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Abstract — Neutron capture measurements were performed with the time-of-flight method at the Gaerttner
LINAC Center at Rensselaer Polytechnic Institute (RPI) using isotopically enriched gadolinium (Gd)
samples ('°Gd, 1°°Gd, 7 Gd, 1°3Gd, and '°°Gd). The neutron capture measurements were made at the 25-m
flight station with a 16-segment sodium iodide multiplicity detector. After the data were collected and
reduced to capture yields, resonance parameters were obtained by a combined fitting of the neutron capture
data for five enriched Gd isotopes and one natural Gd sample using the multilevel R-matrix Bayesian code
SAMMY . A table of resonance parameters and their uncertainties is presented. We observed 2, 169, 96, and
1 new resonances in >*Gd, '°Gd, '°’Gd, and '>8Gd isotopes, respectively. Resonances in the ENDF/B-VII.0
evaluation that were not observed in the current experiment and could not be traced to a literature reference
were removed. This includes 11 resonances from the 3°Gd isotope, 1 resonance from °’Gd, 1 resonance
from °8Gd, and 6 resonances from the 1°°Gd isotope.
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The resulting resonance parameters were used to calculate the capture resonance integrals in the energy
region from 0.5 eV to 20 MeV and were compared to calculations obtained when using the resonance
parameters from ENDF/B-VII.O and previous RPI results. The present parameters gave a resonance integral
value of 395 + 2 b, which is ~0.8% higher and ~ 1.7% lower than that obtained with the ENDF/B-VII.O
parameters and with the previous RPI parameters, respectively.

I. INTRODUCTION

The stable isotopes of gadolinium (Gd) are significant
fission products in fast reactors.! A major portion of neutron
capture cross sections of natural Gd is due to '>>Gd and
157Gd. Their capture cross sections and resonance para-
meters in the wider energy range are important in the design
of reactors, as well as in nuclear and astrophysics studies.?
Accurate knowledge of the neutron cross sections and the
resonance parameters for Gd isotopes are of importance to
the calculation of reactor characteristics when Gd is used as a
burnable poison in commercial light water reactors. The
capture cross section is also important to examine the Gd
isotopes as a control material for fast reactors.?

Neutron capture experiments on Gd isotopes were
performed at the electron linear accelerator (LINAC) facility
of the Rensselear Polytechnic Institute (RPI) in the neutron
energy region from 10 eV to 1 keV. Resonance parameters
were extracted by fitting the neutron capture data using the
SAMMY multilevel R-matrix Bayesian code.* The default
formalism for the SAMMY code is the Reich-Moore
approximation, which is based on the idea that capture
channels behave quite differently from particle channels.

Most of the strong resonances occur in '3°Gd and '3’Gd
isotopes. In these two isotopes, ENDF/B-VIL.O resonance
parameters are based on a few experiments, particularly
Mughabghab and Chrien,’ Simpson,® Mgller et al.,’” and
Fricke et al® Recently, the resonance para-
meters for >3Gd were obtained from capture experiments
with the DANCE calorimeter at the Los Alamos Neutron
Science Center (LANSCE) in the neutron energy region from
1 eV 10200 eV (Ref. 9). The other high-abundance isotopes,
156Gd, 198Gd, and '°Gd, have few resonances, and resonance
parameters for 1’8Gd and '°°Gd come from Mughabghab and
Chrien® and Rahn et al.!” The less abundant isotopes are
152Gd and '5*Gd, which have a natural abundance of 0.2%
and 2.1%, respectively. The resonance parameters for '°>Gd
and 1%*Gd come from Rahn et al.,'° Anufriev et al.,!! and
Macklin.'> Many other authors contributed observed res-
onance energies and/or spin assignments for resonances

energies above 148 eV including Belyaev et al.,'?
Karzhavina et al,'*!> and Asghar et al.'® Finally,
Leinweber et al.'” measured resonance parameters of all
naturally occurring Gd isotopes at the RPI LINAC facility in
the neutron energy region from thermal to 300 eV.

