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Abstract—The electron linear accelerator facility at the Rensselaer Polytechnic Institute was used to
explore neutron interactions with molybdenum in the energy region from 10 eV to 2 keV. Neutron capture
and transmission measurements were performed by the time-of-flight technique. Resonance parameters
were extracted from the data using the multilevel R-matrix Bayesian code SAMMY. A table of resonance
parameters and their uncertainties is presented. Two transmission measurements were performed at a
flight path of 25 m with a °Li glass scintillation detector. The neutron capture measurements were per-
formed at a flight path of 25 m with a 16-segment sodium iodide multiplicity detector. Nine different
thicknesses of elemental molybdenum metal samples ranging from 0.051 mm (0.002 in.) to 6.35 mm
(0.250 in.) were measured in either capture or transmission. Reductions in resonance integrals were
observed when compared to ENDF/B-VILO0 for six of the seven stable isotopes. The largest reductions were
9% in °’Mo and 11% in '°Mo. The one measured increase in resonance integral relative to ENDF/B-VII.O
occurred in ® Mo, and it was significant (10%). The measured distribution of neutron widths for *> Mo and
9’Mo are a better match to a Porter-Thomas distribution than those of ENDF/B-VII.0O. Neutron strength
functions for >Mo and °” Mo were measured and compared to ENDF/B-VILO. The strength of *Mo and
97Mo are within uncertainties of each other. The measured radiation width distribution for *> Mo and *” Mo
are compared to those of ENDF/B-VILO and to x? distributions. Significant aspects of this analysis are the
assignment of radiation widths, the determination of the transmission resolution function, and the propa-
gation of experimental uncertainties into resonance parameter uncertainties.

1. INTRODUCTION other alloys. It can be used in nuclear reactor fuel, espe-
cially at a high temperature and in nanoscale reactant

Molybdenum has many uses in the field of nuclear  particles for superalloys. Thus, its nuclear properties are
energy including heat pipes and condenser tubes. It is  important for reactor applications.

used in high-strength, low-corrosion stainless steel and The purpose of the present work was to determine
resonance parameters for elemental molybdenum that
*E-mail: leinwg @rpi.edu are an improvement over the current molybdenum
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evaluations. Relevant prior molybdenum measurements
include those of Weigmann et al.,! Wynchank et al.,?
and Musgrove et al.? Each of these references provided
resonance parameters in the energy region below 2 keV.
Wasson et al.* gave resonance parameters for °>Mo in-
cluding the two resonances, at 347 and 1860 eV, which
are reported here.

The current measurements were made with modern
detectors. Data from 10 eV to 2 keV were analyzed with
a state-of-the-art R-matrix resonance parameter analysis
code, SAMMY (Ref. 5). Because of molybdenum’s low
thermal cross section (<10 b), thermal data were not
taken. The largest resonances occurred at 45 and 131 eV.
Both transmission and capture data were employed in
the determination of the resonance parameters. Some gen-
eral information about natural elemental molybdenum is
given in Table I. Similarities in binding energy often
dictate similar efficiencies for detecting neutron capture
gamma rays. Capture detector efficiency is discussed in
Secs. II.B and IV.G. The range of previously assigned
radiative widths is given in Table I, and it is the most
difficult resonance parameter to extract from transmis-
sion and capture data. The determination of radiative
widths is discussed in Sec. IV.F. All references to ENDF
in this paper refer to ENDF/B-VILO (Ref. 6) unless ex-
plicitly stated otherwise.

II. EXPERIMENTAL CONDITIONS

II.A. Overview

Table II gives some details of the experimental con-
ditions including neutron targets, overlap filters, LINAC
pulse repetition rate, flight path length, and channel

widths. The neutron energy for a detected event is deter-
mined using the time-of-flight (TOF) technique. The nom-
inal resolution of these measurements was 1.8 ns/m for
transmission and 3.9 ns/m for capture. Descriptions of
the detectors,”® data acquisition,”® and neutron-producing
targets'%!! used in these experiments are available in the
references.

Two epithermal transmission measurements and one
neutron capture measurement were performed at the
electron linear accelerator facility at Rensselaer Poly-
technic Institute (RPI). The first transmission experi-
ment was performed in 1995. This experiment was
designed to measure the resonance parameters of mo-
lybdenum below 200 eV. The second transmission ex-
periment was performed in 2004 and measured
resonances up to 2 keV. The measurements included
uranium samples used to characterize the resolution func-
tion of the detector system. The neutron capture exper-
iment was performed in 1995 to measure resonances up
to 600 eV. Above 600 eV scattered neutrons begin to
appear in capture data.'?

Table III lists the sample thicknesses and the mea-
surements made with these samples. The uncertainties in
sample thickness were propagated from multiple mea-
surements of sample weight and diameter. The diameter
measurements were the dominant component of the un-
certainties. All of the samples were elemental metals
with the natural abundances given in Table 1. All sam-
ples were mounted in aluminum sample cans. The thick-
ness of aluminum on each of the front and rear faces of
each sample was 0.38 mm. The influence of these sam-
ple cans, as well as all background, was measured by
including empty sample cans in all measurements. Back-
ground in transmission measurements is discussed in
Sec. II.B.1.

TABLE 1
General Information About Elemental Molybdenum from ENDF
Abundance Binding Minimum I, Maximum T, Number of
(Atom Energy ENDF ENDF Resonances Resonance Energies
Isotope Fraction) (MeV) (meV) (meV) 10 to 2000 eV (eV)
92Mo 0.1484 8.07 304 425 347, 1860
%Mo 0.0925 7.37 140 140 1500
%Mo 0.1592 9.15 145 310 51 See Table IV
(all but 1 =200)
(all but 4 =180)
%Mo 0.1668 6.82 83 136 6 113, 131, 420, 969, 1269, 1498
(all T, = 136 meV
except at 131 eV)
°"Mo 0.0955 8.64 120 225 65 See Table IV
%Mo 0.2413 5.93 71.8 143 9 12, 402, 430, 468, 613, 819, 1124,
1529, 1927
100Mo 0.0963 5.40 46 104 11 97, 364, 507, 536, 787, 1071, 1263,
1407, 1700, 1769, 1941
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I1.B. Capture Detector

The capture detector is a gamma detector containing
20 € of NaI(Tl) divided into 16 optically isolated seg-
ments.”® The scintillation crystals form an annulus around
the neutron beam with the sample at its center. The neu-
tron beam was collimated to a diameter of 4.76 cm. Neu-
trons 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 sys-
tem discriminates against the 478-keV gamma ray from
9B (n; a,y) reactions. The efficiency of the capture de-
tector is ~75% for a single 2-MeV gamma ray. The effi-
ciency of detecting a capture event in molybdenum is close
to 100% and varies slightly by isotope and sample thick-
ness. This effect was quantified and described in Sec. IV.G.
Reference 7 contains a description of the detector and its
signal-processing electronics.

1I.C. Transmission Detectors

Neutron transmission measurements were conducted
at the 25-m flight station. The 2004 measurement uti-
lized a 12.70-cm (5-in.)-diam, 1.27-cm-thick °Li glass
scintillator housed in a lighttight aluminum box and cou-
pled to two photomultiplier tubes (PMTs) that are out of
the neutron beam. The details of this detector design are
given in Ref. 13. The measurement with this detector
covered the range of incident neutron energies from 10
to 2000 eV. The dead time of the 2004 transmission mea-
surement was 1.8 us.

