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Resonance parameters for neutron interactions with
evaluated. The parameters are the result of a compilation of experimental data available in the literature
together with a least squares adjustment to transmission data obtained at the time-of-flight facility GELINA.
The experiments were performed at a 50 m transmission station using a °Li glass scintillator as neutron detector
and metallic samples of natural Mo with a thickness of 2 mm and 5 mm. The REFIT code was used to adjust
the resonance parameters, i.e. resonance energy and strength.

92,94,95.96.97.98,100Mo in the energy region below 5 keV were

1. Introduction

Cross sections for neutron interactions with molybdenum are im-
portant for a broad range of scientific and technological applications
ranging from nuclear astrophysics to nuclear power plant safety.

Molybdenum is found as a pollutant in pre-solar silicon carbide
grains and has a crucial role in stellar nucleosynthesis in Asymptotic
Giant Branch (AGB) stars [1].

In a nuclear reactor, molybdenum is produced as a fission product.
It plays a role in criticality safety studies based on a burnup credit
approach [2]. In addition, the use of molybdenum for the production
of Accident Tolerant Fuel (ATF) is under study [3] and molybdenum is
considered a promising candidate for new generation research reactors
based on UMo alloys with Low Enriched Uranium (LEU) [4].

Although several experimental data sets for neutron interaction
with Mo isotopes are reported in the literature, cross sections in the
main evaluated nuclear data libraries are recommended with relatively
large uncertainties. In this work parameters of resolved resonances
for neutron interactions with 9294.95.96.97.98,100\[o were compiled from
experimental data reported in the literature. Transmission measure-
ments using metallic samples of natural molybdenum were performed
at GELINA to test and adjust these parameters.

2. Experimental data reported in literature
Cross sections for neutron interactions in the resolved resonance

region are parameterized by the R-Matrix formalism using individual
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resonance parameters [5]. For a non-fissile nuclide and for neutron
interactions below the threshold of inelastic scattering, charged particle
and fission reactions, a resonance is characterized by: the resonance
energy (E,), neutron width (I,), radiation width (I W) total angular
momentum of the final state (J) (also referred to as spin of the
resonance) and neutron-nucleus orbital angular momentum (/). An
accurate determination of these parameters requires a set of inde-
pendent experimental observables. In most cases, transmission and
radiative capture experiments are performed. From such measurements
the resonance strength K, = g I, and capture kernel K, = gI, I, /I’ can

. . . e _ 2J+1) .
be derived, with the statistical factor g = FIhaD defined by the

spin I of the target nucleus, the spin s = 1/2x of the incident neutron
and the total angular momentum J. In addition, the asymmetric shape
of the observed transmission profiles makes it possible to identify s-
wave resonances. When the width of the resonance profile is dominated
by the resonance width (Doppler and resolution broadening being
smaller), the resonance width can be derived from a resonance shape
analysis. In some cases, a shape analysis allows the spin assignment
by fitting data obtained with samples with different thicknesses. Spin
and parity assignments can also be derived from y-ray multiplicity and
spectroscopic measurements.

Extensive experimental campaigns at the time-of-flight facility
ORELA were carried out to determine resonance parameters for neutron
interactions with the 929810Mo isotopes. The main interest was in
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a study of non-statistical effects such as valence capture. Transmis-
sion experiments using samples enriched in 92Mo, Mo and 1°°Mo
were carried out at a 80 m flight path station by Wasson et al. [6],
Chrien et al. [7] and Weigmann et al. [8], respectively. Results of
capture experiments for energies above 3 keV using samples enriched
in 9294.95,96,97.98,100\o were reported by Musgrove et al. [9]. The mea-
surements were performed at a 40 m station applying the total energy
detection principle using CqF,-scintillators. In addition, y-ray spectro-
scopic measurements with a Ge-detector using samples enriched in
92Mo, %8Mo, and 1%°Mo were performed at a 10 m station for spin
assignments.

Experiments dedicated to spin and parity assignments of *+*Mo
and 9”Mo are discussed by Sheets et al. [10] and Walker et al. [11],
respectively. Spectra of y-rays following neutron capture reactions were
measured as a function of incident neutron energy with the DANCE
detector array at the Los Alamos Neutron Science Center.

Pevzner et al. [12] investigated resonance structured cross sections
for Mo isotopes by time-of-flight measurements with isotopically en-
riched and natural Mo samples at the neutron spectrometer in Dubna.
Transmission experiments were carried out at a 110 m station and
capture experiments at a 15 m station using a NaI(Tl) detector.

Capture cross section data for 929493-96.97.98.100\¢ using isotopically
enriched samples are presented by Weigmann et al. [13]. They result
from measurements that were performed at a 60 m flight path station
of the GELINA time-of-flight facility applying the total energy detection
principle using a Moxon-Rae detector. For the even °29496:98.100p[q
isotopes resonance parameters are reported up to about 5 keV, while for
the odd ?>*"Mo isotopes the upper energy is 2 keV. The average ratio
of the capture kernels of Weigmann et al. [13] and Musgrove et al. [9]
is 1.03 with a standard deviation of 0.2.

Results of transmission experiments using natural Mo samples and
samples enriched in ®>Mo and ®”Mo are discussed by Shwe and Coté
[14]. The measurements were performed at a 60 m and 120 m station
using the Argonne fast chopper.

Babich and Anufriev [15] reported results of transmission measure-
ments at a 90 m flight path with a chopper for *®Mo.

Transmission experiments at a 40 m and 200 m station using
"tMo samples of various thicknesses were carried out by Wynchank
et al. [16] at the Columbia University synchrocyclotron.