II. EXPERIMENTAL SETUP

II.A. Pulsed Neutrons at RPI

Pulses of neutrons are generated via photoneutron
reactions when an ~57-MeV electron beam from the RPI
LINAC impinges on a water-cooled tantalum target.
Table I gives some details of the experimental conditions
including neutron target, overlap filter, pulse repetition
rate, flight path length, and channel widths. Descriptions
of the water-cooled tantalum target,'®!® the capture
detector,”®2! and the data acquisition system?®2? are
given in detail elsewhere, so only a brief description is
given in the present paper.

The geometry of the bare-bounce neutron target'® (BBT)
used for this measurement is unique in that the tantalum plates
are mounted off the neutron beam axis. A 2.5-cm-thick
polyethylene moderator is mounted adjacent to the tantalum
plates and centered on the neutron beam axis. The moderator
effectively slows down the fast neutrons generated in the
target through collisions with hydrogen and emits the
neutrons at a lower energy. These moderated neutrons are
then collimated as they drift down an evacuated flight tube to
the sample and detector. In order to remove low-energy
neutrons from previous pulses, a 0.397-cm-thick '°B,C
overlap filter was inserted in the neutron beamline.

The neutron energy for a detected event is determined
from the flight time of the neutron using the time-of-flight
(TOF) technique and from the precise knowledge of the flight
path length. The TOF analyzer used in the experiments was a
multihit TOF clock (P7889, Fast ComTec.). The P7889 clock
was operating with a 12.8-ns channel width and a total of
328125 channels. It operates as a single-start/multiple-stop
device; i.e., asingle LINAC burst initiates a countdown cycle,

TABLE I
Experimental Conditions for Gd Capture Measurements
Neutron Average Beam Beam Pulse Channel Pulse Flight Path
Producing Current Energy Width Width Repetition Length
Target Overlap Filter (HA) (MeV) (ns) (ns) Rate (pulse/s) (m)
BBT (Ref. 19) | Boron carbide 17.3 57 18 12.8 225 25.569 + 0.006
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during which any number of detected events cause the
analyzer to record an event. The TOF analyzer has no dead
time between time bins to record each event. The overall dead
time of the signal-processing electronics was set at 1.125 ps
for capture measurements. During operation of the experi-
ment, data were transferred from the TOF analyzer to the
computer memory via direct memory access. The data-taking
software is completely menu driven and controls the sample
changer, sorts the data into individual spectra, and provides
online display of the data being accumulated. Descriptions of
the data-taking computer system, data file structure, and data-
reduction process are available in Ref. 23.

I1.B. Capture Detector

Neutron capture measurements were performed using
a capture detector system, which is located at the 25-m
flight station of the RPI LINAC. The capture detector?®-22
is a multiplicity-type scintillation gamma detector contain-
ing 20 € of Nal(Tl) divided into 16 optically isolated
segments, which forms a 30.5-cm-diameter X 30.5-cm-
high right circular cylinder with an 8.9-cm through hole
along its axis. The cylinder is split across its axis into two
rings, with each ring divided into eight equal pie-shaped
segments. Each segment is hermetically sealed in an
aluminum can and is connected to a photomultiplier
tube. The neutron beam was collimated to a diameter
of 4.76 cm. Neutrons that scatter from the sample are
absorbed by a 1.0-cm-thick hollow cylindrical liner
fabricated of 99.4 wt% '°B carbide ceramic to reduce
the number of scattered neutrons reaching the detector.
The detector system discriminates against the 478-keV
gamma ray from !°B(n;o,y) reactions. The capture
detector is surrounded by a 15-cm-thick, 7260-kg lead
shield to reduce ambient background signals. The capture
detector used for the present experiment was located at the
east beam tube at a flight path of 25.569 + 0.006 m from
the BBT (Ref. 19). The flight path length was determined
from measurements of precisely known 238U resonances.

The efficiency of detecting a capture event varies with
the number and energy of gammas emitted in a capture
event. The efficiency of detecting a single 2-MeV gamma

ray is ~75% (Ref. 23). For capture in Gd where typically
three to four gamma rays are emitted per capture, the
efficiency is typically in excess of 95%. Thus, the capture
efficiency is assumed to be the same for all Gd isotopes.

