 +0.055
314.05 £ 0.27 4~ 106.0 0.205 £ 0.020
315.97 £ 0.27 3~ 106.0 0.266 +0.020
348.88 4+ 0.30 2~ 106.0 0.1424+0.011
353.85 + 0.30 4+ 106.0 0.547+0.051
356.23 + 0.30 3+ 106.0 0.824 +0.037
360.70 &+ 0.31 4~ 106.0 0.153 +£0.024
364.89 £+ 0.31 4+ 106.0 1.649 £0.221
410.04 + 0.39 3+ 114.4+1.4 33.565+1.141
423.23 +0.40 3* 123.6+1.2 57.925 £1.969
454.28 +0.43 3t 109.6 1.5 28.232 £0.960
469.24 + 0.44 3+ 107.4+1.1 67.331 +2.289
489.31 + 0.46 3* 127.0+ 1.8 32.528 +1.106
492.73 + 0.46 3~ 106.0 0.383 +0.027
511.64 £+ 0.53 3~ 106.0 0.2494+0.026
524.45 + 0.54 2~ 106.0 0.399+0.144
547.98 4+ 0.56 3+ 101.1£9.1 31.706 = 1.078
554.71 £ 0.57 3* 106.0 0.83040.091
562.09 £+ 0.58 3~ 106.0 0.158 +0.027
576.79 £ 0.59 4- 106.0 0.279 £ 0.045
578.53 + 0.60 3~ 106.0 0.384+0.036
595.58 + 0.61 4+ 106.0 6.2494+0.219
654.54 +0.73 4+ 106.0 1.977 +£0.087
689.63 £+ 0.77 4~ 106.0 0.557+0.056
693.26 + 0.77 4+ 110.2+1.2 111.600 & 3.794
719.66 + 0.86 4+ 106.0 21.673£0.759
725.35 £ 0.86 3~ 106.0 0.2204+0.028
730.17 + 0.87 2~ 106.0 0.175+0.068
761.56 + 0.91 4+ 106.0 5.5604+0.211
797.09 + 0.95 3* 104.1+1.2 90.256 £ 3.069
803.65 +0.43 3t 122.6 +2.1 55.737 £1.895
842.43 + 045 3~ 106.0 0.322+0.032
845.69 £+ 0.46 3~ 106.0 0.146 +0.029
855.25 + 0.46 3t 106.3+1.7 58.319£1.983
866.93 £+ 0.47 4- 106.0 0.566 +0.057
879.28 £+ 0.47 2- 106.0 0.482+0.036
888.46 4+ 0.48 3t 106.0 6.055+0.224
897.42 +0.48 3~ 106.0 0.178 £0.029
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TABLE V. (Continued.)

Ey Jr 'y gl

eV) (meV) (meV)
915.31 £ 0.50 3* 96.7+1.3 116.550 +3.963
926.06 + 0.51 3t 106.0 3.658 £0.172
969.36 + 0.53 4~ 106.0 0.789 £+ 0.060
991.31 £ 0.55 3~ 106.0 0.542 4+0.052

1002.75 £ 0.56 3t 13294+ 1.6 169.619 +5.767

statistical test is used in association with a method based on
the truncated Porter-Thomas distribution. The method gives
the number of s-wave resonances N (xp) having an x value
larger than a threshold xi. N(xo) is obtained by integrating
Eq. (11) as

N(xg) = N/OO P(x)dx =N (1 — erf\/?) , (14)

in which N stands for the number of s-wave resonances.
In practice, resonances characterized by a small reduced
neutron width and a high P(I = 1|g,I",) value, which deviate
significantly from the theoretical curve [Eq. (14)], are assumed
to be p-wave resonances. By iterating the code, we are able
to suggest a “confident” sample of s-wave resonances. The
results are presented in Fig. 5 in terms of g,I",,/ VE values.
Similarly, the experimental assessment of the total angular
momentum of the '?7!?°T resonances was not possible. The
quantity extracted from our data is g;I",, instead of I',,. There-
fore, we used the nuclear data processing system CALENDF [44]
to perform a statistical assignment of the J values for [ = 0
and [ = 1. The suggestion proposed by the code is based on
the Gilbert and Cameron level density formula (see Appendix)
in association with the Wigner level spacing distribution [10].