Wang et al. [17] reports results of transmission measurements using
natMo samples at a 10 m station of the POHANG facility.

Finally, Leinweber et al. [18] derived resonance parameters for
energies below 2 keV from results of transmission and capture ex-
periments at the RPI time-of-flight facility using "*Mo samples. The
transmission measurements were performed at a 25 m station and the
capture experiments at a 25 m station using a 16-segment Nal(Tl)
multiplicity detector.

According to the headers in the main evaluated data libraries,
there are two independent evaluated resonance parameters for Mo
isotopes, i.e. those of JENDL-3.3 [19] and JENDL-4.0 [20]. The pa-
rameters of JENDL-4.0 are taken over in JEFF-3.3 [21] and those of
JENDL-3.3 together with the compilation of Mughabghab [22] for “>Mo
are adapted in ENDF/B-VIIL.O [23]. All the recommended parameters
for Mo isotopes are based on a compilation of reported parameters:
i.e. resonance energy, resonance strength, and capture kernel. They
do not result from a combined simultaneous or sequential resonance
shape analysis of experimental transmissions or capture yields. The
experimental work that was used to derive the parameters in JENDL-
3.3 and JENDL-4.0 are specified in Table 1 for each isotope. The
main difference between JENDL-3.3 and JENDL-4.0 is the additional
transmission data of Wang et al. [17] in JENDL-4.0. At the time of
writing, JENDL-5 was officially released [24]. JENDL-5 adopts the same
resonance parameters as JENDL-4. The results of Leinweber et al. [18],
Sheets et al. [10] and Walker et al. [11] are not used in any of the
evaluated data projects.

In this paper all uncertainties are standard uncertainties quoted at
a 68% confidence level and are given in standard compact notation.
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Experimental data that were used to produce the resonance parameters recommended
in JENDL-3.3 [19] and JENDL-4.0 [20].

JENDL-3.3

JENDL-4

Wasson et al. [6],

Wasson et al. [6],

Mo Weigmann et al. [13], Weigmann et al. [13],
Musgrove et al. [9] Musgrove et al. [9]
Weigmann et al. [13], Weigmann et al. [13],
%Mo Musgrove et al [9], Musgrove et al. [9],
Wang et al. [17]
Weigmann et al. [13], Weigmann et al. [13],
%Mo Shwe and Coté [14] Shwe and Coté [14],
Wang et al. [17]
Weigmann et al. [13], Weigmann et al. [13],
%Mo Musgrove et al. [9] Musgrove et al. [9],
Wang et al. [17]
Weigmann et al. [13], Weigmann et al. [13],
97Mo Shwe and Coté [14] Shwe and Coté [14],
Wang et al. [17]
Weigmann et al. [13],
Weigmann et al. [13], Musgrove et al. [9],
%Mo Musgrove et al. [9], Chrien et al. [7],
Chrien et al. [7] Wang et al. [17],
Babich et al. [15]
Weigmann et al. [13], Weigmann et al. [13],
100 Musgrove et al. [9], Musgrove et al. [9],

Weigmann et al. [8]

Weigmann et al. [8],

Wang et al. [17]

3. Experiments at GELINA

Transmission experiments using natural Mo samples were per-
formed at the time-of-flight (TOF) facility GELINA. Details about the
accelerator and the neutron-producing target can be found in [25,26].
The measurements were performed at the 50 m measurement station
of flight path 4, which forms an angle of 9° with the normal of the face
of the moderator view in the flight path. The accelerator was operated
at 400 Hz. The moderated neutron spectrum was used. A shadow bar
made of Cu and Pb was placed close to the uranium target to reduce the
intensity of the y-ray flash and the fast neutron component. The samples
and detector were placed in an acclimatized room to keep them at a
temperature of 20 °C.

A permanent Co black resonance filter was used to continuously
monitor the background at 132 eV and to account for the impact of
the sample on the background [27]. Additional Na (2850 eV) and W
(21.1 eV) black resonance filters were included during short cycles to
estimate the background in the whole energy region. The neutron beam
passing through the sample and filters was collimated to a diameter of
about 4 cm and detected by a 6.35 mm thick and 101.6 mm diameter
NE912 Li-glass scintillator enriched to 95% in °Li. The scintillator was
connected through a boron-free quartz window to a 127 mm EMI 9823
KQB photomultiplier (PMT).

The TOF of a detected neutron was derived from the time difference
between the stop signal, obtained from the anode signal of the PMT,
and the start signal given at each electron burst. This time difference
was processed with a multi-hit fast time coder with a 1 ns time
resolution. The TOF and the pulse height of each detected event were
recorded in list mode using a multi-parameter data acquisition system
developed at the JRC Geel (BE). Details about the electronic set-up and
data acquisition system are given in [28].

Each measurement was subdivided in different cycles. Only cycles
for which the ratio between the total counts in the transmission detec-
tor and in the neutron monitor deviated by less than 1% were selected.
The dead time of the detection chain 7; = 3505 (10) ns was derived
from a spectrum of the time interval between successive events. The
maximum dead time correction was less than 20%. In Ref. [27], it has
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Table 2
Characteristics of the samples used for the transmission measurements at GELINA. The
areal density is determined with an uncertainty of 0.1%.

Thickness Areal density Weight

mm at/b 8

2 1.4136 (15) x 1072 114.320 (10)
5 3.5348 (35) x 1072 251.322 (25)

been demonstrated that uncertainties due to such dead time corrections
are very small and can be neglected.

