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a b s t r a c t

Neutron capture and transmission measurements were carried out from 0.01 to over 600 eV on both
natural Dy and samples highly enriched in 164Dy. These data were analyzed for resonance parameters
utilizing the SAMMY Bayesian analysis code to simultaneously fit both the capture and transmission data.
Parameters were obtained for 17 resonances in Dy isotopes up to 18 eV and for the 164Dy resonances near
147, 450 and 540 eV. The thermal capture cross section (at 0.0253 eV) and capture resonance integral
were determined for 164Dy.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Natural dysprosium has a high neutron thermal capture cross
section of 950 b, of which approximately 80% is from capture in
164Dy. Since 164Dy is produced inside a reactor as a fission product
or it can be used as a burnable poison to control a reactor
(Raaijmakers, 1965), it is important to know the 164Dy cross section
accurately over the energy range of neutrons inside a reactor. Total
cross section measurements in the thermal energy region have
been reported by Sher et al. (1961), Moore (1961), and Vertebnyj
et al. (1971). Earlier cross section measurements of Dy isotopes in
the resonance region have been reported by Mughabghab and
Chrien (1970) (transmission) and Liou et al. (1975) (transmission
and capture). Kim et al. (2003). measured a single 0.5-mm thick
sample of natural Dy in transmission at 10.8 m and reported
resonance parameters below 10 eV. However, these measurements
used thick samples of Dy which made it difficult to obtain accurate
information on the large 164Dy resonances. It was thus decided to
carry out a new set of measurements with samples over an order of
magnitude thinner than used in the earlier measurements. These
thinner samples were also well suited for measurements in the
thermal energy region.

Neutron capture and transmission measurements were thus
carried out at the Rensselaer Polytechnic Institute (RPI) Gaerttner
LINAC Center from 0.01 to over 600 eV on both natural Dy and
samples highly enriched in 164Dy. Both metallic and liquid samples
were employed for these measurements. Resonance parameters
were deduced for resonances in the Dy isotopes up to 18 eV and for
the 164Dy resonances near 147, 450 and 540 eV. The thermal cap-
ture cross section (at 0.0253 eV) and the capture resonance integral
for 164Dy were determined from these parameters.
2. Experimental conditions

2.1. Overview of measurements

Transmission and capturemeasurements were carried out using
the time-of-flight (TOF) method predominantly with samples
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highly enriched in 164Dy. The experimental details used for data
acquisition are listed in Table 1. The experimental method and
details are essentially the same as those reported in detail by
Leinweber et al. (2014) and will only be briefly described here. The
RPI Gaerttner LINAC Center linear accelerator was used to produce
energetic electrons and these electrons, in turn, impinged onwater-
cooled Ta plates to produce neutrons via the photoneutron reac-
tion. The thermal transmission and capturemeasurements used the
enhanced thermal neutron target (Danon et al., 1993, 1995)
whereas the epithermal transmission and capture measurements
used the bare bounce target (Overberg et al., 1999). The thermal
transmission measurements utilized a 0.3-cm-thick 6Li glass scin-
tillator detector mounted directly on a photomultiplier at the 15 m
flight station. The epithermal transmission measurements utilized
a 1.27-cm-thick (0.5 in) 6Li glass detector at the 25 m flight station
with the glass viewed by two photomultipliers located outside of
the neutron beam (Barry, 2003). The thermal and epithermal cap-
turemeasurements utilized the 16-section NaI multiplicity detector
(Block et al., 1988) located at the 25 m flight station.

The neutron intensity from the accelerator was monitored with
moderated fission chambers located at a z9 m flight path, a 6Li
glass ring detector placed in the epithermal transmission flight
tube and, when applicable, the 6Li glass detector located at the 15m
flight path. These monitor detectors were used to remove the ef-
fects of beam intensity fluctuations, as well as correct for different
collection times for the various sample and open positions.
Table 1
Experimental details showing accelerator and data acquisition parameters.

Measurement Overlap
filter

Neutron
target

Electron pulse
width (ms)

Average electron
current (mA)

Thermal
transmission

none Enhanced
thermal

2.1 10.5

Epithermal
transmission

Cd Bare bounce 0.060 20.5

Thermal capture none Enhanced
thermal

1.0 8.2

Epithermal capture
(week 1)

Cd Bare bounce 0.044 14.5

Epithermal capture
(week 2)

Cd Bare bounce 0.036 14

Epithermal capture
(week 3)

B4C Bare bounce 0.018 17.2

Table 2
Sample thicknesses as elemental number densities in atoms per barn. The 164Dy meta
contained pure D2O and were used as compensator samples in the transmission mea
remnants of deuterated nitric acid (used in sample preparation), and H2O that was inad

Sample 164Dy Elemental numbe

Enrichment (%) Dy (a/b)

Dy natural metal (10 mil) 28.18 8.05E-04
Dy natural metal (20 mil) 28.18 1.61E-03
Dy-164 metal 98.45 2.27E-04
LX-12 98.60 8.59E-05
LX-13 98.60 2.20E-04
LX-14 98.60 5.57E-04
LX-15
LX-18 98.60 1.48E-05
LX-19 98.60 3.54E-05
LX-21 98.60 2.29E-04
LX-22
LX-23 98.60 9.06E-05
2.2. Sample information

The natural dysprosium sample and the enriched 164 isotope
material for the liquid samples were obtained from Trace Sciences
International. The metallic enriched 164Dy sample was supplied by
Kyungpook National University in the Republic of Korea. Several
types of samples were used for these measurements; Table 2 lists
the sample thicknesses (elemental number densities) and Table 3
lists the isotopic compositions of the enriched samples. The un-
certainties in the isotopic compositions of the enriched and natural
samples are estimated as ±1 atom percent.