E. Iodine 127

The '?’T resonance parameters available in the neutron
databases are mainly taken from three earlier TOF measure-
ments. In 1965, the total cross section was investigated by
Garg et al. (up to 500 keV) at a 200 m flight path of the
Columbia University synchro-cyclotron, using three transmis-
sion samples of solid elemental iodine (9.3 x 1072,2.0 x
1072, and 3.5 x 1073 at/b) [46]. Some ten years later, in
1976, a series of capture, self-indication, and transmission
measurements were carried out at a 60 m flight path of the
GELINA facility by Rohr ef al., using three Pbl, samples
(1.236 x 1072,2.485 x 1073, and 7.438 x 1073 at/b), within
the 20 eV to 5.0 keV energy range [47]. Finally, in 1983,
Macklin determined the capture cross section at the ORELA
facility from 2.5 to 500 keV, using a Pbl, sample having
dimensions of 20 x 52 x 1.6 mm and weighing 11.91 g [1].

We have compared our '?’I results with the reduced neutron
widths (g, Fg), with the g;I",, values, and with the capture areas
[A, = g;T,T'y /(T + I'y)] reported, respectively, by Garg
et al., Rohr et al., and Macklin. The ratios of these quantities
as a function of the neutron energy are shown, respectively, in
Figs. 6, 7, and 8. The results given by Garg et al. are affected
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FIG. 3. Low neutron energy range of the 12’ total and capture cross sections measured in this work. Three small p-wave resonances at 7.5,
10.3, and 13.9 eV were previously reported in Refs. [38,39]. For the capture measurement, the cutoff energy of the thick boron antioverlap
filter was close to 9.5 eV. Below this lower energy limit, the noisy values have to be disregarded.

by a systematic error of about 13%, possibly due to the use of
unstable elemental iodine samples. The distribution obtained
with the results from Macklin is centered around 1.07 and has a
large standard deviation of 0.23. The largest part of this bias can
be explained by the thickness and normalization uncertainties.
Indeed, an overall accuracy better than 5% cannot be achieved
from the analysis of a single capture measurement performed
with a very thin sample in powder form. The best agreement
is obtained with the results obtained more than 20 years ago at

the IRMM. Below 1 keV, the discrepancy between the g; I,
values reported by Rohr ef al. and determined in this work
averages about 2%.

F. Iodine 129

Very little experimental work is available on neutron cross
sections of '?°I. The first five s-wave resonances were reported
in 1963 by Pattenden [34]. The I',, values were derived from

- 04 72; 03 ¢ 146.4
e] L
03| 0.3
= 0.2 r
g
S o2l ¥ 0.2 |
“D‘. fr 128.3
3] 140.6
414 01 [
i 0.1 ] ‘
0 0.0 " L
63.0 120.0 140.0 160.0 180.0 200.0
1.0 1.0
s 0.8 0.8 r
7] i i t
w
2 0.6 | 0.6
E i1 i
m | 1 i
& 04t 04 { ;
—
|_ ¥
0.2 | 0.2 I
0.0 co 0.0 0.0
150 250 350 450 550 63.0 73.0 83.0 93.0 120.0 140.0 160.0 180.0 200.0
Energy (eV) Energy (eV) Energy (eV)