The detector used for the 1995 transmission mea-
surement was built by Bicron with a GS-20 lithium glass
scintillator containing 6.6% Li enriched to 95% °Li. The
glass was 1.27 cm thick and ~12.7 cm in diameter. It
was coupled via a quartz diffuser to a PMT. Data from
this detector were limited to 10 to 200 eV because of
resolution deterioration due to neutron scattering from
the in-beam photomultiplier. The dead time for this mea-
surement was 0.6 us (Ref. 7). The 1995 measurement is
described in Chapter 7 of Ref. 14.

Transmission samples along with empty sample hold-
ers, which are used to measure the open-beam count rate,
are mounted on an eight-position computer-controlled
sample changer. Each data run consists of one complete
cycle through the samples, with a predetermined number
of LINAC bursts for each sample position. The distribu-
tion of bursts per sample position is chosen to minimize
the counting statistical error in the measured cross
section.!’

III. DATA REDUCTION

III.A. Capture Data

Neutron capture data-taking and data-reduction tech-
niques at the RPI LINAC are described in Refs. 16 and
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TABLE IIT
Elemental Metal Molybdenum Samples
Nominal Thickness | Atomic Density | Uncertainty
(mm) (atoms/b) (atoms/b) Measurements
0.051 3.088E—042 1IE—07 Capture 10 to 600 eV
0.127 7.897E—04 1.6E—06 1995 transmission 10 to 200 eV, capture 10 to 600 eV
0.254 1.642E—03 2E—-06 1995 transmission 10 to 200 eV, capture 10 to 600 eV
0.508 3.259E—03 4E—06 Capture 10 to 600 eV
0.635 4.077E—03 4E—-06 1995 transmission 10 to 200 eV
1.27 8.160E—03 8E—06 1995 transmission 10 to 200 eV
2.54 1.649E—02 2E—-05 1995 transmission 10 to 200 eV, 2004 transmission 10 to 2000 eV
5.08 3.142E—02 3E—-05 1995 transmission 10 to 200 eV
6.35 3.958E—02 3E—-05 2004 transmission 10 to 2000 eV

aRead as 3.088 X 1074,

17. For this epithermal measurement of metal samples,
background was determined using empty aluminum sam-
ple cans.

Processed capture data are expressed as yield. Yield
is defined as the number of neutron captures per neutron
incident on the sample. Therefore, in addition to the sam-
ple data, another set of data was needed to determine the
energy profile of the neutron flux. This was done by
mounting a 2.54-mm-thick, 97.9 wt% enriched '°B,C
sample in the sample changer and adjusting the total
energy threshold to record the 478-keV gamma rays from
neutron absorption in !'°B. These flux data are corrected
for transmission through the boron sample. The mea-
sured flux was smoothed using a 51-point Savitzky-
Golay'® filter. The smoothed data gave the shape of the
flux but not its magnitude. Therefore, the flux was nor-
malized to transmission data as described in Sec. IV.D.

The zero TOF was fitted indirectly through molyb-
denum resonance energies to the zero TOF in the 2004
transmission measurement.

The capture yield Y; in TOF channel i was calculated
by

Y, = - (1)

where

C; = dead-time-corrected and monitor-normalized
counting rate of the sample measurement

B; = dead-time-corrected and monitor-normalized
background counting rate

K = product of the flux normalization factor and
efficiency

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

NUCLEAR SCIENCE AND ENGINEERING

This capture yield and its associated statistical un-
certainty provided input to the SAMMY data analysis
code’ that extracted the neutron resonance parameters.
Systematic components of resonance parameter uncer-
tainties are discussed in Sec. IV.I.

The flux-to-background ratio in the capture experi-
ment rises from 180 at 12 eV to 320 at 45 eV, and to 400
at 100 eV. The flux-to-background ratio then remains
constant at about 400-to-1 out to 600 eV. The flux-to-
background ratio is worse at low energies because of
absorption in the 1/v cross section of the boron overlap
filter.

111.B. Transmission Data

The transmission, which is approximately the ratio
of the count rate with a sample in the beam to the count
rate with samples removed, is given by Eq. (2):

T = (Cis — KsB; — Bs) )
l (CiO —KoB; — Bo) ’

where
T; = transmission in TOF channel i

C?,CP = dead-time-corrected and  monitor-
normalized counting rates of the sample
and open measurements in channel i,
respectively

B; = unnormalized, time-dependent background
counting rate in channel i

Bg, Bp = steady-state background counting rates
for sample and open measurements,
respectively

Ks, Ko = normalization factors for the sample and
open background measurements.

VOL. 164 MAR. 2010
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The zero TOF was determined by fitting 238U reso-
nances from a depleted uranium sample included in the
2004 transmission measurement.

III.B.1. Transmission Background

The 2004 transmission measurement consisted of two
molybdenum samples (2.54 and 6.35 mm), two depleted
uranium samples, 13.2 and 4.83 mm, and the open beam.
A 6.35-mm-thick sodium filter was placed in the beam
throughout the measurement. This filter leaves a notch
in the TOF spectrum by removing neutrons scattered by
the strong 2.8-keV resonance, which was used to normal-
ize the TOF-dependent background. The TOF-dependent
background in the molybdenum data was determined from
three saturated resonances. Those resonances are at 45
and 131 eV in molybdenum, and the fixed sodium notch
is at 2.8 keV. The open-beam background was assumed
to have the same functional shape as the molybdenum
background. It was normalized to the background at the
fixed sodium notch at 2.8 keV, which was in place for all
open-beam measurements.

The TOF-dependent background for the two ura-
nium samples in the 2004 measurement was fitted from
five saturated resonances. They were at ~6, 21, 36, and
190 eV in uranium plus the fixed sodium notch at 2.8 keV.
The uranium data provide information about the flight
path, time zero, and resolution function.

The background determination for the 1995 trans-
mission measurement is described in Ref. 14.

The signal-to-background ratio for the 2004 trans-
mission measurement was 10 at 10 eV, 16 at 45 eV, and
18 at 100 eV. The ratio remained constant at 18 up to
2000 eV. The signal-to-background ratio for the 1995
transmission measurement was 4 at 20 eV, 16 at 45 eV,
peaked at 32 at 110 eV, and gradually decreased to 28 at
200 eV. Reference 14 describes the determination of the
time-dependent background for the 1995 transmission
measurement.

IV. RESULTS

IV.A. Resonance Parameters

Resonance parameters, neutron width I}, radiation
width I, and resonance energy E, were extracted from
the capture and transmission data sets using the SAMMY
version 7 multilevel R-matrix Bayesian code.’ This was
a combined transmission and capture analysis, which
employed the experimental resolution and Doppler-
broadening, self-shielding, and multiple-scattering fea-
tures of SAMMY. The resulting resonance parameters of
natural molybdenum are listed in Table IV. In Table IV
resonance parameters and their uncertainties are given

2004 Transmission
o
~
1

> 2.54 mm Mo
7777777 SAMMY calc
—+ 6.835 mm Mo
7777777 SAMMY calc

T T T T T T T T
o 500 1000

1995 Transmission

0.127 mm Mo
0.254 mm Mo
0.635 mm Mo
1.27 mm Mo
2.54 mm Mo
5.08 mm Mo
SAMMY calc

Capture Yield

(Energy, eV)