II.C. Samples

In order to avoid the hydroscopic property of oxide
power samples, five isotopically enriched Gd metallic
samples were used. Two elemental Gd samples with
different thicknesses were also used. The isotopic contents
of the Gd samples used in the experiments are listed in
Table II. The purity of elemental metallic samples was
99.8%. The isotopic abundances of the elemental sample
were taken from Ref. 24. The only significant contam-
inant in the elemental sample was tantalum with a
manufacturer-specified content of <0.1%.

Three of the Gd isotopic samples (!3°Gd, '%°Gd, and
160Gd) were metallic disks with diameters of ~ 18 mm and
with thicknesses of ~0.1 mm. Two Gd isotopic samples
(17Gd and '"8Gd) were metallic rectangular plates with
sizes of 15.22x 1548 mm for !'5’Gd and 15.35 X
15.14 mm for '"8Gd and with thicknesses of ~0.2 mm.
The characteristic details of the Gd samples are given in
Table III. The uncertainties in thickness of samples were
propagated from multiple measurements of the sample
dimensions. The diameter and length measurements are the
dominant component of the uncertainties. All samples were
mounted in aluminum sample cans. The thickness of
aluminum on each of the front and rear faces of each
sample was 0.38 mm. The influence of these sample cans,
as well as all background, was measured by including
empty sample cans in the capture measurements. In order
to measure the flight path length and to calibrate the
neutron energy, a 238U sample was also measured.

Samples were precisely positioned at the center of the
capture detector by a computer-controlled sample chan-
ger. The sample changer accommodated up to eight
samples and moved them into the beam one at a time.
These included five Gd isotopes, an elemental Gd sample,
a 238U sample for energy calibration, and one empty
sample holder for background evaluation.

TABLE II
Isotopic Compositions of Gd Samples

Isotopic Composition (%)
Sample 152Gd 154Gd 155Gd 156Gd 157Gd ISSGd 160Gd
155Gd 0.04 0.64 = 0.02| 91.74 £ 0.10 5.11 £ 0.10 1.12 + 0.05 0.94 £ 0.05 041 = 0.02
156Gd <0.01 0.11 £ 0.01| 1.96 £ 0.02 | 93.79 + 0.03 2.53 = 0.02 1.20 £ 0.02 0.41 = 0.02
157Gd <0.02 0.16 £ 0.01| 0.81 £ 0.02 2.21 £ 0.03 | 90.96 £ 0.08 5.08 £ 0.05 0.80 £ 0.02
158Gd <0.1 <0.1 0.96 = 0.05 1.70 = 0.05 3.56 = 0.05 | 92.00 = 0.10 1.82 + 0.05
160Gd <0.01 0.02+ 0.00 | 0.18 = 0.01 032 £002 | 043 £0.02 | 093 £0.02 | 98.12 £ 0.05
"alGd 0.20 2.18 14.80 20.47 15.65 24.84 21.86
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TABLE III
Characteristics of Gd Samples
Sample Atomic Weight Mass (mg) Thickness (mm) Area (mm?) Atoms/b
135Gd 155.0 £ 0.3 2033 £ 0.2 0.109 £ 0.003 256 + 1 3.08x107% + 1x10-°
156Gd 156.0 = 0.1 197.7 £ 0.2 0.106 * 0.003 258 + 1 296X 1074 £ 2x107°
157Gd 156.9 + 0.2 3575 £ 0.2 0.205 * 0.003 236 + 6 582X 1074 £ 14x10~°
158Gd 157.8 £ 0.2 353.0 £ 0.2 0.209 £ 0.005 232 + 7 5.80x 1074 £ 16 X 10~°
160Gd 159.9 + 0.1 193.5 +£ 0.2 0.104 + 0.003 258 + 2 2.82%X1074+2x10°
nalGd? 0.254 7.806 X 10~* + 0.4 X 10—°
2382 18234.7 = 0.5 0.493 234x 1073 £2x1073
“Data taken from Ref. 17.
III. DATA REDUCTION B; = dead-time—corrected and monitor-normalized

The data-taking and data-reduction techniques that
were used for this experiment are described in Ref. 23.
For each sample, 16 TOF spectra with 328125 channels
were measured; each of the 16 spectra represented a
different observed gamma multiplicity. A minimum of 100-
keV gamma energy was required in a detector segment to
be counted. Data were recorded as capture events only if
the total energy deposited in all 16 segments exceeded
1 MeV. The data were recorded as scattering events if the
total deposited gamma-ray energy fell between 360 to
600 keV. This scattering energy region contains the 478-
keV gamma ray emitted from the (n;0,y) reaction in the
10B,,C annular detector liner.