FIG. 4. Examples of '?"1?°T resonance peaks observed below 200 eV. Transmission data were obtained with the thick Pb'?"!?°T, sample
[n(**1) = 1.465 x 10~3at/b]. Capture yield was measured with the thin Pb'?7'?I, sample [n('*’I) = 1.564 x 10~*at/b]. Solid line is the
least-squares adjusted theoretical curve calculated with the REFIT code. Energies of the '*I resonances are indicated on the figures. Other

resonances are those of the '*’I isotope.
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FIG. 5. 2712 neutron widths in terms of gI",/+/E as a function of the resonance energies. The results are divided into s- and p-wave
resonances as suggested by the ESTIMA code [41]. Solid and dashed lines, respectively, represent the average values.

transmission measurements carried out at the ORNL chopper
assuming a mean radiation width of 100 meV. This value
is in excellent agreement with the mean radiation width of
106 meV obtained in this work.

Some 20 years later, neutron capture by '>°T was reported
by Macklin [1]. The capture measurements were carried out
at the ORELA up to 500 keV with a Pbl, sample having
dimensions of 26 x 52 x 2 mm and weighing 18.76 g. The
1291 content (1.3 x 1073 at/b) was determined by comparison
of the sample radioactivity with an Amersham standard. The
thickness accuracy reported by Macklin is about 3%.

In Fig. 9, we compare the 'I capture areas [A, =
gLy /(T + I'y)] reported by Macklin with the present
results. The mean discrepancy between the two data sets is
about 3.6%. However, for the first broad s-wave resonance
at 72.1 keV, the discrepancy reaches 10%. The largest part
of this discrepancy probably comes from the data processing
and the resonance peak parametrization. Macklin fitted the
neutron capture peaks of 2T with single-level Breit-Wigner
parameters, assuming throughout an average s-wave spin

3.0
_ a5f .
é 1.5f % % 1
= 10 %,,,{}D¢$,77 - ?J[ - ,+,{fp_
T ol MR %+°§° (e
& oo} { |
= _os5| ]
(V]
-1.0 - . . .
0.0 0.2 0.4 0.6 0.8 1.0

Energy (keV)

FIG. 6. Comparison between the '?’I reduced neutron widths
from Garg et al. [46] and our results.

factor g; = 0.5. Moreover, above 2 keV, the capture areas were
analyzed using sample data from which the '?’I contribution
had been subtracted. Final results from this approach are
often questionable because of resonance overlaps, the effect
of the resolution function, and the use of prior multiple
scattering corrections. The SAMMY and REFIT codes include
these experimental corrections in the fitting procedure. The
present set of '?°I resonance parameters is then the first to
be extracted over a wide energy range with modern resonance
shape analysis techniques.

V. THE UNRESOLVED RESONANCE RANGE

A. Prior s-wave average parameters

Reliable prior information on the average parameters can be
obtained from the statistical analysis of the resolved resonance
parameters. The prior s-wave parameters of interest for this
work are the mean radiation width (I'y,), the mean level

is T +% H
H#%%j%ﬁ}f%jﬁ1$ %%

0.5 b

t

1.0% ﬁieg‘{* #

2g,I", (Rhor) / 2g,T", (this work)

0.0 0.2 0.4 0.6 0.8 1.0
Energy (keV)

FIG. 7. Comparison between the '*’I neutron widths from Rohr

et al. [47] and our results.
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TABLE VI. '’ and '®I average parameters deduced from
statistical analysis of individual resonance parameters. Fermion gas
level density parameter a was deduced from the D, value, and the
p-wave mean level spacing D, was calculated with the Gilbert and
Cameron level density formula [45].

1.6 %
1.4 O % ﬂ
120 6 , #“@L

1.0
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Average resonance Iodine 127 Iodine 129
parameters

s-wave neutron 10%S, 0.72+£0.06 0.54+0.07
strength function

s-wave distant level Ry° 0.19+0.01 ~0.16
parameter

Average radiation (T'y,) 100.0£22.6 106.0+£15.2
width (meV)

s-wave mean level Dy 12.5+0.3 27.3+£0.9
spacing (eV)

p-wave mean level D, 6.5+0.1 14.1£0.5
spacing (eV)

Level density a 17.424+0.04 16.56 +0.06

parameter (MeV ")

spacing Dy, the strength function Sy, and the distant level
parameter R;°. Our results are reported in Table VI.