0.051 mm Mo
0.127 mm Mo
0.254 mm Mo
0.508 mm Mo
~~8AMMY calc

Fig. 1. Overview of all of the data that were analyzed. Neutron transmission and capture data, and SAMMY fits. Data from
three experiments utilizing 12 sample thicknesses were analyzed. Resonance parameters are given in Table IV. (a) Molybdenum
transmission data taken in 2004. (b) Molybdenum transmission data taken in 1995 whose analysis ends at 200 eV where the
resolution function has been characterized. (c) Neutron capture yield data whose analysis ends at 600 eV where contamination

from scattered neutrons is minimal.
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TABLE IV
Resonance Parameters for Molybdenum Compared with ENDF/B-VII.0 Parameters
E AE EgnpF L, AT, I, ENDE L, AT, L. EnDF
eV) (eV) (eV) | (meV) (meV) | T, Source | (meV) | (meV) (meV) (meV) A | 1| @J
12.070 = 0.001 12.10 120 + 30 AVG 120 0.0309 = 0.0002 0.029 B |p| —L5
44.644 = 0.001 4490 | 181.9 £0.7 FIT 150 173.7 £ 0.4 171.429 95 | s 3.0
70.839 = 0.001 70.92 140 £+ 20 AVG 130 18.86 £ 0.07 20.160 97 | s 2.0
79.5 £0.1 79.55 ENDF 120 0.16 = 0.05 0.220 97 | p| —1.0
97.34 £0.02 97.20 69 £7 AVG 80 0.17 £ 0.01 0.180 100 | p | —L5
108.5 £ 0.1 108.80 ENDF 188 0.11+0.03 0.160 9% [ p| —0.5
109.2 £ 0.1 109.58 ENDF 210 0.37 £0.10 0.440 97 | p| —10
110.2 £ 0.1 110.40 ENDF 310 0.25 = 0.06 0.320 95 |p| —1.0
113.29 £ 0.02 113.40 ENDF 136 0.42 £0.02 0.451 9% [ p | —0.5
117.87 £ 0.08 117.80 ENDF 200 0.21 £0.03 0.180 95 |p| —20
127.01 £0.10 126.89 ENDF 210 0.52 £ 0.09 0.400 97 | p| —1.0
131.171 £ 0.002 13140 | 854 +£04 FIT 83 259.8 £0.6 326.000 9 | s 0.5
136.22 £ 0.05 136.32 ENDF 210 0.45 = 0.05 0.800 97 | p| —4.0
159.365 = 0.005 159.50 170 £ 40 AVG 166 13.82 £0.10 12.857 95 | s 3.0
209.5 £0.2 209.98 ENDF 210 0.5x0.1 0.733 97 | p| —4.0
217.88 = 0.05 217.90 ENDF 180 1.02 = 0.09 0.867 95 |p| —40
227.42 £ 0.08 227.58 ENDF 210 1.7£0.2 2.057 97 | p | —3.0
2333 £0.2 233.33 ENDF 210 0.6 = 0.1 0.566 97 | p| —3.0
2457 £0.2 245.80 ENDF 180 0.6 £0.2 0.600 95 |p| —20
248.0 £0.1 247.91 ENDF 210 1.1+£0.2 1.067 97 | p| —4.0
263.6 £ 0.1 263.80 ENDF 180 0.9+0.2 1.200 95 | p| —3.0
267.90 = 0.01 268.02 120 = 30 AVG 162 14703 14.571 97 | s 3.0
285.855 £ 0.006 286.03 1356 FIT 162 105 £1 72.000 97 | s 2.0
311.77 £ 0.04 312.07 120 = 30 AVG 162 8.6+ 0.4 8.571 97 | s 3.0
3209 £0.2 321.12 ENDF 210 1.1£0.3 1.267 97 | p| —4.0
330.8 £ 0.1 331.40 ENDF 180 1.5+0.2 2.267 95 | p| —4.0
346.87 £ 0.03 347.00 ENDF 304 7.6 £0.3 7.900 92 | s 0.5
352.54 £0.05 352.71 ENDF 210 8.6 0.6 7.714 97 | p| —3.0
358.420 £ 0.005 358.30 150 £2 FIT 145 2222 274.286 95 | s 3.0
363.924 = 0.006 363.70 561 FIT 70 604 £ 3 640.000 100 | s 0.5
380.79 £ 0.10 380.91 ENDF 210 5.9+0.6 5.143 97 | p| —3.0
396.99 £ 0.01 397.16 140 £ 10 FIT 162 70 £ 1 64.286 97 | s 3.0
401.44 = 0.05 402.00 120 = 30 AVG 120 1.38 £ 0.08 1.620 9B |p| —L5
4174 £ 0.5 418.20 ENDF 180 1.2+0.5 1.200 S |p| —20
419.06 = 0.05 420.00 ENDF 136 59+0.3 6.060 9% | p| —05
429.203 £ 0.007 430.00 1135 FIT 123 67.5+0.8 73.400 98 |p| —05
457.5+0.3 457.30 ENDF 210 22=£0.5 2.040 97 | p| —2.0
467.454 £ 0.007 468.00 | 88.5*+0.7 FIT 96 782 £3 759.000 98 | s 0.5
469.70 ENDF 180 94285 | 95| p | —3.0
505.09 = 0.03 505.45 160 £ 20 FIT 162 75+£2 74.400 97 | s 2.0
506.65 = 0.04 507.40 90 = 50 AVG 80 4.0x09 4.400 100 | p | —0.5
528.9 £0.7 528.34 ENDF 210 1.2£0.6 1.286 97 | p| —3.0
5337 £04 533.81 ENDF 210 35+1.0 3.857 97 | p | —3.0
5358 £0.2 536.10 90 = 50 AVG 80 4.2 +0.6 4.200 100 | p | —0.5
548.3 £0.2 548.25 ENDF 210 43+£0.7 3.857 97 | p| —3.0
554.29 = 0.01 554.40 182+ 6 FIT 150 146 £2 132.000 95 | s 2.0
557.83 = 0.01 558.43 119+£3 FIT 152 473 £5 514.286 97 | s 3.0
564.1 £ 0.6 564.06 ENDF 210 22+0.8 2.229 97 | p| —3.0
568.0 £0.3 568.00 ENDF 210 5+1 5.743 97 | p| —3.0
571.2£0.2 571.97 ENDF 210 7T£2 6.720 97 | p| —20
579.5 £0.8 578.52 ENDF 210 1.1+£0.5 1.133 97 | p| —4.0
596.7 £ 0.8 595.70 ENDF 180 0.7+0.3 0.720 95 [ p| —3.0
612.25 = 0.09 613.00 120 £ 10 FIT 143 60 = 1 65.800 98 |p| —05
629.7 £ 0.1 630.00 ENDF 180 20£2 24.000 95 | p| —2.0
(Continued)
NUCLEAR SCIENCE AND ENGINEERING VOL. 164 MAR. 2010
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TABLE IV (Continued)
E AE EgnpF L, AL, I, ENDE L, AT, L. EnDF