The large amount of TOF data collected in each capture
measurement was subjected to statistical integrity checks to
verify the stability of the electron LINAC, the capture
detector, and associated beam monitors. The data were
recorded in 398 files each containing data taken on all samples
for a total time of ~ 54 h. Any data that failed the integrity test
were eliminated. Next, the data were dead-time corrected,
normalized to beam monitors, and summed. The background
was determined using normalized data measured with an
empty aluminum sample holder mounted on the sample
changer. This background was subtracted from the normal-
ized and summed capture spectra. The 16 individual capture
spectra were then summed into a single total spectrum.

Processed TOF data are expressed as capture yield.
The capture yield is defined as the number of neutron
captures per neutron incident on the sample. Therefore,
in addition to the Gd sample data, another set of data
was needed to determine the energy profile of the
neutron flux. The capture yield Y; in TOF channel i was
calculated by

; — 1 1 , ( 1)
K Pymi
where
C; = dead-time—corrected and monitor-normalized

counting rate of the sample measurement
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background counting rate

K = product of the flux normalization factor and
efficiency

Ogmi = smoothed, background-subtracted, and monitor-
normalized neutron flux.

The incident neutron flux shape was determined by
mounting a 2.54-mm-thick, 97.9 wt%—enriched °B4C
sample in the sample changer and adjusting the total
energy threshold to record the 478-keV gamma rays from
neutron absorption in '°B. A '°B,C sample was used
since it has high absorption and smooth cross section. The
measured '°B,C data and a correction for the neutron
scattering and absorption in the '°B,C were used to
determine the neutron flux shape. These flux data gave the
shape of the neutron beam flux but not its magnitude. The
flux was smoothed by averaging adjacent points. The
yield was normalized to the transmission parameters
obtained from RPI data!” using the SAMMY fit.

Background was not fitted during the SAMMY
analysis. Background was measured using an empty
sample holder and was subtracted from all samples. The
measured flux shape is usually normalized directly to a
saturated capture resonance. However, this was not possible
in this experiment because there were no saturated
resonances in any of the Gd isotopes; instead, the capture
data were normalized using SAMMY to the previous RPI
transmission data'” at resonance energies listed in Table IV.

This capture yield and its associated statistical
uncertainty were used as input parameters for the
SAMMY code* that extracted the neutron resonance
parameters. Capture data were not used below 10 eV
due to excessive background.

IV. DATA ANALYSIS

Resonance parameters, neutron width I',, radiation
width I',, and resonance energy Eo, were extracted from
the Gd capture data sets using the SAMMY multilevel
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TABLE IV

Resonance Energy for Each Sample for Flux Normalization
and Normalization Factor Obtained by SAMMY

Resonance Normalization
Sample Energy (eV) Uncertainty
155Gd 30.047 3.2%
156Gd 33.149 7.8%
157Gd 16.781 1.4%
158Gd 22.295 4.8%
160Gq 222.003 5.7%
natGd 16.781 2.5%

R-matrix Bayesian code.* The SAMMY code enabled a
combined transmission and capture analysis, which
employed experimental resolution, Doppler broadening,
multiple scattering, and self-shielding. The resolution
broadening describes the cumulative effect of the electron
burst width in the RPI LINAC, the moderator slowing-
down time, the TOF channel width, and the effect of the
detector. For capture measurements, the thin capture
samples contributed very little to resolution broadening,
and thus, this component of broadening was ignored.

A key factor in fitting the correct shape to the
experimental data was knowledge of the resolution
function, which had a significant impact on the shape-
fitting process, especially at epithermal energies.
Inaccuracy in the shape of the resolution function can
translate into imprecise resonance parameters when fitting
experimental data. For this reason, the epithermal capture
resolution functions were fit to well-known 238U
resonances using SAMMY. Special attention was given
to epithermal energy regions since the resolution function
had greater influence in this energy region than in the
thermal energy region. The electron burst width and the
TOF channel widths were entered as SAMMY input
parameters. All remaining resolution function components
were described by a Gaussian plus an exponential tail with
the energy folding width of 0.06 ps (Ref. 25). This
function of magnitude versus time has an integral over
time of unity.