In practice, (I'y,) and R§° are deduced from the results
of the resonance shape analysis. The mean radiation width
is defined as the weighted average value of the individual
radiation widths and Rg° is defined as a function of the potential
scattering length R, and of the channel radius a. [48]:

00 Ry
Ry =1 .

(15)

The prior s-wave mean level spacing Dy is deduced from the
number of levels N [Eq. (14)] determined in a given interval
AE by accounting for missing weak levels:

AE
N
The mean level spacings for higher order partial waves

(I=1,2,...) are calculated with the Gilbert and Cameron
level density formula [45], for which the fermion gas level

Dy = (16)

2.0Ff i
: +
21.57 H | ég %ﬁ* % ;+ }y% j¢ ﬁL |
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Energy (keV)

FIG. 8. Comparison between the '?’I capture areas from Macklin
[1] and our results.
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FIG. 9. Comparison between the '*I capture areas given by
Macklin [1] and the present values.

density parameter a plays a crucial role. The formula used in
this work is given in the Appendix.

The neutron strength function Sy is closely related to the
transmission coefficients 7;—, obtained with optical model
calculations. For the s-wave channel, Sy can be expressed as

Ti—o
Zn\/f'

Alternatively, Sy is defined as the ratio of the average s-wave
reduced neutron width [Eq. (12)] to the s-wave mean level
spacing [Eq. (16)]:

Sy =~ a7

(gJF,?)'

So =
0 Do

(18)

Careful determination of prior '*’I average parameters has
never been performed. In the main neutron databases, '*°1
resonances are assumed to be s waves with spin and parity
3% and 4*. Parameters of the resonances were produced with
the capture area values reported by Macklin [1]. Therefore,
earlier statistical calculations were mostly based on nuclear
systematics.

The mean radiation widths reported in Table VI are
the weighted average values of the I'y determined from
simultaneous analysis of the transmission and capture data.
We have extracted the '*’I and '*°I radiation widths for,
respectively, 155 and 55 resonances. The quoted uncertainties
are the standard deviations of the distributions of the fitted
values. The R{° values were deduced from the effective
potential scattering lengths R{, given in Sec. IVB. D, and
So were determined by accounting for the missing weak levels
with the ESTIMA method [Eq. (14)].

Histograms of the distributions of the dimensionless
variable g;T'°/(g;T'%) and of the next-neighbor spacing for
the '?’T and '*° s-wave resonances are shown in Fig. 10.
The distribution are compared with the theoretical curves
calculated with the s-wave strength functions and mean level
spacings reported in Table VI. The reduced neutron width
distributions are in satisfactory agreement with the theoretical
curve hypothesized by Porter and Thomas [Eq. (11)]. The
comparison between the level spacing distributions and the
Wigner law for a two-spin sequence shows that the agreement
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FIG. 10. Comparison between the experimental (histogram) and calculated (smooth curve) reduced neutron width and next-neighbor level
spacing distributions. Histograms account for the s-wave resonances up to 5 keV, regardless of the total angular momentum. Smooth curve

values were calculated with the parameters reported in Table VI.

for high spacings is much better than that for spacing values
lower than Dy. For low spacing values, the histograms are
altered by missing weak levels and “contamination” of higher
order partial waves. The latter contribution depends on the
criteria chosen to distinguish the s- and p-wave levels. As
mentioned in Ref. [5], the condition P( = 0|g,[",) = P( =
1|g;T,) corresponds to a diffuse region that influences the
parity assignment and the level density.