eV) (eV) (eV) (meV) (meV) | T, Source | (meV) | (meV) (meV) [ (meV) A [ ]
653.1+£0.6 653.16 ENDF 210 2.0+0.8 1.800 97 | p | —4.0
661.4 =0.2 661.60 170 = 40 AVG 150 9+1 15.429 95 | s 3.0
675.70 = 0.03 676.32 220 = 50 FIT 225 312+7 330.000 97 | s 3.0
680.37 £0.02 680.70 210 £40 FIT 145 900 = 20 711.429 95 | s 3.0
6944 £ 0.4 694.68 ENDF 210 11+3 15.000 97 | p| =20
699.4 + 0.5 700.74 ENDF 210 5+£2 6200 | 97 | p| —4.0
700.7 = 0.7 702.80 ENDF 180 2.0+09 2.486 95 |p| —30
708.2 £0.3 708.30 ENDF 180 49+09 8.933 95 | p| —40
745.4 + 0.5 745.50 ENDF 180 8+3 11.000 [ 95 [ p | —1.0
769.9 = 0.2 769.80 170 = 40 AVG 150 141 24.000 95 | s 3.0
784.1 = 0.6 787.40 90 = 50 AVG 80 5+£3 5.800 | 100 [ p | —0.5
786.03 + 0.04 786.48 120 + 30 AVG 162 300 + 7 402.857 | 97 | s 3.0
809.6 £ 0.9 809.20 ENDF 210 4+2 4.800 97 | p| =20
817.76 £ 0.03 819.00 120 £ 30 FIT 103 59 +1 68.000 B |p| —L5
862.5+0.2 862.50 140 £ 20 AVG 162 38+4 61920 | 97 | s 2.0
898.65 £ 0.05 898.40 140 = 50 FIT 175 3216 318.000 95 | s 2.0
906.3 £ 0.7 905.68 ENDF 210 7+2 6.667 97 | p| —4.0
932 +1 932.10 ENDF 180 5+£3 7.000 | 95| p| —1.0
954 + 1 956.50 ENDF 180 3£1 3.000 S |p| —10
968.4 + 0.8 969.00 ENDF 136 24+09 2.750 9% [p| —0.5
976.0 = 0.8 975.14 ENDF 210 13+4 17.040 97 {p| —20
980.7 = 0.2 980.70 180 =10 AVG 150 36 £4 44.400 95 | s 2.0
1008.5 + 0.3 1008.2 140 £+ 20 AVG 162 60 £ 20 84.000 97 | s 2.0
1008.9 + 0.5 1011.1 ENDF 180 8+4 8400 | 95| p | —4.0
1024.8 £ 0.1 1025.0 170 = 40 AVG 150 80 +4 94.286 95 | s 3.0
1036.1 £ 0.5 1035.7 ENDF 180 7+2 8.800 95 |(p| —40
1051.3 £ 0.7 1051.7 ENDF 188 62 6.100 9 [ p| —05
1062.8 £ 0.8 1059.2 ENDF 180 52 7.886 95 |p| —30
1069.17 = 0.10 1070.7 70 £ 40 FIT 104 64 £2 65.000 [ 100 [ p | —1.5
1107.87 £ 0.10 1108.7 120 = 70 FIT 137 470 =10 336.000 97 | s 2.0
1122 =1 1122.5 ENDF 180 3+1 2.667 95 | p| —40
11222+ 0.2 1124.0 120 + 30 AVG 120 9.5+0.8 10.400 B |lp| —15
1133.7 £ 0.6 1133.4 140 = 20 AVG 162 22+6 73.440 97 | s 2.0
1145.0 £ 0.1 1144.6 160 £+ 80 FIT 173 224 £ 8 300.000 95 | s 2.0
11732+ 0.5 1170.5 ENDF 180 11+£3 13733 [ 95 | p | —4.0
1176.7 £ 0.5 1176.4 140 = 20 AVG 162 52+9 109.200 97 | s 2.0
1194.2 ENDF 210 6.333 97 | p| —4.0
1203.7 £ 0.1 1203.4 140 + 70 FIT 150 144+ 6 112.286 | 95 | s 3.0
1249.6 £ 0.1 1248.8 130 = 60 FIT 150 1240 = 20 454.286 97 | s 3.0
1260.4 £ 0.2 1263.0 69 £7 AVG 89 47+ 3 50.000 [ 100 | p | — 1.5
1271 +1 1269.0 ENDF 136 1.1+£0.5 2240 | 96 | p| —05
1271.6 £ 0.7 1270.4 120 = 30 AVG 162 20£5 50.229 97 | s 3.0
12909 £ 0.4 1293.1 120 £ 30 AVG 162 21+ 8 37.286 97 | s 3.0
1293 + 1 1296.9 ENDF 180 8+4 9429 | 95| p| —3.0
1319 =1 1317.6 140 = 20 AVG 162 19+7 77.160 97 | s 2.0
1333.4 £ 0.5 1333.5 ENDF 210 26 £ 8 36.667 97 | p| —4.0
13409 £ 0.3 1340.7 ENDF 180 49 £ 6 39.429 95 |(p| —30
1364 =2 1360.6 ENDF 180 7£3 7.200 S |p| —20
1365.0 £ 0.5 1364.3 120 + 30 AVG 162 48 £ 8 65.143 97 | s 3.0
1375.6 £ 0.6 1375.4 ENDF 210 13+£6 9.771 97 {p| —30
1384.6 £ 0.2 1386.7 ENDF 180 9+4 9.943 95 |p| —30
1398.6 = 0.7 1398.0 ENDF 210 11£5 12.000 97 | p| —3.0
1404.3 £0.2 1407.4 56 £1 AVG 46 107 £ 7 116.000 | 100 | s 0.5
1418.7 £ 0.2 1419.3 140 = 70 FIT 146 420 £ 20 531.429 95 | s 3.0
1423.4+ 0.5 1425.2 120 + 30 AVG 162 50 £ 10 111.429 97 | s 3.0

(Continued)
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TABLE IV (Continued)

E AE EgnpF L, AL, I, ENDE L. AT, [ ENDF

evV) (eV) (eV) (meV) (meV) | I, Source | (meV) | (meV) (meV) (meV) A l ]
1441+ 1 1437.0 ENDF 180 8+3 13.371 95 |p | —30
1453.1 ENDF 210 12.533 97 | p | —4.0
1493 +£ 2 1485.0 ENDF 210 10+ 4 10.114 97 | p | —3.0
1496.1 = 0.2 1495.5 180 =10 AVG 150 330 £ 20 102.000 95 | s 2.0
1498.4 £ 0.3 1498.0 ENDF 136 10£5 10.100 9% | p| —05
1526.4 + 0.2 1529.0 70 £+ 30 FIT 71.8 1390 + 30 1280.000 98 | s 0.5
1534.8 £0.2 1534.2 150 = 70 FIT 150 1570 = 60 498.000 97 | s 2.0
1542.4 £ 0.2 1541.8 140 = 60 FIT 140 1420 + 30 1100.000 94 | s 0.5
1553 £ 2 1554.2 ENDF 210 12£5 11.600 97 | p | —1.0
1570.0 ENDF 180 10.2857 95 | p| —3.0
1575.2 £ 0.6 1576.8 ENDF 180 9+4 8.914 95 | p| =30
1589.6 + 0.2 1589.5 180 + 90 FIT 188 360 + 10 245.143 95 | s 3.0
15973 £0.2 1596.4 140 = 20 AVG 120 70 £ 20 216.000 97 | s 2.0
1630 = 2 1628.4 ENDF 210 8+4 17.280 97 | p | =20
1664 + 1 1660.4 ENDF 188 6+2 6.200 94 [ p| —15
1677.6 £ 0.4 1677.4 180 =10 AVG 150 120 £ 10 120.000 95 | s 2.0
16954 +£0.4 1699.0 160 = 20 FIT 162 110 =10 114.857 97 | s 3.0
1697.5 + 0.3 1700.4 69 £ 7 FIT 69 150 £ 10 180.000 100 | p| —1.5
1704.1 ENDF 180 36.7 95 | p| =30
1713.0 £ 0.3 1712.5 140 + 20 AVG 162 390 £+ 30 252.000 97 | s 2.0
1740.7 ENDF 210 24.800 97 | p | —40
1766.2 £ 0.4 1766.1 190 = 90 FIT 183 330 += 80 348.857 95 | s 3.0
17679 £ 0.4 1769.5 90 £ 50 FIT 89 220 = 60 21.000 100 | p | —0.5
1789.1 £ 0.5 1788.0 ENDF 180 40 += 20 74.400 95 |p| —20
1795.5 £0.3 1795.0 ENDF 210 3010 36.067 97 | p | —4.0
1834 £ 2 1835.9 ENDF 210 12+£5 11.743 97 | p | —3.0
1842 =1 1841.7 ENDF 180 24 £ 7 25.867 95 | p | —40
1853.3 ENDF 180 4.2667 95 | p| —40
1864.8 + 0.8 1860.0 ENDF 425 22 +4 23.800 N2 |1p| —15
1868 = 2 1865.0 ENDF 210 12+5 12.000 97 | p | —40
1868 = 2 1870.9 ENDF 210 40 = 20 36.000 97 | p| —1.0
1903.8 ENDF 210 54.000 97 | p | —4.0
1921+ 1 1925.1 ENDF 180 182 30.857 95 |p| —30
1927.5+0.3 1927.0 120 £ 30 AVG 120 11+4 11.000 B |p| —15
1934 + 1 1931.5 140 = 20 AVG 162 50 £ 20 219.600 97 | s 2.0
1937.3 £0.3 1941.1 60 £ 30 FIT 56 920 + 40 1010.000 100 | s 0.5
1942.8 £ 0.3 1940.8 120 £ 30 AVG 162 40 = 20 214.286 97 | s 3.0
1949.7 £ 0.3 1950.2 170 + 90 FIT 172 910 + 30 468.000 95 | s 2.0
1959.5 £ 0.4 1961.3 ENDF 180 18 £10 18.400 95 | p| —40