As a starting point, the SAMMY code fitted Gd
parameters using initial parameters from the previous RPI

experiment!” in the energy region of 10 to 300 eV and

from the ENDF/B-VILO evaluation® in the energy region
above 300 eV. In this experiment, we had five enriched
Gd samples and one natural Gd sample. A reduced >
value was obtained for each Gd sample. The resonance
parameters for each Gd sample (isotope) were used as
input parameters for the combined fit. Table V shows the
reduced y? value for each step.

As the second step, a combined fit was performed on
naiGd, 155Gd, 5°Gd, 'Gd, '%8Gd, and '°°Gd metallic
sample data. This was done by fitting each data set
sequentially and using the SAMMY parameter file along
with the SAMMY covariance matrix file created by the
previous fit as input to the next. Resonance parameters of
152Gd and '>*Gd were fixed to ENDF/B-VILO values2®
and not varied for the isotopic samples because of their
low abundances (0.2% and 2.18% for natural Gd), but in
the case of '3*Gd, we only varied parameters of Eg, T,
and I', for the natural sample. When no further
improvements in the fit were apparent, and the resonance
parameters remained unchanged relative to the previous
iteration, the parameters were deemed final. The SAMMY
code was then used to calculate capture yield curves based
on these final resonance parameters to compare with the
experimental data from each Gd sample. The reduced >
obtained from the second step of the SAMMY fitting is
shown in Table V. We also examined each resonance
listed in ENDF/B-VILO to check whether it was observed
in the present data. If it did not look like a resonance peak,
we removed the resonance from the parameter file. We
fitted several times for each step in order to get the
minimum 2 values from the SAMMY fitting. The final
reduced %2 values from the SAMMY code are listed in
Table V.

The resonance integral RI was calculated for each Gd
isotope using the NJOY code?” and INTER code.?® The
NJOY code was used to reconstruct room temperature
pointwise cross sections given either the ENDF/B-VILO or
the final Gd resonance parameters, while the INTER code
was used to perform the integration to calculate the resonance
integral. The resonance integral R/ is defined as follows:

20MeV

dE

RI= J oy (E)—, (2)
0.5eV E

TABLE V
Reduced y? Value for Each Step of the SAMMY Fitting*
155Gd 156Gd 157Gd 158Gd 160Gd natGq
First step 3.18 2.88 3.43 2.88 3.78 2.36
Second step 249 2.61 2.19 2.67 3.72 1.74
Final step 2.40 2.57 1.97 2.65 3.71 1.64
*The reduced %> value means the minimum value obtained by several fittings in each step.
NUCLEAR SCIENCE AND ENGINEERING VOL. 180 MAY 2015
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where
RI = infinitely dilute capture resonance integral (b)

o,(E) = neutron capture cross section generated by
NJOY with Gd resonance parameters (b)

E = neutron energy (eV).

The resonance integrals were calculated from 0.5 eV
to 20 MeV. The calculation was performed with the
present resonance parameters replacing the ENDF/B-
VILO parameters® for all resonances between 21 eV and
1 keV and using the previous RPI resonance parameters'’
for all resonances from 0.2 to 21 eV.

V. RESULTS

V.A. Resonance Parameters

The neutron width I',, radiation width I7, and
resonance energy E, were extracted from the capture
yields of five enriched Gd isotopes using the SAMMY
version 8.0 multilevel R-matrix Bayesian code.* The
combined fit employed the experimental resolution and
Doppler broadening, self-shielding, and multiple-scatter-
ing features of SAMMY. Figure 1 shows data from the
natural Gd sample and five enriched isotopic samples as
well as the corresponding curves for these data obtained
using the SAMMY program. The resulting resonance
parameters and the uncertainties of each Gd isotope are
presented in Table VI along with evaluated parameters
from ENDF/B-VIL.O (Ref. 26) and the previous RPI
measurement.!” The resonance parameters of ENDF/B-
VII.1 (Ref. 29) are the same as those of ENDF/B-VIIL.O
except for 0.032-eV resonance. In Table VI we interpreted
the neutron widths of the resonances previously identified
by RPI using the present measured isotope and J value;
J is the total angular momentum of the compound state
(also known as the spin state of the resonance) in units of
h/2w, where h is Planck’s constant.