B. Hauser-Feshbach analysis

The interpretation of the URR in terms of level-statistical
parameters (strength function §;, mean level spacing Dy,
mean radiation width (I"y,), and distant level parameter R®)
was performed with the FITACS option of the SAMMY code
[14,49]. In this code, the modeling of the average partial
cross sections is based on the Hauser-Feshbach formula with
width fluctuations. The energy dependence of the average
radiation width is calculated via a giant dipole resonance
(GDR) representation in the form of a classical Lorentz line.
The mean level spacings are calculated with the Gilbert and
Cameron level density formula given in the Appendix.

The modeling of the average total cross section depends
on the resonance-average collision function, which describes
the nuclear interaction for a given ingoing (¢ = {/, s, J}) and
outgoing (¢’ = {I', s', J'}) wave function. Its coefficients S
are closely related to the S-matrix elements used in optical
model calculations. The average total cross section for a given
angular momentum, parity, and incident channel c is a linear
function of S,., that is,

Ge(E) = 273 g[1 = ReSee(E)], (19)

with

1 —iP(E)[R® +im sc(E)]

(20)
where ¢, stands for the phase shift of hard-sphere scattering,
P. is the penetration factor, RZ° is the distant level parameter
(related to the effective radius R.), and s, is the so-called pole
strength function, which may be expressed in terms of strength
function S, as

S(E) = exp (_2iy) {1 +iP(E)R® +in sC(E)]:| |

S. VE
2ka,’

s(E) = 2D
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For modeling the average partial cross sections, the formal-
ism used in this work is based on an elaborate form of the
Hauser-Feshbach formula proposed by Moldauer [50,51]. The
partial cross section in terms of transmission coefficients 7T is

2 T(E)T.(E)

given by
_ 2
Occ(E) = 0p8c0 + A gy Z T.(E) x 1+ l_)—(Sccr

2T” E 7(3( "= Sr/”,fvs/r/2
<[ (5 7 2 dx.
UL//Z T(E)

(22)

The first term of this equation accounts for the potential
scattering cross section o,. The second term represents the
pure Hauser-Feshbach formula. The other terms are correction
factors. The . parameter stands for the effective degree of
freedom for the generalized Porter-Thomas distribution of the
partial widths. According to the Moldauer prescription, based
on Monte Carlo simulations, v, has to be taken as [51]

Do = [1.78 4 (T} — 0.78)e 228X L], (23)

For the neutron channel, the degree of freedom v, is equal to
unity. In the case of photon channels, owing to the usually
large number of allowed radiative transitions, v, tends toward
infinity.

In the pure Hauser-Feshbach formula [52], the resonant
structures are described in a single-level Breit-Wigner approx-
imation, under the restriction that all partial widths are smaller
than the level spacing (isolated resonance), and assuming no
correlation between the partial widths of different channels.
The generalization of the formalism for significant level
overlap involves two extra factors. In Eq. (22), the first pair
of parentheses accounts for the channel-channel correlations,
namely, “elastic enhancement” [53]. This correction is of
particular importance for the evaluation of elastic cross
sections (¢ = ¢’). Its value is expected to be limited to a factor
of 2 to 3. Its importance becomes negligible for nonelastic
cross sections when there is a large number of open channels.
The second correction factor in Eq. (22) is the integrand known
as the Dresner factor. It is a width fluctuation correction that
accounts for the multilevel interferences.

C. Averaged "I and "1 cross sections

Hauser-Feshbach analysis has been performed from
3.5keVto 1 MeV for '*’I and from 3.5 to 100 keV for '*°I. The
energetically allowed reactions are radiative capture, elastic
scattering, and inelastic scattering.

Our FITACS results are presented in Fig. 11 together with our
data averaged over a broad energy mesh. The theoretical curves
have been obtained with a simultaneous FITACS fit performed
over three transmission and two capture data sets. Owing to the
resonances of the natural lead (and of the sulfur filter which was
kept permanently in the neutron beam), averaged pointwise
capture data in the vicinity of 35 keV were left out of our
analysis. The arrows indicate the Wigner cusp that corresponds
to the increasing competition of the inelastic scattering above
57.6 keV (*?I) and 27.8 keV ('*°1).