and compared to ENDF/B-VIIL.O. The column labeled
“A” (the 11th column in Table IV) gives the atomic num-
ber for the isotope containing the resonance. The column
labeled “1” (the 12th column in Table IV) gives the an-
gular momentum state of the resonance, s-wave or p-wave.
Some small resonances were not fitted, and their param-
eters are listed for ENDF/B-VII only.

Three experiments were performed to resolve molyb-
denum resonances between 10 eV and 2 keV as described
in Sec. II.A. An overview of the results is shown in Fig. 1.
Figure 1 shows data and calculated curves, using SAMMY.
It illustrates the level structure and the multiple experi-
ments and sample thicknesses used to determine the res-

NUCLEAR SCIENCE AND ENGINEERING

onance parameters. Overall, 12 samples were measured
in transmission and capture. The 1995 transmission mea-
surement utilizing “thin” molybdenum samples was ana-
lyzed only between 10 and 200 eV where the resolution
function was fitted and the thin samples were well suited
to this region of strong molybdenum resonances.'*

The two strongest, low-energy resonances of moly-
bdenum occur at 45 and 131 eV. The latter is shown in
Fig. 2. The resonance is narrower than suggested by
ENDF. ENDF/B-VIL.8 was a slightly better match than
ENDEF/B-VIIL.O.

Both capture and transmission data have been fitted
to a single set of resonance parameters in the region

VOL. 164 MAR. 2010
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Fig. 2. Experimental data near the 131-eV resonance in
molybdenum. (a) Molybdenum transmission data taken in 2004.
(b) Molybdenum transmission data taken in 1995. (c) Neutron
capture yield data. The resonance is narrower than suggested
by ENDF. ENDF/B-VI.8 was a slightly better match to the
data than ENDF/B-VII.

below 600 eV. Neutron capture data were analyzed only
below 600 eV to minimize the effect of scattered neu-
trons getting captured in the sodium iodide. The Monte
Carlo—calculated fraction of scattered neutrons that pen-
etrate the liner and enter into the Nal is ~5% at 600 eV
(Ref. 12). An example of the fits in this region is given in
Fig. 3 for the 360-eV doublet. The second resonance of
the doublet is narrower than suggested by ENDF. An-
other example is given in Fig. 4 for the 467-eV reso-
nance. In this strong resonance the measured resonance
widths are minor modifications from ENDF/B-VIIL.O.
However, the measured resonance energy agrees better
with ENDF/B-VLS.

In the 600 to 2000 eV energy region, resonance pa-
rameters were fitted exclusively to the two thick molyb-
denum samples, 2.54 and 6.35 mm thick, measured in
transmission in 2004. Thick uranium samples, 13.2 and
4.83 mm thick, were included in the measurement to
determine the resolution function, time zero, and flight
path length.

Improvements to resonance parameters were evi-
dent throughout the energy spectrum. The 2004 moly-
bdenum transmission data in the region of the 1255-eV
doublet are shown in Fig. 5. The first resonance in
the doublet is stronger than suggested by ENDF.
The second resonance is a refinement of the ENDF/
B-VII resonance parameters. Our measurements con-
firm the existence of the molybdenum resonance at
~1404 eV, which is included in ENDF/B-VII.O but not
in ENDF/B-VL.8. A triplet of resonances at 1535 eV
is shown in Fig. 6. This region is an excellent example
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Fig. 3. Experimental data near the 360-eV doublet in molybdenum. The 358-eV resonance ENDF/B-VII resonance param-
eters are unchanged from ENDF/B-VLS8. The second resonance of the doublet is narrower than suggested by ENDF. The RPI
resonance parameters were a result of a combined fit to all the data sets shown here.
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Fig. 4. Experimental data near the 467-eV resonance in molybdenum. ENDF/B-VIIL.O appears to be an improvement over
ENDF/B-VI.8 in terms of resonance widths. However, ENDF/B-VI.8 made a better match to the resonance energy.
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Fig. 5. 2004 molybdenum transmission data in the region
of the 1255-eV doublet. The first resonance in the doublet is
stronger than suggested by ENDF. The second resonance is a
refinement of the ENDF/B-VIIL.O resonance parameters. The
two ENDF curves correspond to the 6.35-mm Mo thickness.
Yet the ENDF curves lie closer to the thin sample data near the
1249.6-eV resonance. The 6.35-mm Mo data and the corre-
sponding SAMMY fit display a larger neutron width. This
resonance and the one at 1534.8 eV, shown in Fig. 6, are the
primary reason why the °”Mo neutron strength function shown
in Table VIII is larger than that of ENDF/B-VII.O.

of where width assignments of overlapping reso-
nances were improved over those of ENDF/B-VII. This
triplet has a different set of widths than those given by
ENDF.
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Fig. 6. 2004 molybdenum transmission data in the region
of 1535 eV. There are three resonances between 1525 and 1545
eV. The SAMMY curve is a much better fit to the data than
ENDF because the middle resonance at 1534.8 eV is much
stronger relative to ENDF. This resonance contributes to the
larger °’Mo neutron strength function shown in Table VIII.

IV.B. Details of the SAMMY Analysis

Energy regions over which each sample has been
fitted are given in Table III. Thin samples were mea-
sured in 1995 to characterize the strong resonances
below 200 eV. The 2004 measurement used thick mo-
lybdenum samples to emphasize the smaller resonances
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up to 2000 eV. Two thick uranium samples were also
included in the 2004 measurement to characterize the
transmission resolution function, which is more impor-
tant at high energies.

Background was not fitted during the SAMMY analy-
sis. Background was accounted for in the data process-
ing (see Sec. III) of each sample’s counting spectrum
before they were divided into transmission and capture
yield. Normalization was not varied in transmission fits.
Capture normalization was fitted to transmission data
using the method described in Sec. IV.D.