The measurements were performed with ™Mo metallic samples of
two different thicknesses, i.e. 2 mm and 5 mm. The 5 mm sample was
obtained by stacking the 2 mm disk sample (diameter 80 mm) and six
0.5 mm thick foils (60 mm x 60 mm). The main characteristics of the
samples are reported in Table 2. The areal density of the samples was
derived with an uncertainty of 0.1% from a measurement of the weight
and the area. The area was determined by an optical surface inspection
with a microscope system from Mitutoyo [29].

The experimental transmission 7,,, as a function of TOF was ob-
tained from the ratio of a sample-in measurement C;, and a sample-out
measurement C,,,, both corrected for their background contributions
B;, and B,,, respectively:

Cin -K Bin
! Caut -K Bout

The TOF spectra C;, and C,, were corrected for losses due to
the dead time in the detector and electronics chain. All spectra were
normalized to the same TOF-bin width structure and neutron beam
intensity. The latter was derived from the response of the BF; beam
monitors. To avoid systematic effects due to slow variations of both the
beam intensity and detector efficiency as a function of time, data were
taken by alternating sample-in and sample-out measurements in cycles.
Such a procedure reduces the uncertainty of the normalization to the
beam intensity to less than 0.25%. This uncertainty was evaluated from
the ratios of counts in the °Li transmission detector and in the beam
monitors. To account for this uncertainty the factor N, = 1.0000 (25)
was introduced in Eq. (1).

The background as a function of TOF was approximated by an
analytic expression applying the black resonance technique [27]. The
factor K = 1.00 (3) in Eq. (1) was introduced to account for systematic
effects due to the background model. Its uncertainty was derived from
a statistical analysis of the difference between the observed black
resonance dips and the estimated background [30]. This uncertainty is
only valid for measurements with at least one fixed black resonance
filters placed in the beam [27]. The time-of-flight (r) of a neutron
creating a signal in the neutron detector was determined by the time
difference between the stop signal (7,) and the start signal (Tj):

T,

exp =

(€8]

t=(T;-Ty) +1, 2)

with 7, a time offset which was determined by a measurement of the
y-ray flash. The flight path distance L = 47.670 (8) m, i.e. the distance
between the center of the moderator viewing the flight path and the
front face of the detector, was derived from results of transmission
measurements using a uranium sample and the resonance energies for
8U+n [31].

The analytical function used for approximating the background was
a sum of a time-independent and three time-dependent components:

3

The time-independent component B, is related to the ambient back-
ground radiation and background contributions that lost any time cor-
relation. The first exponential term is due to the detection of 2.2 MeV
y-rays resulting from neutron capture in hydrogen present in the moder-
ator. The second exponential term originates predominantly from neu-
trons scattered inside the detector station. The third one is attributable

B(r) = By + B, (1) + B,(1) + BT0 ®)
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Fig. 1. Dead-time corrected TOF-spectra resulting from transmission measurements
with a 2 mm thick ""Mo sample-in measurement at the 50 m station of GELINA. The
total background together with the time independent and time dependent background
components are shown.
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Fig. 2. Dead-time corrected TOF-spectra resulting from transmission measurements
with a 5 mm thick "“Mo sample-in measurement at the 50 m station of GELINA. The
total background together with the time independent and time dependent background
components are shown.

to slow neutrons from previous accelerator cycles. This contribution
was estimated by an extrapolation of the TOF-spectrum at the end of
the cycle. The time shift 7, is the inverse of the accelerator frequency,
i.e. 7y = 2.5 ms for 400 Hz. The free parameters were derived from
the results of measurements with all the background filters in the
beam. The amplitude of the background was adjusted to the black
resonance dip at 132 eV due to the presence of the Co filter. The dead-
time corrected sample-in TOF-spectra together with the background
contributions resulting from the measurements with the 2 mm and
5 mm thick ™Mo samples and fixed Co black resonance filter in the
beam are shown in Figs. 1 and 2 respectively.

4. Recommended resonance parameters
4.1. Resonance parameters based on a compilation of literature data

The results from the experiments discussed in Section 2 were used
to construct an initial resonance parameter file for 9294.95.96.97.98,100p1¢
for energies below 5 keV. The resonance energies from Weigmann
et al. [13] were taken as a reference. The energies from Wynchank
et al. [16] and Musgrove et al. [9] were reduced by a factor 0.9995
and 0.9976, respectively.
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Fig. 3. Reduced neutron width of Mo resonances as a function of neutron energy
assuming all resonances are p-wave. The dashed line represents a possible separation
between s-wave and p-wave resonances. The resonances for which an s-wave assign-
ment is based on the asymmetry of the transmission profile are indicated with a circle
around the triangle symbol.

The capture kernels derived by Weigmann et al. [13] were com-
bined with those of Musgrove et al. [9] to cover an energy region up to
5 keV. For the *29%190Mo isotopes these kernels were analyzed together
with the ORELA transmission data of Refs. [6,7], and [8]. For the other
isotopes, the capture data were combined with the transmission data of
Wynchank et al. [16] and Leinweber et al. [18].

The parity (/ = 0 or 1) and spin assignments for °>°%190Mo of Wasson
et al. [6], Chrien et al. [7] and Weigmann et al. [8], respectively, were
adopted. For *+%Mo and °”Mo the assignments proposed by Sheets
et al. [10] and Walker et al. [11] were implemented. Additional spin
assignments for resonances with an energy below 1.5 keV were taken
from Shwe and Coté [14]. The remaining assignments were taken from
JENDL-4.0.

The parity assignments were verified based on the value of the
reduced neutron widths of p-wave resonances. This is illustrated in
Fig. 3, which plots for >Mo the reduced neutron width as a function
of neutron energy supposing that all resonances are p-wave resonances.
Resonances with a reduced neutron width Fnl below 350 meV can be
considered as p-wave resonances. This technique has been shown to
result in almost the same assignment as by applying the Bollinger and
Thomas [32] approach (see e.g. Refs. [33,34]).