PHYSICAL REVIEW C 74, 054602 (2006)

TABLE VIL T and '*I average resonance param-
eters determined in the URR with the FITACS option of
the SAMMY code. S)—o; stands for the neutron strength
function, R2,, is the so-called distant level parameter,
and (I'y,_, ) represents the mean radiation width. Quoted
uncertainties are the statistical errors given by SAMMY.

Parameters Todine 127 Todine 129

s-wave

10%S, 0.78+£0.01 0.58£0.01
R 0.19£0.01 0.17 £0.01
(C'y,) (meV) 112.440.1 108.3+0.9

p-wave

10%S, 1.53+0.01 1.41+0.13
R{® —0.13+£0.01 —0.11£0.01
(I'y,) (meV) 103.2£0.1 1142+14

For '?"I, experimental total cross sections covering the
4-25 keV energy range have never been reported in the
literature. 2’1 average resonance parameters recommended
in the neutron databases were often deduced from partial
cross sections or adjusted to smoothly join the RRR and the
experimental data above 100 keV. Similarly, before the present
work, experimental data were not available for the 1297 total
cross section above the resonance region. Previous '*I strength
functions were obtained with optical model calculations by
assuming the magnitudes of the '?’Tand '*I total cross sections
to be comparable. This work is then the first to cover a wide
energy range from subthermal to high energy ranges.

The s- and p-wave Hauser-Feshbach parameters, adjusted
on the present data, are listed in Table VII. A closer inspection
of the s-wave parameters shows that the neutron strength
function Sy and the distant level parameter R;° determined in
the URR are in good agreement with those obtained in the RRR
(Table VI). The discrepancies between the 12T and > s-wave
strength functions are, respectively, 8.2% and 7.4%. This result
ensures a satisfactory consistency between the Reich-Moore
and Hauser-Fesbach models.

For the s-wave mean radiation widths, we obtained an
excellent agreement between the '?°I results determined in the
resolved and unresolved resonance ranges. The discrepancy is
lower than 2.5%. For 1271, the s-wave average radiation width is
12.4meV higher than the value obtained in the RRR (Table VI).
Although this result remains consistent with the standard
deviation (=22.6 meV) of the distribution of the I'y values, it
shows how difficult the reliable discrimination of /-dependent
statistical parameters is.

Table VIII presents the 27T and '*°I average capture cross
sections calculated with the nuclear data processing system
NJOY at 293.6 K. For practical purposes, we have chosen
to present the results in a broad energy group structure.
The quoted uncertainties account for the accuracy of the
sample composition, background, and normalization. The
final systematic errors on the >’ and '*°I average capture
cross sections are, respectively, close to 3.7% and 5.0%.
For comparison, the systematic uncertainty which affects the
accuracy of the '?’I total cross section is lower than 4.2%. In
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FIG. 11. Experimental '?"'%] capture and total cross sections in the unresolved resonance range. Solid lines stand for the least-squares
adjusted theoretical curves calculated with the FITACS option of the SAMMY code [14]. Arrows indicate the inelastic thresholds.

contrast, the error on the '?°I total cross section ranges from  these quantities as a function of (A + 1) are key ingredients to
10% to 20%. A better accuracy cannot be achieved without an ~ describing neutron-induced nuclear reactions with an optical

improved knowledge of the complex sample composition. model potential. In practice, coupling between levels, param-
eters of the potential, and the nucleus deformation parameter