The present measurements assumed the same spin
assignments as ENDF/B-VIIL.O for all resonances ana-
lyzed. Resonance parameters of the two bound level
resonances of Mo were not varied. The temperature used
in the fits was 293 K, and no external R-function was
employed. Distant resonances were represented by in-
cluding all of the resonances present in the ENDF file.

All of the molybdenum samples were produced from
the same batch of material. The impurities are listed in
Table V. The only significant contaminant in the sam-
ples was tungsten. The quantity of elemental tungsten
was fit to the 18.8-eV resonance in the thickest molyb-
denum samples. The resulting abundance was 61 ppm
tungsten. The other impurities listed in Table V were
identified by chemical analysis. Only the tungsten con-
tent was included in the SAMMY analysis.

1V.C. Nuclear Radii

The nuclear radii used in the present analysis for
molybdenum are taken from ENDF/B-VII. ENDF/B-
VII nuclear radii fit the transmission data between reso-
nances significantly better than those in ENDF/B-VL.8.

The radii that were used for penetrabilities and phase
shifts were calculated using Eq. (3) (Refs. 5 and 6):

a=123XAWRI'?+0.8 , (3)

where a is in fm, and AWRI is the ratio of the atomic
weight to the mass of the neutron.

When the nuclear radii of molybdenum were fitted
to the 6.35-mm-thick molybdenum transmission data, the

TABLE V

Impurities in the Molybdenum Samples

Impurity ppm Impurity ppm
w 61 Mg <10
C 20 Mn <10
Fe 14 Ni <10
Al <10 Pb <10
Ca <10 Si <10
Cr <10 Sn <10
Cu <10 Ti <10
NUCLEAR SCIENCE AND ENGINEERING VOL. 164 MAR. 2010

resulting nuclear radii were not statistically significantly
different from ENDF/B-VII.

IV.D. Capture Flux Normalization

The neutron flux measurement for the capture exper-
iment was described in Sec. III.A. The flux was normal-
ized to all of the 2004 transmission data using the
following procedure:

1. Molybdenum neutron widths were fitted to all of
the transmission data. Radiation widths were fixed to
ENDF/B-VIIL.O values.

2. Capture yield normalization was fitted using the
transmission-derived neutron widths for all resonances
between 10 and 600 eV.

3. Molybdenum resonance parameters were fitted
to both transmission and capture data.

This iterative process converged on the set of reso-
nance parameters and the capture flux normalization.

IV.E. Resolution Function

Resolution broadening refers to the combined ef-
fects of the LINAC electron burst width, the mean free
path of a neutron in the moderator, the TOF channel
width, and the effect of the detector system. The resolu-
tion function was characterized in SAMMY as a Gauss-
ian distribution in time plus an exponential tail. The width
of the electron burst and the channel widths are given in
Table II. The width of the exponential tail of the distri-
bution was fitted to be 60 ns from depleted uranium
capture measurements.'? For transmission the width of
the exponential tail was fitted to the two depleted ura-
nium samples (4.83 and 13.2 mm thick) included in the
2004 transmission measurement. The width varied from
90 ns at 100 eV to 30 ns at 2 keV. This variable exponen-
tial width was included in all SAMMY fits to moly-
bdenum transmission. The flight path for the 2004
transmission measurement was fitted to the two de-
pleted uranium samples and found to be 25.596 =+
0.007 m. The capture flight path length was indirectly
derived from the 2004 depleted uranium transmission
data. The capture flight path length was fitted to
transmission-derived molybdenum resonances. The cap-
ture flight path length was 25.58 = 0.02 m. The 1995
transmission measurement utilized the RPI resolution
function option in SAMMY. The burst width and chan-
nel width components of the resolution function used in
the analysis of the 1995 RPI transmission measurement
are given in Table II. The detector used in that measure-
ment, a single-PMT in-beam °Li glass detector, is de-
scribed in Table B.1.1 of Ref. 19.

IV.F. Radiation Width Determination

For very low-energy resonances, where the resolu-
tion width is minimal, the radiation width can be derived
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directly from the measured width of the resonance. At
higher energy, radiation widths can be determined when-
ever a resonance includes a significant quantity of scat-
tering. A criterion of I, /I, < 5 was chosen in Ref. 13 to
reflect sensitivity of a resonance to the value of the ra-
diation width. Whenever I, /T, < 5, radiation widths
were extracted from the transmission and capture data.
But, for resonances whose I, /T), ratio was greater than
five, both measurements effectively measure the same
quantity, I},. For these mostly capture resonances, nei-
ther transmission nor capture data contain sufficient ra-
diation width information. These resonances were
assigned an average radiation width, which was deter-
mined in the following way.

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 (I’ ) if
they met all of the following criteria:

1. The capture-to-scattering ratio I, /T, was <5.

2. Thin and thick transmission data or transmission
and capture data were taken at the resonance energy.

3. The resonance was not a minor member of a mul-
tiplet, i.e., a shoulder on a larger resonance.

Each (I,) was an inverse-variance-weighted average ra-
diation width.

The radiation widths and uncertainties in Table IV
were taken directly from the combined transmission and
capture fit using SAMMY with the following exception:
If a resonance did not meet all of the three criteria listed

above and an (T,) was available, then that (T, ) would be
assigned for the radiation width. The sixth column in
Table IV, labeled I, source, designates whether the I, in
the table was fitted from the data (FIT), fixed to an av-
erage value (AVG), or fixed to the ENDF/B-VIIL.0 value
(ENDF).

The (I,) and A(I,) values that are cited throughout
Table IV whenever “AVG” appears in the “I’, source”
column are presented in Table VI. They were determined
from measured resonances that were sensitive to the value
of the radiation width. They were determined from res-
onances meeting the three criteria and applied to those
that did not meet the criteria. The A(T,) values listed in
Table VI were defined as the standard deviation of the
distribution of SAMM Y-fitted radiation widths for reso-
nances of a particular isotope, orbital angular momen-
tum, and spin, which met the three criteria listed above.
As noted in Table VI, some of the (I,) values came from
a single resonance. The lone s-wave resonance in *°Mo
occurs at 131 eV. This resonance is very distinct in many
sample thicknesses as shown in Fig. 2. Therefore, the
AT, for this resonance is very small, 1 meV. There were
no p-wave data that were sensitive to the value of radi-
ation width for **Mo, Mo, *°Mo, and °’Mo. For **Mo,
%Mo, and °’Mo, the p-wave A(T,) was assumed to be
the same as the s-wave A(I,) when assigning AT, values
in Table IV.

1V.G. Isotopic Differences in Capture
Detector Efficiency

In neutron capture measurements, the efficiency of
the detector system is different for each isotope. Prelim-
inary resonance parameter fits were performed with the
assumption of equal efficiency for each isotope. After

TABLE VI
Measured Average I', and Their Uncertainties for Molybdenum
Angular
Momentum Average I, Uncertainty in I,
Isotope and Spin (meV) (meV) Comment
92 All Unknown Unknown No data
94 S 140 60 Single resonance at 1542 eV
95 s2* 180 10 Based primarily on 554-eV resonance
s3* 170 40 Based primarily on 45- and 358-eV resonances
96 S 85 1 Single resonance at 131 eV
97 s2* 140 20 Based primarily on 286- and 505-eV resonances
s 3t 120 30 Based primarily on 397- and 558-eV resonances
98 S 89 1 Based on 467-eV resonance
pi- 110 10 Two resonances at 429 and 612 eV
p3- 120 30 Single resonance at 8§18 eV
100 S 56 1 Based primarily on 364-eV resonance
p - 90 50 Single resonance at 1768 eV
p3- 69 7 Based primarily on 1697-eV resonance
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Fig. 7. Relative capture detector efficiencies for the mo-
lybdenum isotopes. The neutron separation energy, or binding
energy (BE), of a neutron in each isotope is noted. One would
expect higher efficiency when more gamma energy is avail-
able for detection. The error bars come from the SAMMY
calculation.

capture flux normalization was determined by the itera-
tive process described in Sec. IV.D, a subsequent nor-
malization was done near strong, isolated resonances for
a particular molybdenum isotope to obtain isotope-
specific relative capture efficiencies. The resulting rela-
tive capture detector efficiencies are shown in Fig. 7.
The error bars shown in Fig. 7 came from the SAMMY
calculations. These efficiencies were used in the SAMMY
fits of final resonance parameters shown in Table IV.