The unassigned neutron widths in the previous RPI
measurement!” were treated as 2agl’,, for odd-A isotopes
and agl’, for even-A isotopes, where a is abundance and
g is the statistical weighting factor: g = (27 + 1)/
[2(2] + 1)], where [ is the spin of the target nucleus and J
is the total angular momentum of the compound state.

For very low-energy resonances, where the resolution
width is minimal, the radiation width I'", can be derived
directly from the measured data. At higher energy,
radiation widths can be determined whenever a resonance
includes a significant quantity of scattering. A criterion of
I',/T,, < 5 was chosen in Ref. 25 to reflect sensitivity of a
resonance to the value of the radiation width. Whenever
I',/T',, < 5, radiation widths were extracted from the data.
But, for resonances whose I'/I', ratio was >35, the
experiment effectively measured only the quantity I',,. For
these mostly capture resonances, neither transmission nor
capture data contain sufficient radiation width information.
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Fig. 1. Capture yield data and calculated fitting curves
using resonance parameters obtained with the SAMMY
program in the neutron energy region (a) from 10 to 300 eV
and (b) from 300 to 1000 eV.

These resonances were assigned the radiation width from
ENDEF/B-VILO. New resonances seen in the data but not
present in ENDF/B-VIL.O were assigned an average
radiation width that was determined by the following
method. Resonances sensitive to the value of the radiation
width were identified for each isotope; orbital angular
momentum; and, where data were available, spin (total
angular momentum). Resonances were chosen to use in
the determination of the average radiation width <T, > if
they met the following two criteria:

1. The ENDEF/B-VILO capture-to-scattering ratio
/T, was <5.

2. The resonance was not a minor member of a
multiplet, i.e., a shoulder on a larger resonance.
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Each <TI',> in Table VII was an inverse-variance
weighted average of radiation widths from sensitive
resonances. The radiation widths and uncertainties of
new resonances in Table VI were assigned <I",> and
A<TI',> from Table VII for their radiation widths.

The fifth column in Table VI, labeled “I', Source,”
designates whether the I'y in Table VI was fitted from the
data (FIT), fixed to an average value from Table VII
(AVG), fixed to the ENDF/B-VIL.O value (ENDF), or
fixed to the previous RPI value (RPI) where the neutron
energy was <21 eV.

Potential sources of uncertainty include the capture
flux normalization and the analytical descriptions of the
resolution functions. Uncertainties in sample thicknesses
given in Table Il were not included in the final
uncertainties given in Table VI. The resonance parameters
for 12Gd were not fitted because the abundance was very
low. In these cases the resonance parameters were
assigned ENDF/B-VILO values in Table VI without any
quoted errors.

Figure 2 shows transmission and capture yield data
in the epithermal region for the natural Gd sample and
calculated curves using resonance parameters obtained
by the SAMMY program. The transmission data in
Fig. 2 were taken from the previous RPI measurement.!”
The SAMMY fit in Figs. 2 and 3 is the calculated curve
using the resonance parameters obtained from the
present data. The present resonance parameters were
determined using the capture yields for five enriched Gd
isotopic samples and a natural sample. Figure 3 shows
transmission data for the natural Gd sample in the
neutron energy region from 10 to 300 eV and calculated
curves using resonance parameters from the present data,
ENDF/B-VILO (Ref. 26), and the previous RPI result!’
by using the SAMMY program without fitting. The
resonance parameters from the present and the previous
RPI data agree with the experimental transmission better
than those of ENDF/B-VILO.

We observed 2, 169, 96, and 1 new resonances not
listed in ENDF/B-VILO from the 13*Gd, '35Gd, 157Gd, and
158Gd isotopes, respectively, as listed in Table VI
Because the present measurements did not support their
existence, 11 resonances from the '°Gd isotope; 1
resonance from the '>’Gd and '%Gd isotopes, respect-
ively; and 6 resonances from the '°°Gd isotope listed in
ENDF/B-VII.0 were discarded Recently, new measure-
ments of resonance parameters for '°Gd with the
DANCE gamma-ray calorimeter at the LANSCE were
presented.” Four new resonances identified in Ref. 9 were
confirmed in the present results: 22.32, 68.81, 116.79, and
138.34 eV in the '33Gd isotope. However, the spin
assignments for 38 resonances were different from those
in ENDF/B-VILO or the present result. We checked the
present resonance parameters using the spin assignment in
Ref. 9, but we could not see any differences. Thus, the
determination of I', and I',, was not sensitive to the spin
assignment.