When both the capture kernel K, = gI', I, /I" and resonance strength
K, = gI', were available, the capture width was obtained from:

1 KK,

r=-——=~-_
Y gKt_Ky (4)

The corresponding radiation width was adopted if the value devi-
ated by less than 50% from the average radiation width. If the deviation
from the average was more than 50%, the average width was preferred.
The average values were those that were used by Musgrove et al. [9]
to parameterize the average capture cross sections in the unresolved
resonance region by the Hauser-Feshbach formalism. They are given
in Table 3. When only the capture kernel was available, the average
radiation width was adopted and the neutron width was derived from:

r = I, K,

n_gfy_KV

(5)

The initial set of resonance parameters was verified using the results
of transmission measurements performed at GELINA by comparing the
experimental and theoretical transmission. For the theoretical estimate,
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Table 3
Average radiation widths for s- and p-wave resonances for neutron interactions with
92:94.959697.98,100Mo. The values were obtained by Musgrove et al. [9].

Average radiation width, I',/meV

2Mo %Mo 95 Mo %Mo 9 Mo 9% Mo 1007\
=0 160 135 150 114 130 93 85
=1 290 175 180 136 150 117 85

1 . | .
0.8
— 2mm natMo
—— JENDL4
g 0.6~ --- JENDL3.3 —
g —— Compiled RP
3 | |
g
=04 —
02— -
0 | | | |
68 70 72 74

Neutron energy / eV

Fig. 4. Comparison between experimental and theoretical transmission for the 2 mm
thick "“Mo sample in the region between 68 eV and 74 eV. The theoretical transmission
is calculated using the parameters in JENDL-3.3 (green), JENDL-4 (red), and the
compiled resonance parameters (blue). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the REFIT code [35] was used. This code, which is based on the
Reich-Moore approximation of the R-matrix formalism, accounts for
experimental effects such as Doppler broadening, self-shielding, scatter-
ing in the sample, and the response of the TOF-spectrometer. The code
also accounts for sample characteristics such as isotopic composition
and impurities. The free gas model with an effective temperature of
298 K was used to describe the Doppler broadening. The time-of-flight
response functions were obtained from Monte Carlo simulations. An
example of such a comparison is shown in Figs. 4, 5, 6, 7 and 8. These
figures clearly illustrate that based on a careful study of results reported
in the literature a better quality of resonance parameters is obtained
compared to the parameters that are at present recommended in the
main evaluated data libraries. Fig. 4 reveals a better agreement between
the experimental and theoretical transmission using the parameters rec-
ommended in JENDL-3.3 compared to those in JENDL-4. This suggests
problems with the parameters reported by Wang et al. [17].

4.2. Adjustment to GELINA transmission data

The initial set of resonance parameters was improved by adjusting
them in a least squares fit to the transmission data obtained at GELINA.
The results of such adjustments with REFIT are shown in Figs. 6, 7
and 8. The fits were performed by adopting the spin and parity of the
compiled file. Due to the presence of a permanent Co filter the param-
eters of the 132 eV resonance could not be adjusted. The resonance
energy and neutron width of about 50% of resonances were adjusted.
The adjusted parameters are listed in Table 4. The uncertainties of
the adjusted parameters were derived by propagating only counting
statistics uncertainties of the spectra in Eq. (1).

In the work of Weigmann et al. [13] an unresolved doublet structure
around 2050 eV was observed which was assigned to °>Mo. The doublet
was also resolved by Wynchank et al. [16] and the two resonances were
assigned to %>Mo. The parameters of these resonances were adjusted
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Fig. 5. Comparison between experimental and theoretical transmission for the 2 mm
thick ""Mo sample in the region between 605 eV and 620 eV. The theoretical
transmission is calculated using the parameters in JENDL-3.3 (green), JENDL-4 (red),
and the compiled resonance parameters (blue). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Comparison between experimental and theoretical transmission for the 2 mm
thick "“Mo sample in the region between 1505 eV and 1570 eV. The theoretical
transmission is calculated using the parameters in JENDL-3.3 (blue), JENDL-4 (cyan),
the compiled resonance parameters (green), and the adjusted resonance parameters
(red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

and the result is shown in Fig. 7. Another example of an improved
description of a doublet structure using the resonance parameters
obtained in this work is shown in Fig. 8.

A total of 11 unassigned resonances were observed. All these res-
onances were previously reported by Wynchank et al. [16]. For 5 of
them, the parameters were adjusted using a radiation width of 150
meV. The results of the fit together with the values of Wynchank
et al. [16] for the weaker resonances are reported in Table 5. An isotope
assignment for these resonances requires additional experiments with
isotopically enriched samples.