The neutron separation energy, or binding energy, of
a neutron in each isotope is noted on Fig. 7. Higher bind-
ing energy implies more gamma energy available for
detection. There is no clear trend of efficiency with bind-
ing energy. But, three of the four isotopes with binding
energy >6.0 MeV lie above 1.0 relative efficiency while
one of two isotopes with binding energy <6.0 MeV lies
below 1.0.

IV.H. Resonance Integrals

Infinitely dilute capture resonance integrals (RIs) have
been calculated from Eq. (4):

20 MeV dE
RI=f o,(E) — , (4)
0 E

.5 eV
where

o, (E) = capture cross section in barns, Doppler
broadened to 293 K

E = energy (eV).

The cross section was calculated from the resonance pa-
rameters shown in Table IV. Above 2 keV ENDF/B-
VII.O cross sections were used. The resonance integrals
were calculated using the NJOY (Ref. 20) and INTER

NUCLEAR SCIENCE AND ENGINEERING VOL. 164

TABLE VII

Resonance Integrals for the
Molybdenum Isotopes in Barns*

Percent
Molybdenum Change
Isotope ENDF/B-VII RPI (%)
92 0.968 0.95 £0.01 -2
94 1.46 1.37 £ 0.09 -6
95 110 121 +1 +10
96 17.5 17.07 £ 0.06 -2
97 17.5 16.0 £ 0.7 -9
98 6.56 6.39 = 0.05 -3
100 3.85 3.44 +0.03 —11

MAR. 2010

*The RPI values were calculated from the measured res-
onance parameters shown in Table IV using the NJOY (Ref. 20)
and INTER (Ref. 21) programs. The uncertainties in reso-
nance integrals were calculated using resonance parameter un-
certainties from Table IV and the method of Barry.!? The percent
change of RPI relative to ENDF/B-VILO0 is also presented.

(Ref. 21) programs. The results are shown in Table VII
in units of barns. For six of seven isotopes the resonance
integral is smaller than ENDF’s. The exception was *>Mo,
whose resonance integral was measured as 10% larger
than ENDF. Molybdenum-95 and °’Mo were the iso-
topes containing the most resonances. The largest reduc-
tions relative to ENDF were 9% in °’Mo and 11% in
190Mo. The number of resonances in each isotope is shown
in Table I. The uncertainty in the resonance integrals
was calculated by differentiating R/ with respect to res-
onance parameters according to the error propagation
formula and treating o, (E) as a sum of single-level Breit-
Wigner resonances. '3

IV.1. Statistical Properties
of the Resonance Parameters

All measurements were made with natural samples,
so all isotope assignments were taken from ENDF/B-
VII. Therefore, there is no additional information in this
measurement regarding average level spacing.

Statistical distributions of reduced neutron widths
were investigated for the two isotopes with the most res-
onances, *>Mo and ®”Mo. The reduced neutron widths
were divided by the unweighted average reduced neu-
tron width for each isotope and J value. These unitless
ratios for both J values in Mo and Mo were plotted
as a cumulative distribution in Fig. 8 and compared to a
,\/2 distribution with one degree of freedom, i.e., the Porter-
Thomas distribution. ENDF/B-VII neutron widths were
processed in the same way and also plotted on Fig. 8.
Three observations were made regarding the neutron
width distributions as follows:
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Fig. 8. Cumulative distribution of reduced neutron widths
for Mo and ®’Mo, a combined total of 44 resonances. Each
reduced neutron width has been divided by an unweighted
average reduced neutron width, (I'°) specific to its isotope and
J value. The solid curve is the expected Porter-Thomas distri-
bution based on 44 resonances. The RPI neutron widths match
the theory above an ordinate of 0.45.

1. The RPI neutron widths are a better match to the
theory of a Porter-Thomas distribution than those of
ENDF.

2. According to the theory several s-wave reso-
nances exist but are not observable below our minimum
measurable width.

3. If about four of the weakest s-wave resonances
are actually misassigned p-waves, the data with small
neutron widths would fall on the Porter-Thomas curve.

Neutron strength functions S, were measured for the
two isotopes with the most resonances, *>Mo and °’Mo.
The measured values are compared to those of ENDF/
B-VIL.O and the Atlas of Neutron Resonances®? in
Table VIII. The RPI values were determined from 18
resonances in ®> Mo and 26 resonances in °’Mo. The un-
certainty given in Table VIII was based on a quadrature
sum of the SAMM Y-propagated uncertainties given in
Table IV. The neutron strength for the two odd-mass
nuclei with the same J7r are within statistics of each
other. However, the two references do not show such a
similarity between the ®>Mo and °’Mo nuclei. The strength
function for °’Mo is larger than that of ENDF/B-VILO
primarily because of the observation of two resonances,
1249.6 eV shown in Fig. 5 and 1534.8 eV shown in Fig. 6,
which are much stronger than suggested by ENDF. In
Fig. 5 the two ENDF curves correspond to the 6.35-mm
Mo thickness. Yet the ENDF curves lie closer to the thin
sample data near the 1249.6-eV resonance. The 6.35-mm
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TABLE VIII

Neutron Strength Function, Sy, for the Two Isotopes
with the Most Resonances, Mo and *’Mo*

SO 95MO S() 97MO
RPI 0.436 = 0.009* 0.438 + 0.0052
ENDF/B-VII 0.45 0.37
Atlas of Neutron 0.47 £0.17 0.33 = 0.08
Resonances??

*The RPI values are the present measurements of 18 “>Mo
resonances and 26 °”Mo resonances. The ENDF/B-VII value
is from the header block of the online data file and does not
include uncertainties. The units of strength function are 10™% X
meV~(1/2),

2The uncertainty is a quadrature sum of the SAMMY-
propagated errors given in Table I'V.

Mo data and the corresponding SAMMY fit display a
larger neutron width, which contributes to the larger *’Mo
neutron strength function shown in Table VIIL. The curves
in Fig. 6 lead to a similar observation. There are three
resonances between 1525 and 1545 eV. The SAMMY
curve is a much better fit to the data than ENDF because
the middle resonance at 1534.8 eV is much stronger rel-
ative to ENDF. This resonance also contributes to the
larger °’Mo neutron strength function shown in Table VIIL

Statistical distributions of radiation widths were in-
vestigated for the two isotopes with the most resonances,
%Mo and °’Mo. The cumulative distribution is shown in
Fig. 9. Only resonance data sensitive to the value of [,
based on the criteria of Sec. IV.F, were included in the
analysis. The radiation widths were divided by the
weighted average radiation width for each isotope allow-
ing data from the two isotopes to be combined. The
weighting factors were determined from the uncertain-
ties listed in Table I'V. These unitless radiation width-to-
average ratios were compared to y? distributions with
various degrees of freedom. The best fit was a y? distri-
bution with 67 degrees of freedom. The data agree rea-
sonably well with the theory for multiple exit channels.
ENDF/B-VII.O radiation widths for the same resonances
are also plotted on Fig. 9. The average radiation widths
for each isotope used to process the ENDF/B-VIIL.O val-
ues were unweighted since no uncertainty information is
provided in ENDF. The best-fit cumulative x? distribu-
tion to their values had 129 degrees of freedom.