D. Statistical model parameters

In this section, special care is given to the trend of the 35 ;
model parameters with respect to the mass number of the _ ik 24
compound nucleus. The parameters required for statistical 3 30} T
. . = '
model calculations are the strength functions, the average = 5l |
radiative widths, and the level densities. Systematic trends of 5 st N,.:‘,\i‘
2 o
g 20f Py ]
o # ! |
TABLE VIIL 127I and 1291 average Capture Cross 8 :L:';@ L}
section processed with the NJOY code at 293.6 K. Quoted 2z 151 ah Iy bl ‘. 1
uncertainties result from the statistical and systematic 2 bt “" )
. 3 10} P, ' 1
errors added quadratically. S o
2 St
3 5¢ o‘-f.“ 1
Energy group M(n, y) I, y) o
(keV) (b) (b) 0 : : : * *
0 50 100 150 200 250
5.5-9.1 1.36 £0.05 0.85+£0.04 Mass number of compound nucleus
9.1-15.07 1.05+£0.04 0.65+0.03
15.0-24.8 0.824+0.03 0.504+0.03 FIG. 12. Variation of the level density parameter a (Fermi gas
24.8-40.9 0.654+0.03 0.374+0.02 model) with compound nucleus mass number. Our results (circle),
40.9-67.4 0.51+0.02 0.26 +0.01 deduced from the resonance shape analysis of the '*’I and '*I data,
67.4-111.1 0.35+£0.01 0.18+£0.01 are compared with the recommended data available in the RIPL-2

library.
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FIG. 13. Systematic trends of the mean level spacing, neutron strength function, and average radiation width with respect to the compound
nucleus mass number. s- and p-wave parameters are shown separately. '2’I and '*°T average resonance parameters obtained in this work (circle)
are compared with those available in the RIPL-2 library.

are fine tuned together with a few statistical model parameters Statistical model parameters for theoretical calculations are
in order to improve the consistency between optical model compiled in the Reference Input Parameter Library RIPL-2.
calculations and experimental data. Figure 12 compares the level density parameters a obtained
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in this work with those available in RIPL-2. Variations of
Dj—1 2, Si=12, and (I"y_,,) with A 4 1 are shown in Fig. 13.
The neutron strength functions and average radiation widths
determined in this work (Table VII) are consistent with the
systematic trends followed by the RIPL data. For p waves,
no recommended data are available around mass numbers 128
and 130.

For the mean level spacings, the comparison of our results
with the RIPL data reveals huge discrepancies. Reliable level
density parameters (or spin cutoff) are of great importance for
any applications of the statistical theory. In the RIPL library,
the recommended level densities around mass numbers 128
and 130 are, respectively, equal to 16.4 +0.3 and 15.9 &+
0.2 MeV~!. These values are 6.2% and 4.1% lower than
our '?’I and '*°I results (Table VI). The corresponding Dy
(D;) parameters should be close to 22.6 eV (11.7 eV) for
127T and 39.9 eV (20.6 eV) for '?°1. These /-dependent mean
level spacings are systematically higher than our results. In
typical optical model applications, these discrepancies have
significant consequences on the calculation of the photon
strength function and on the result of the Hauser-Feshbach
GDR-based capture model.

The present results confirm the difficulty in determining
confident s-wave mean level spacing and realistic fermion
gas level density parameters from resonance shape analysis.
Because of the experimental resolution of the facility, infor-
mation on the resonance parameters is often incomplete. The
final experimental Dy value depends on (1) the number of
observed resonances, (2) our capability to identify multiplets
of resonances, (3) the model applied to distinguish s- and
p-wave resonances, and (4) the method used to account for
missing levels. In this work, we used the ESTIMA method
which distinguishes s- and p-wave resonances according to
their neutron width values in association with the properties of
the Porter-Thomas distribution. This approach gives reliable
results which have to be improved in the frame of the
random matrix theory by using the properties of the Gaussian
orthogonal ensemble and other involved statistical tests [54].