5. Conclusion

Resonance parameter files for 92949596.97.98,100\o were produced.
The files are the result of a combined analysis of experimental data
reported in the literature together with a resonance shape analysis of
transmission data resulting from measurements at the time-of-flight
facility GELINA using metallic samples of natural Mo.
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Table 4

Resonance parameters, i.e. energy, resonance strength, and radiation width, for molyb-
denum isotopes derived in this work. The capture kernels used to derive the radiation
width are given in the last column. The parameters with uncertainties between round
brackets are derived from a fit to the transmission data obtained in this work. The
resonance strength with uncertainties between square brackets are taken from literature

data.

el T,

Isotope Energy/eV J/h I/h  gI,/meV I',/meV T /meV
92Mo
346.93 (1) 1/2* 0° 82 2 160 7.7 [5]
1865.8 (5) 3/2° 1 43 [10] 290 45 [31]
2319 1 3/2° 1* 45 [6] 290 55 [4]
3060.0 (1) 172 1* 287 (12) 290 68 [5]
3170.08 (6) 1/2* 0* 9147 (73) 225 (23) 220 [22]
4285.98 (10) 3/2* 1° 1424 (36) 206 (32) 320 [38]
94MO
108.80 172 1 0.11 [3] 175 0.16 [2]
1051.70 3/2 1 6 [2] 175 6.0 [6]
1542.81 (1) 1/2* 0* 1647 (12) 135 (@14 125 [12]
1660.40 3/2 1 12 [4] 175 12 [2]
2176.78 (3) 3/2 1 964 (14) 143 (18) 220 [22]
3159.20 3/2 1 278.20 175 155  [18]
3571.40 3/2 1 440.32 175 195 [19]
3595.75 (7) 1/2* 0* 2940 (49) 153 (14) 145 [13]
4360.4 (1) 3/2 1 1509 (52) 157 (18) 260 [24]
4616.70 172* 0 514 [73] 192 (28) 140 [14]
49276 (20 172 1 1929 (67) 184 (17) 168 [14]
%Mo
44,6859 (9) 3 0* 994 (€))] 173 (21) 50 [31
110.50 1? 1*  0.06 [2] 180 0.09 [2]
118.00 22 1*  0.09 [11 180 0.13 [2]
159.403 (3) 3 0* 811 5) 150 7.5 [5]
21793 (4 2° 1*  0.85 6) 180 0.97 [8]
245.84 3? 1 0.25 [8] 180 0.24 [3]
263.59 22 0* 0.5 [11 180 0.81 [7]
33087 (7) 1 1 16 (€Y)] 180 1.7 [4]
358.499 (2) 3 0* 1314 (5 167 (21) 56 [4]
418.20 3? 1 0.5 [2] 180 0.51 [7]
469.70 22 0* 594 180 5.5 [4]
554.428 (7) 2° 0* 625 (O] 157 (30) 32 [3]
595.67 3? 1 0.4 [2] 180 0.4 [11
629.89 (5 2° 1* 91 @ 150 10.1  [6]
661.49 (8 3° 0 6.7 (©)] 150 8.2 [5]
680.572 (5) 3 0* 571 (@3] 137 (11) 70 [5]
702.77 1 1 1.2 [51 180 1.4 [2]
708.25 3 1 37 [51 180 6.3 [4]
745.46 3 1 2.0 [71 180 3.8 [3]
77015  (7) 3 1 115 (6) 180 12.0 [7]
89885 (1) 2° 0* 140 (€))] 170 (16) 47 [31
932.13 2¢ 1 1.2 [8] 180 1.7 [3]
956.50 4 1 0.8 [2] 180 0.8 [31]
980.74 (7) 2° 0* 189 (10) 150 18 [11
1011.10 2 1 6 [3] 180 5.9 [5]
1025.33 (4 3 0* 46 (€)) 150 38 [3]
1035.70 4 1 5 [2] 180 6.2 [5]
1059.20 2 1 3 [1] 180 4.4 [31
1122.30 1 1 2.2 [8] 180 2.0 [3]
1145.24 (2) 2 0" 104 2 198 (31) 46 [4]
1170.50 3 1* 8 [2] 180 9.3 [71
120397 (3) 3 0* 98 2 189 (31) 52 [4]
1296.90 3 1 5 [2] 180 5.2 [5]
1341.16 (10) 3* 1* 32 2 180 30 [2]
1360.60 3 1 3 [1] 180 2.9 [4]
1386.70 2 1 5 [2] 180 5.5 [5]
1419.25 (2) 3 0* 285 3 150 (18) 67 [6]
1437.00 2 1 5 [2] 180 7.2 [6]
14949 (1) 2 0* 65 @ 150 80 [71
1570.00 4 1 5.95 180 5.7 [4]
1576.80 3 1 5 [2] 180 5.0 [4]
1589.88 (3) 3" 0* 223 @ 147 (16) 62 [5]
16779 (1) 3 0* 57 3 150 49 [4]
1704.10 4 1 19.84 180 17 [11
1767.49 (3) 3 0* 387 ) 147 (15) 70 [6]
1788.00 4 1 17 [8] 180 24 [2]

(continued on next page)
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Table 4 (continued). Table 4 (continued).