1V.J. Components of Resonance
Parameter Uncertainties

The components of resonance parameter uncertainty
were background, capture flux normalization, resolution
function, time zero, sample thickness, burst width, flight
path length, and isotopic differences in capture detector
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Fig. 9. Cumulative distribution of radiation widths for res-
onances in *>Mo and °’Mo whose data were sensitive to the
value of I, . There were 11 such resonances in %Mo and 9 in
9Mo. Each T, value was divided by the weighted average
value for that isotope allowing data from the two isotopes to be
combined. The data are plotted as the square root of these
ratios in order to make the plot more compact. The solid curve
is the best fit to the data cumulative y? distribution with 67
degrees of freedom. The dashed curve is the best fit to ENDF/
B-VILO cumulative y? distribution with 129 degrees of freedom.

efficiency. They were propagated into resonance en-
ergy and neutron width uncertainties through use of the
Propagated Uncertainty Parameters (PUP) feature in
SAMMY (Ref. 5). Radiative widths were treated in the
same way whenever the ratio of capture-to-scattering I, /
I,, was <5. The determination of radiative widths and
their uncertainties was described in Sec. IV.F. The result-
ing resonance parameter uncertainties are given in
Table IV.

The uncertainty in transmission background was de-
rived from molybdenum and uranium data in saturated
resonances. The uncertainty in capture background was
due, in part, to quantifying the activation of Nal from
scattered neutrons.

The capture flux normalization was based on molyb-
denum fits to transmission data in an iterative process
described in Sec. IV.D. The uncertainty in the flux nor-
malization that was propagated in the resonance param-
eters was based on the convergence criterion of that
process.

The resolution function parameters used in SAMMY
to analyze the 2004 molybdenum transmission data were
fitted to uranium transmission data included in the same
measurement (Sec. IV.E). The uncertainties in the reso-
lution parameters from that fit were propagated into the
subsequent resonance parameter fits to the 2004 moly-
bdenum transmission data. The uncertainties in the res-
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olution function parameters for 1995 capture and
transmission measurements were taken from an earlier
evaluation.'”

The time zero values were derived from the 2004
uranium transmission data. The uncertainties in the time
zero values that were propagated into the subsequent
resonance parameter fits were based on comparisons to
measurements of the gamma burst produced at the be-
ginning of each LINAC pulse. The flight path lengths
were based on fits to uranium resonances. The uncer-
tainty in the flight path length propagated through to the
resonance parameters was based on the differences be-
tween the two uranium samples, the SAMMY error on
each fit, and the difference from previously fitted values
for the same experimental configuration.

Sample thickness uncertainties are given in Table III.
They were propagated into the final resonance param-
eters. Measurements of the gamma burst produced at the
beginning of each LINAC pulse were fit with a Gaussian
to determine the width and uncertainty in the width of
the burst in units of time. Isotopic differences in capture
detector efficiency were discussed in Sec. IV.G. The un-
certainties used in the analysis of resonance parameters
came directly from the SAMMY fits.

V. DISCUSSION AND CONCLUSIONS

Transmission and capture data were measured and
analyzed. Resonance parameters of elemental molybde-
num were extracted. The original features of this mea-
surement and analysis were in its treatment of radiation
widths, their uncertainties, and uncertainties in general.
This measurement establishes a state-of-the-art refine-
ment of the resonance parameters given in ENDF/B-
VIL.O. SAMMY fits to multiple data sets and sample
thicknesses from a single set of resonance parameters
are shown in Figs. 2 through 6. The uncertainties in the
resonance parameters of many of the larger resonances
have been improved compared to Ref. 22. In the energy
region between 10 and 600 eV, where transmission and
capture data were taken, the uncertainties of the reso-
nance parameters of five of the strongest resonances (44.6,
131, 358, 363, and 467 eV) were reduced compared to
Ref. 22. For the four strong resonances at 681, 1526,
1535, and 1542 eV (see Fig. 6), uncertainties in the neu-
tron widths were reduced compared to Ref. 22. Above
600 eV, where only transmission data were available,
uncertainties in radiative widths were not reduced com-
pared to Ref. 22. But, the current estimates of radiation
width uncertainties were based upon the conservative
method described in Sec. IV.F. This method addressed
the issue of insensitivity of transmission data to radia-
tion widths. Rather than relying on fitted results to data
that contained very little radiation width information, a
method was developed to determine accurate radiation
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widths of a few sensitive resonances where measured
radiation width information was found in the data. These
data determined average radiation widths that were then
assigned to the insensitive resonances. A distribution of
radiation widths was determined for each isotope, and
where data were available, for each orbital angular mo-
mentum and spin (total angular momentum); see Table VI.
The standard deviation of each distribution was used as
the uncertainty on the average radiation width.

The determination of experimental background is a
crucial task in any resonance parameter analysis. Molyb-
denum and uranium samples thick enough to provide
several saturated resonances gave detailed information
about the background in each measurement. A fixed so-
dium notch was used to provide a definitive background
point near the maximum energy of this analysis.

A proper definition of the resolution function was
another critical component of the accurate determination
of resonance parameters. The uranium data provided valu-
able information about the resolution function in trans-
mission. A time-dependent exponential tail component
of the transmission resolution function was implemented
in the SAMMY analysis.

This detailed uncertainty information for back-
ground, resolution function, etc., was used with the PUP
feature of the SAMMY code to propagate all known
sources of uncertainty into the final results.

Reductions in resonance integrals were observed
when compared to ENDF/B-VILO for six of the seven
stable isotopes. The largest reductions were 9% in *’Mo
and 11% in 'Mo. The one isotope whose resonance
integral was found to be larger than ENDF was signifi-
cant; the ®Mo resonance integral was 10% larger than
that of ENDF/B-VIL.0.

The distributions of reduced neutron widths for > Mo
and °’Mo were compared to those of ENDF/B-VIL0 and
to the theoretical Porter-Thomas distribution. Several very
weak resonances are expected to exist that have not been
identified by the present measurements or by ENDF/B-
VILO. If a few of the weaker resonances were p-waves
rather than s-waves, the agreement with the Porter-
Thomas distribution of level widths would improve.

Neutron strength functions for Mo and *’Mo were
measured and compared to ENDF/B-VIIL.0 and Mughab-
ghab.?? The strength of *>Mo and °’Mo are within un-
certainties of each other. This agrees with our intuition
that two isotopes with odd-mass and the same J7r should
have similar neutron strengths. However, it represents a
departure from ENDF/B-VIL.O and Mughabghab?? in
which Mo has a significantly smaller strength. Two
resonances are most responsible for the larger °’Mo neu-
tron strength, those at 1249.6 and 1534.8 eV.

The cumulative distribution of radiation widths for
Mo and Mo were compared to those of ENDF/B-
VIL.O and to the y? distribution. Only those resonances
whose measured data contained radiation width informa-
tion were included in the distribution. The best fit to
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these data was a y? distribution with 67 degrees of free-
dom. The best-fit y? distribution to the ENDF/B-VIL0
distribution of radiation widths for the same resonances
had 129 degrees of freedom.
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