VI. CONCLUSION

1271 and '*°I capture and total cross sections have been
measured and analyzed within the 0.5 eV to 100 keV
neutron energy range. Below 10 keV, resonances have been
interpreted individually in terms of Reich-Moore parameters.
Assignments of the orbital momentum were performed with
the ESTIMA method, relying on the Bayes theorem and on the
properties of the Porter-Thomas reduced neutron width dis-
tribution. The analysis of the unresolved resonance range has
been performed with the Hauser-Feshbach formula with width
fluctuations. Consistent sets of statistical model parameters
were obtained and successfully compared with those extracted
from the resolved resonance range. For 2’1 (1?]), the s-wave
neutron strength function is close to 0.7 x 107 (0.5 x 10™%),
the effective potential scattering radius is 5.5 (5.7) fm , and the
s-wave mean level spacing is 12.5 (27.3) eV. For the average
radiation widths, we found '*’I (!*°T) values ranging from
100.0 to 112.4 (106.0 to 114.2) meV. These results are fully
consistent with the standard deviation of the distributions of
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the I'y values, which are 22.4 meV for '?’I and 15.2 meV
for '2°I. The present results were used to improve the '>’I and
1291 evaluations in the latest version of the European library
JEFF-3.1. For the description of the high-energy cross sections,
coupled-channel optical model calculations were optimized
with the statistical model parameters determined in this work.
The inspection of the s-wave mean level spacings with
respect to the mass number of the compound nucleus has
shown the difficulty in extracting consistent statistical model
parameters from conventional time-of-flight data. A deeper
investigation of the experimental limits of the spectrometer
and more sophisticated statistical treatments of the resolved
resonance parameters are needed to improve the accuracy of
the average parameters. Next, studies have to focus on the
advantages of the random matrix theory in association with
conventional statistical tests and optical model calculations.
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APPENDIX: THE GILBERT AND CAMERON LEVEL
DENSITY FORMULA

This Appendix presents the formula applied in this work to
determine the fermion gas level density parameter and the
p-wave mean level spacing for the n + 2T and n + %I
nuclear systems.

The study of the spacing between the neutron resonances
sharing the same / in an interval A E containing N resonances
provides a direct way of determining D;:

AE
T

Alternatively, one may define the observed level density p;
as the number of levels per unit of energy:

1
=D

However, many sources of error may alter the level spacing
deduced from neutron resonance data. Capture and transmis-
sion measurements are not precise enough to make sure that
all resonances have been detected. Therefore, a semiempirical
formula was introduced to predict reliable estimates of the
level density p; of all levels with spin J, regardless of parity
(4 or —). It was developed on the basis of the Bethe free
gas model, which considers the nucleus as being a Fermi gas
of free nucleons confined to the nuclear volume. Gilbert and
Cameron proposed a formula to account for the dependence
of the various parameters on the mass number A, the odd-even

D, = (AD)

pr (A2)
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effect, the shell structure, and the nuclear deformation [32].
For iodine, the formula may be written as

laexp~4aE* |: < J? )
=-—————|exp

" 3 g(daE*)/A 202

202
(J +1)?
i)

in which E* is the excitation energy, a represents the fermion
gas level density parameter, and o stands for a spin-dependent
parameter often called the spin cutoff. The spin cutoff
parameter is calculated as

ps(E™)

(A3)

0% >~ 0.1459vVa E*(A + 1)*3. (A4)

In the analysis of neutron resonances, the relevant parameter
is the observed level density p; rather than p; which involves

PHYSICAL REVIEW C 74, 054602 (2006)

both parities. Assuming equal probability for both parities, p;
may be defined as
* l *
p(E") = EXJ:m(E ) (AS)
For s-wave neutron resonances and a target nucleus with a
ground state spin / and parity =, the states of the compound
nucleus exhibit a spin eitherof / =1 + 1/2or J = |I — 1/2]
and a parity m. The level density of s-wave resonance is,
therefore,

Po(E*) = 2(ps=j1—1/2/(E*) + ps=r+12(E")).

The fermion gas level density parameter for the compound
nucleus '?!Tand '3°I can be obtained from the experimental D,
value by combining expressions (A3) and (A6). The p-wave
mean level spacing is then calculated with Eq. (AS).
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