Isotope  Energy/eV J/h 1/h  gI,/meV I,/meV % /meV Isotope  Energy/eV J/h  I/h gI,/meV I,/meV % /meV
1841.70 3 1 18 [5] 180 16 [1] 3284.35 (10) 1,2* 0* 15294 (86) 184 (28) 182 [27]
1853.30 3 1 3.19 180 3.1 [4] 3571.65 (4) 1/2 0 7252 (41) 103 (8 102 [8]
1925.10 3 1 10 [1] 180 15 [1] 3756 6) 3/2 1 184.69 136 110 [9]
1950.61 (3) 2° 0? 424 ) 145 (13) 53 [4] 4320.3 (@3] 172 0 500 (26) 88 (10) 75 [7]
1961.30 3 1 14 [8] 180 12.0 [9] 4412.10 3/2 1 127.91 136 87 [8]
2044.72 (5) 2 0 275 6) 150 4560.00 1/2 1 16 [16] 136 40 [4]
2050.44 (6) 2° 0? 239 6) 150 4941.90 172 1 20.75 136 18 [4]
21161  (6) 1 1 43 [14] 189 (75) 23 [2] Mo
2131.46 (6) 3 1 191 6) 181 (21) 68 [5] 70.8660 (10) 2% 0? 8.06 (€)) 127 (55) 7.0 [4]
2140.90 1 1 29 [9] 114 (38) 14 [1] 79.55 3 1 0.04 [1] 150 0.06 [2]
3125 2 4 1 79.41 180 50 [6] 109.58 12 1 0.09 [2] 150 0.11 [4]
3146.43 2 1 37.50 180 25 [3] 126.89 3 1 0.13 [2] 150 0.10 [4]
3166.9 2 4 1 1009 (66) 151 (20) 102 [12] 136.32 3? 1 0.34 [4] 150 0.57 [5]
3184.35 1 1 208.12 180 37 [5] 209.98 12 1 0.38 [8] 150 0.54 [5]
3209.28 3 1 8.66 180 8 [2] 227.58 3 1 1.0 [1] 150 1.26 [9]
3235.22 4 1 29.19 180 24 [3] 233.33 1 1 0.35 [6] 150 0.33 [5]
3250.7 ®) 3 0 141.04 150 54 [6] 247.91 3 1 0.8 [2] 150 0.78 [7]
3276.12 2 1 58.93 180 33 [5] 267.93 1) 3 0 87 1) 130 8.0 [5]
3279.6 4 1 1 504 (74) 150 (23) 35 [5] 285.907 (3) 24 0? 46.2 (€)) 110 (16) 23 [2]
3340.96 4 1 9.64 180 9 [2] 311.85 (€)) 3 0* 5.0 ) 130 5.1 [4]
3366.2 B 1 1 86 (11) 141 (25) 25 [3] 321.12 3 1 0.8 [2] 150 0.9 [1]
3392.84 1 1 16.36 180 12 [2] 352.51 6) 44 12 4.4 (€)) 150 4.2 [5]
3463.67 2 1 6.52 180 6 [2] 380.94 6) 2° 1 3.1 ) 150 2.9 [2]
3488.50 1 1 130 [6] 1499 (27) 29 [4] 397.063 (6) 3 0 429 “4) 119 (20) 26 [2]
3501.2 2 1 1 364 (16) 94 a4 22 [3] 457.30 3 1 0.9 [3] 150 0.8 [1]
3623.1 2 3 0 260 (15) 142 (21) 63 [7] 505.21 (@3] 27 0 326 6) 142 (27) 21 [1]
3673.16 1 1 56.25 180 25 [3] 528.45 2 1 0.7 [4] 150 21.0 [1]
3694.50 1 1 38 [38] 180 16 [3] 533.81 3 1 2.0 [6] 150 2.2 [2]
3723.7 n 2 0 685 (1) 132 (@17) 51 [6] 548.25 1 1 2.5 [4] 150 2.2 [2]
3756 1) 4 1 434.53 180 103 [12] 557.974 (4) 3? 0 291 ) 135 (11) 62 [4]
3809.83 2 1 42.19 180 27 [4] 564.06 1 1 1.3 [5] 150 1.3 [6]
3830.40 4 1 39 [39] 180 58 [7] 568.00 4 1 2.9 [6] 150 3.2 [4]
3866.40 4 1 31 [20] 180 37 [5] 571.97 1 1 2.9 [8] 150 2.7 [4]
3879.40 1 1 39 [31] 180 21 [3] 578.52 4 1 0.8 [4] 150 0.8 [1]
3921.57 1 1 3.21 180 3 [1] 653.16 2° 1 1.5 [6] 150 1.3 [2]
4009.35 4 1 30.68 180 25 [3] 675.873  (7) 3 0? 192 ) 130 78 [7]
4030.8 2 2 0 300 (200 141 (21) 49 [6] 694.68 4° 1 5 [1] 150 5.8 [4]
4105.12 4 1 49.09 180 36 [5] 700.74 3 1 4 [2] 150 4.4 [3]
4135.8 2 2 0 515 (24) 133 (18) 50 [6] 786.37 (€8] 3 0? 177 2 152 (15) 59 [4]
4191.91 4 1 56.84 180 40 [5] 809.20 4 1 1.7 [8] 150 1.9 [3]
4213.20 1 1 94 [41] 180 15 [2] 862.70 ) 27 0 24 1) 130 20 [1]
4227.83 4 1 5.19 180 5 [1] 905.68 1 1 5 [2] 150 4.7 [4]
4260.75 3 1 23.20 180 19 [3] 975.14 27 1 5 [2] 150 6.5 [5]
4281.70 1 1 12.86 180 10 [2] 1008.25 (7) 27 0 37 ) 145 (28) 23 [2]
4306.64 2 1 5.36 180 5 [1] 1108.30 (2) 3 0 215 (©)) 87 ®) 41 [3]
4383.5 4 3 0 282 (24) 154 (24) 68 [8] 1133.40 2 1 9 [3] 150 21 [1]
4394.7 4 3 0 263 (25) 139 (21) 62 [7] 1177.4 1) 2° 0 34 ) 130 27 [2]
4449.30 4 1 244.69 180 87 [11] 1194.20 4 1 4.69 150 4.5 [4]
4478.23 3 1 4.16 180 4 [1] 1250.04 (1) 3 0? 807 6) 121 (10) 65 [5]
4518.13 4 1 35.33 180 28 [4] 1271.7 2 2° 0 24 ) 130 20 [1]
4555.00 4 1 17 [17] 180 24 [3] 1293.50 27 1 12 [5] 150 16 [1]
4565.02 3 0 141.04 150 54 [7] 1317.60 4 1 27 [8] 150 22 [2]
4601.93 2 1 52.84 180 31 [4] 1333.50 3 1 20 [6] 150 20 [1]
4612.90 1 1 74.12 180 28 [4] 1365.7 (@3] 27 1 25 (©)) 150 24 [2]
4700.2 4 3 0 312 (26) 109 (18) 53 [7] 1375.40 3 1 8 [3] 150 5.3 [7]
4737.00 4 1 108 [43] 180 77 [9] 1398.00 2 1 6 [3] 150 6.5 [7]
4757.55 3 1 32.81 180 25 [4] 1425.0 1) 3? 0 45 ?) 130 32 [2]
4793.47 2 1 112.50 180 45 [6] 1453.10 1 1 10.99 150 8 [1]
4837.2 1 4 1 1851 (53) 165 (21) 116 [14] 1485.00 3 1 6 [2] 150 5.5 [7]
4921.16 2 1 14.29 180 12 [2] 1535.25 (2) 3? 0 598 ©) 104 (8 55 [4]
4948.10 4 1 47.25 180 35 [5] 1554.20 2 1 3 [1] 150 2.8 [5]