Fitting results are shown in Fig. 4 with the final
resonance parameters in the neutron energy region from
200 to 250 eV, where there are many new resonances
listed in Table VI. The data for "“Gd were fitted very
nicely with the new resonance parameters from the Gd
isotopes as shown in Fig. 4. In this energy region, 12
unassigned resonances from the previous RPI measure-
ment in Table VI were identified. Two resonances in
ENDF excluded by the previous RPI measurement were
identified: 202.81 eV in '3’Gd and 207.47 eV in Y’Gd.
The 201.6-eV resonance in '>*Gd, identified by Ref. 10,
was reported at 201.4 eV in Table VI, while the previous
RPI result showed it at 199.5 eV. A resonance at
202.1 eV in '55Gd was observed. It had been included
in ENDF/B-VI.8 but was excluded from ENDF/B-VIIL.O.
The resolved resonance representation for 1>°Gd ends at
180 eV in ENDF/B-VILO. It was extended to 300 eV by
the previous RPI measurement.!”-3* Reference 30 is a
comprehensive version of Ref. 17. Twelve new resonances

TABLE VII
Average Radiation Width <I'; ) for Each Gd Isotope in the Energy Range from 10 to 1000 eV
Average Radiation Width

Gadolinium Isotope J Iy > £ AT, ) (meV) Comment
152Gd 0.5 Unknown No data
154Gd 0.5 75 £ 1 41 resonances
155Gd 1 127 + 12 5 resonances
155Gd 2 133 + 10 3 resonances
156Gd 0.5 65 + 4 18 resonances
157Gd 2 102 + 3 9 resonances
157Gd 0.5 111 £ 6 13 resonances
158Gd 0.5 74 £ 7 8 resonances
160Gd 0.5 103 + 12 3 resonances
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Fig. 2. (a) Transmission data and (b) capture yield for
"a!Gd with a fitting curve using resonance parameters obtained
with the SAMMY program.

(201.76, 207.19, 216.88, 218.34, 219.98, 224.78, 227.57,
231.68, 235.31, 236.27, 243.27, and 248.68 eV) in '33Gd
and four new resonances (218.24, 221.20, 232.90, and
237.97 eV) in '57Gd that were not identified in either
ENDEF/B-VILO or the previous RPI measurement have
been added in the 200- to 250-eV region. Among 11
unassigned resonances from the previous RPI measure-
ment, 10 resonances were assigned to the '3°Gd isotope,
and 1 resonance at 203.39 eV was identified as '*’Gd at
203.32 eV, as listed in Table VI.

Fitting results in the neutron energy region from 250
to 300 eV are shown in Fig. 5. Ten new resonances from
155Gd were identified in the 250- to 300-eV regions that
were not included in ENDF/B-VILO or the previous RPI
results. The resonance at 298.0 eV from the previous RPI
measurement (with only natural samples) was identified in
158Gd at 298.7 eV. One resonance at 258.3 eV in °°Gd,
listed in ENDF/B-VIL.O, was not seen in the present
measurement.

These results have been reviewed at RPI and
supersede parameters given in Refs. 17 and 30 from
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Fig. 3. Transmission of the previous RPI data!” with
curves using resonance parameters from present, RPI (Ref. 17),
and ENDF/B-VIL.1 (Ref. 29) in the neutron energy region
(a) from 10 to 150 eV and (b) from 150 to 300 eV.

measurements of only elemental samples. The previous
RPI measurement!”-3? ended at 300 eV. All of the 28 new
resonances identified in the previous measurement have
been confirmed and assigned to an isotope and a spin state
J. They are included in Table VL.