%Mo 1596.9 2 3 1 59 (&) 200 (55) 39 [3]
113.35 @2 172 1 0.45 2) 136 0.45 [4] 1628.40 3 1 3 [2] 130 6.6 [7]
131.40 172 0* 259.8 [6] 88 @) 66 [4] 1699.00 4 1 64 [10] 91 (19) 33 [2]
419.04 @3 172 1 5.8 2) 136 5.8 [4] 1713.24 (6) 3 0 205 6) 129 (13) 55 [4]
968.41 172 1 2.4 [9] 136 2.7 [4] 1740.70 2 1 19.91 150 15 [1]
1267.00 172 1 1.1 [5] 136 2.2 [3] 1795.00 3 1 22 [7] 150 20 [2]
1497.78 (8 1/2 1 79 “4) 136 9.4 [7] 1835.90 2 1 7 [3] 150 6.3 [8]
2088.9 1 172 1 69 “@ 136 7 [1] 1865.00 4 1 9 [4] 150
2363.14 (2) 1/2* 0° 4122 (23) 164 (16) 158 [15] 1870.90 1 1 10 [5] 150
2484.40 172 1 60 [24] 136 27 [2] 1903.80 3 1 38.84 150 27 [2]
2778.0 2) 172 1 119 (€)) 73 (11) 45 [4] 1931.50 2 1 21 [8] 130 36 [3]

1942.9 (€)) 3 0 64 @) 161 (41) 38 [3]

(continued on next page)
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Table 4 (continued). Table 4 (continued).

Isotope Energy/eV J/h I/h  gI,/meV I,/meV gi? /meV Isotope Energy/eV J/h I/h  gI,/meV I,/meV %’g/mev
3055.65 1 1 53.23 150 22 [3] 1404.47 (5) 1720 0° 112 3) 47  (6) 33 [3]
3070.61 4 1 14.70 150 13 [2] 1697.23 (4) 3/2 12 325 (6) 72 (9 100 [9]
3076.60 3 1 70.36 150 39 [5] 1767.8 4 172 1¢ 21 [2] 85 17 [2]
3114.1 (€] 3 0 133 (16) 140 60 [7] 1937.81 (3) 1/2* ©0° 1008 14 56 (6) 53 [5]
3125 2) 4 1 153.95 150 65 [8] 2061.70 1/2 1 6 [2] 85 6.0 [7]
3146.43 4 1 8.61 150 8 [1] 2420.89 (6) 3/2 1 516 (12) 56 (6) 92 [81]
3172.37 2 1 27.30 150 19 [2] 2630.9 @ 1720 0* 360 (13) 66 (7) 56 [5]
3184.5 2) 2 0 688 (42) 99 (13) 39 [5] 2663.00 1/2 1 12 [4] 85 11 [1]
3207.70 2 0 148 [53] 130 15 [2] 2951.60 3/2 1 42 [6] 85 39 [4]
3217.70 1 1 30 [30] 150 14 [2] 3006.64 (5) 1/2* 0* 1840 (26) 50 (5) 49 [5]
3244.20 3 1 27.63 150 21 [3] 3071.5 @ 172 1° 377 17) 51 (5) 45 [4]
3259.16 1 1 59.48 150 23 [3] 3260.80 3/2 1 137 [71 64 (13) 66 [71
3281.11 3 0 99.31 130 43 [5] 3536.00 3/2 1 52 [5] 85 42 [5]
3311.03 3 1 19.58 150 16 [2] 3547.00 1/2 1 99 [6] 76 (16) 43 [5]
3349.94 1 1 7.14 150 6 [1] 3601.70 3/2 1 123 [8] 57 (12) 59 [6]
3363.91 3 1 24.27 150 19 [2] 4151.00 3/2 1 18.89 85 17 [2]
3374.88 3 0 89.26 130 41 [5] 4510.6 3) 172 0 638 (40) 75 (8) 67 [6]
3389.5 3) 2 0 266 (21) 120 (@17) 42 [5] 4543.00 3/2 1 134.21 85 75 [7]
3420.77 1 1 31.10 150 17 [2] 4727.50 1/2 1 200 [107] 58 (11) 45 [4]
3468.66 2 1 1485 150 12 [2] a - — - -

3484.62 1 1 15.57 150 11 121 The parity and spin assignments that were derived from experimental data.
3495.59 1 1 66.67 150 24 [3]

3528.51 2 0 91.32 130 34 [5] 1 . . .

3549.46 3 1 24.27 150 19 [3]

3583.38 4 1 4.15 150 4 [1]

3601.34 4 1 8.61 150 8 [1]

3615.30 3 1 12.58 150 11 [1]

3642.50 1 1 32 [32] 150 3 [1]

3649.00 2 0 316 [63] 130 13 [2] 2mm natMo
3670.20 1 1 63 [63] 150 9 (1 o6k -
3702.09 3 1 1258 150 11 [2] he . JENDL33
3710.07 2 1 57.69 150 30 [4] é L —— Compiled RP |
3718.05 3 1 35.00 150 25 [4] é —— Adjusted RP
3783.90 1 1 2234 150 14 [2] & 04 _
3827.79 2 1 9.17 150 8 [1]

3839.76 2 1 9.17 150 8 [1] r 1
3843.40 1 1 32 [32] 150 17 [2]

3854.73 2 1 18.04 150 14 [2] 02— —
3872.68 3 0 146.77 130 50 [6]

3912.59 2 1 69.92 150 33 [4] i 1
3980.42 4 1 75.00 150 45 [5] 0 | | | | | 1

B Mo 2020 2040 2060 2080
12076  (2) 3/2 1° 00673 (7) 117 0.058 [4] Neutron energy /eV
401.70 3) 3/2  1* 29 ) 117 3.2 [2]

429.306  (3) 1/2 1" 66.9 3) 147 (41) 46 [4]
467.535 (3) 1/2* 0" 799 (€] 95 (10) 85 [8]
612.382 (6) 1/2 1 62.0 (©)] 164 (40) 45 [31]
817983 (7) 3/2 1* 1291 (10) 112 (26) 82 [71

Fig. 7. Comparison between experimental and theoretical transmission for the 2 mm
and 5 mm thick "“Mo sample in the region between 2015 eV and 2080 eV. The
theoretical transmission is calculated using the parameters in JENDL-3.3 (magenta),
JENDL-4 (cyan), the compiled resonance parameters (green), and the adjusted reso-

1122.85 (8) 3/2 1° 164 ® 117 19 (1 nance parameters (red). For the 5 mm sample, only the theoretical curve with the
1526.910 (9) 1/2* 0 1574 @ 71 (7 68 (6] adjusted parameters is shown. (For interpretation of the references to color in this
1922.20 3/2 1“1 12 (5] 117 20 (2] figure legend, the reader is referred to the web version of this article.)

2024.5 4 1/2 17 17 3) 117 2.5 [2]

2166.7 1 172 1 60 3) 117 73 [6]

246253 (10) 1/2 1* 123 @ 100 (17) 55 [5]

2548.89 (2) 1/2° 0° 1143 (11) 69 (7) 65 [6] Table 5

Resonance energy and observed strength (agl,) for 11 unassigned resonances. The

2601.4 2 3/2 17 68 5) 117 41 [4] . ) X . .

resonance strength can be derived using the isotopic abundance a once an isotope
2945.60 tz 12l 6] 117 39 (4] assignment is made. The parameters with uncertainties between round brackets are
3260.80 172 1° 18 141 117 37 [4] g - hep

derived from a fit to the transmission data obtained in this work. The resonance

3297.24 7 1/72* 0% 1728 60) 83 9 79 8
” / (60) ® (8] strengths with uncertainties between square brackets are taken from Wynchank et al.

3797.4 1) 3/2 1° 424 (13) 104 (15) 140 [13]

4014.43 (10) 3/2 1* 510 @as5) 77 (9 118 [11] (1],
4478.7 1  1/2* 0° 566 19 82 (9 72 [71 Energy/eV agl’,/meV
4569.79 (9) 3/2 1 1025 (25 92 (10) 156  [14] 2298.05 7 [21
4847.9 1 3/2 1° 855 (33) 105 (12) 168  [15] 2371.9 @ 29 @
10000 2437.6 @) 17 1)
97.31 (2)  3/2¢ 1 0.48 @ 85 0.36  [3] 2578.40 9 39 @
364.017 (2) 1/2¢0 0° 627 @ 70 () 63 [6] 2613.0 3 12 @
507.05 © 12 1* 51 (5) 85 4.2 [3] 2695.65 7 [3]
535.81 1/2 1° 5.80 85 4.0 [3] 2728.68 6 [3]
785.68 1/2 1 670 85 5.4 [41 2758.62 8 [3]
1069.45 (2) 1/2* 1* 123 2 85 80 [7] 2841.78 8 [5]
1260.88 (4) 3/2 1@ 99 3 91 (25 64 [61 3039.5 @ 59 @)
4127.00 6 [6]

(continued on next page)
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2mm natMo

— 5mm natMo
506~ —— JENDL4 —

2 --- JENDL3.3

‘g L —— Compiled RP |

§ —— Adjusted RP
E 04 .
02+ -

0 | 1 | 1 | 1

4820 4840

Neutron energy / eV

4860 4880

Fig. 8. Comparison between experimental and theoretical transmission for the 2 mm
and 5 mm thick "“Mo sample in the region between 4810 eV and 4880 eV. The
theoretical transmission is calculated using the parameters in JENDL-3.3 (magenta),
JENDL-4 (cyan), the compiled resonance parameters (green), and the adjusted reso-
nance parameters (red). For the 5 mm sample, only the theoretical curve with the
adjusted parameters is shown. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

The results in this paper reveal that the parameters recommended
in the evaluated data libraries do not always reflect the quality of the
data that is available in the literature and that improved parameters
can already be derived from an adjustment to transmission data ob-
tained with natural samples. For an additional improvement capture
and transmission measurements with isotopically enriched samples
are required. An effort is ongoing within the EU project SANDA to
perform capture and transmission experiments using samples enriched
in 9495%Mo [36].
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