Above 300eV, very few measurements are
reported.'%!%14 We identified 116 new resonances from
155Gd and 90 new resonances from '3’Gd in the 300- to
1000-eV region. Figure 6 includes seven resonances
(481.2, 494.3, 549, 563.6, 606.8, 662.7, and 974 eV)
from '5°Gd, one resonance (306.4 eV) from %’Gd, one
resonance (869.3 eV) from °3Gd, and six resonances (421.9,
4479, 571.8, 707.5, 752.6, and 984 eV) from '%°Gd listed in
ENDF/B-VILO that have been discarded from the present
analysis.
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Fig. 4. Capture yield data and calculated fitting curves in the neutron energy region from 200 to 250 eV using the resonance
parameters obtained with the SAMMY program.
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Fig. 5. Capture yield data and calculated fitting curves in the neutron energy region from 250 to 300 eV using the resonance

parameters obtained with the SAMMY
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Fig. 6. Capture yield data and calculated fitting curves in
the neutron energy region (a) from 300 to 600 eV and (b) from
600 to 1000 eV using the resonance parameters obtained with
the SAMMY program.
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V.B. Resonance Integrals

Equation (2) and the resonance parameters listed in
Table VI were used to calculate resonance integrals. The
resonance integral calculations used resonance parameters
from the previous RPI measurement in the energy range
0.02 to 21 eV and from ENDF/B-VILO for the negative
energy resonances and for the energy region above the
present measurement. The resonance integrals were
calculated using the NJOY (Ref. 27) and the INTER
(Ref. 28) programs. The results are shown in Table VIII
in units of barns. The uncertainty in the resonance
integrals was calculated by differentiating the resonance
integral with respect to resonance parameters according to
the error propagation formula and treating .(E) as a sum
of single-level Breit-Wigner resonances.>> The resonance
integral of '>2Gd in the RPI column used resonance
parameters from ENDF/B-VI1.8. The resonance integral of
154Gd is 16% larger than that calculated from the ENDF/
B-VILO resonance parameters. The contributions of '33Gd
to the elemental Gd capture resonance integral are more
than half, and their contribution is similar to that
calculated using the resonance parameters from ENDF/
B-VIL.O and RPI. The present parameters gave a
resonance integral value of 395 + 2 b, which is ~0.8%
higher and ~1.7% lower than that obtained with the
ENDF/B-VILO parameters and with the previous RPI
parameters, respectively.

VI. CONCLUSIONS

Resonance parameters were extracted from capture
data sets for Gd isotopes using the multilevel R-matrix
Bayesian code SAMMY. The analysis included Doppler
broadening, resolution broadening, and multiple scattering
correcting of capture data.

We observed 2, 169, 96, and 1 new resonances from

e 134Gd, '3°Gd, '37Gd, and '73Gd isotopes, respectively.

TABLE VIII
Calculated Capture Resonance Integrals for Gd Isotopes in the Energy Range from 0.5 eV to 20 MeV
Capture Resonance Integral (b) Percent Change (%)
Isotope Abundance (%) Present ENDEF/B-VII.O RPI ENDEF/B-VII.O RPI
152Gd 0.20 560 560 476 0 +18
154Gd 2.18 252 + 8 217 261 + 16 — 4
155Gd 14.80 1535 £ 9 1539 1570 — 0.3 — 23
156Gd 20.47 102 + 2 108 104 — 6 -2
157Gd 15.65 776 £ 6 753 789 + 3 -2
158Gd 24.84 70 £ 1 68 71.5 + 3 -2
160Gq 21.86 73 £ 0.1 8.2 7.66 — 11 -5
nalGgd — 395 £ 2 392 402 +0.8 —1.7
NUCLEAR SCIENCE AND ENGINEERING VOL. 180 MAY 2015
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Because the present measurements did not support their
existence, 11 resonances from the '5°Gd isotope, 1
resonance each from the '3’Gd and '>3Gd isotopes, and
6 resonances from the '°°Gd isotope listed in ENDF/B-
VII.O have been discarded.

The resulting resonance parameters were used to
calculate the capture resonance integral in the energy
region from 0.5 eV to 20 MeV. The capture resonance
integrals were compared to the resonance integrals
obtained using the resonance parameters from ENDF/B-
VIILO and the previous RPI results. The present parameters
gave a resonance integral value of 395 + 2 b, which is
~0.8% higher and ~ 1.7% lower than that obtained with
the ENDF/B-VII.O parameters and with the previous RPI
parameters, respectively.
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