2.2.1. Solid samples
The 10 mil Dy sample (1 mil ¼ 0.001in ¼ 0.00254 cm) was a

natural metal sample and was used for measuring Dy capture in
both the thermal and epithermal neutron energy regions and
transmission in the epithermal region. For capture measurements
this sample was enclosed in an empty quartz cell (the same type
cell used for the liquid samples) so that the incident flux on the 10
mil sample is the same as the flux on the liquid samples. The 20 mil
Dy sample was used for the thermal transmission measurement.
The uncertainty in the number density was estimated at ±1% for
these samples.

The 164Dy metal sample was used in the Week 3 epithermal
capture measurement. It was somewhat irregularly shaped, so the
uncertainty in its number density was estimated at ±11%.
Electron energy
(MeV)

Neutron energy
region (eV)

Channel
width (ms)

Rep. Rate
(pps)

Flight path (m)

48 E < 0.11
0.11 < E < 5.3
5.3 < E < 24

32
2
0.5

25 14.973 ± 0.006

54 E < 45
44.7 < E < 262
262 < E < 600

0.5
0.0625
0.03125

225 25.597 ± 0.006

50 E < 0.12
0.12 < E < 4.0
4.0 < E < 23

8
0.5
0.125

25 25.444 ± 0.006

55 E < 45
44.7 < E < 262
262 < E < 600

0.5
0.0625
0.03125

225 25.564 ± 0.006

60 E < 45
44.7 < E < 262
262 < E < 600

0.5
0.0625
0.03125

225 25.564 ± 0.006

58 E < 1000 0.0128 225 25.564 ± 0.006

l sample was produced from material highly enriched in 164Dy; LX-15 and LX-22
surements. The other LX samples were solutions containing enriched 164Dy, D2O,
vertently picked up during the preparation.

r densities

D (a/b) N (a/b) O (a/b) H (a/b)

2.45E-02 4.16E-04 1.34E-02 1.84E-04
2.20E-02 1.06E-03 1.40E-02 4.69E-04
1.63E-02 2.70E-03 1.57E-02 1.19E-03
2.62E-02 1.31E-02
1.04E-02 7.15E-05 5.40E-03 3.15E-05
1.01E-02 1.72E-04 5.52E-03 7.56E-05
7.23E-03 1.11E-03 6.78E-03 4.90E-04
1.09E-02 5.43E-03
9.08E-03 4.39E-04 5.77E-03 1.94E-04



Table 3
Isotopic composition (in atom percent) of the LX series (liquid samples) and metallic samples.

Enriched sample 156Dy (%) 158Dy (%) 160Dy (%) 161Dy (%) 162Dy (%) 163Dy (%) 164Dy (%)

LX Series 0.01 0.09 0.22 1.08 98.60
Dy-164 metal <0.01 <0.02 0.02 0.15 0.35 1.03 98.45
Dy natural metal 0.06 0.1 2.34 18.91 25.51 24.90 28.18

Table 4
The liquid, natural Dy (10 and 20 mil metal) and 164Dy metal samples used in the
thermal (th) and epithermal (epi) transmission and capture measurements.

Measurement Samples

Transmission (th) LX-12 LX-13 LX-14 Dy natural metal (20 mil)
Capture (th) LX-12 LX-13 LX-19 Dy natural metal (10 mil)
Transmission (epi) LX-12 LX-13 LX-14 Dy natural metal (10 mil)
Capture (epi)
Week 1

LX-19 LX-21 LX-23 Dy natural metal (10 mil)

Capture (epi)
Week 2

LX-18 LX-19 LX-23 Dy natural metal (10 mil)

Capture (epi)
Week 3

164Dy metal
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2.2.2. Liquid samples
It is a problem to produce uniformly thin solid samples. Metallic

samples thinner than z0.005 in (0.0127 cm) and powdered sam-
ples thinner than z0.020 in (0.0508 cm) are difficult, if not
impossible, to produce with a uniform thickness. It is, however,
possible to produce uniformly thin liquid samples. Thus liquid
samples were prepared, and these are listed as the LX samples in
Table 2. The LX samples contained either 164Dy in solution or pure
D2O. The D2O samples were used as compensating samples for the
transmission measurements. Note that there is more D in the D2O
samples than in the Dy samples; this is taken into account when
analyzing the transmission data.

The 164Dy liquid samples were prepared by dissolving enriched
dysprosium oxide (Dy2O3) in deuterated nitric acid (DNO3) and
then diluting with heavy water (D2O) to achieve the desired
dysprosium concentrations (Ernesti, 2008). Although great care
was taken to minimize any light water (H2O) from entering the
solution it was determined that a small amount was apparently
picked up during sample preparation. Since H has a high total cross
section ofz20 b, this small amount of H2O had to be accounted for
in the transmissionmeasurements. The uncertainties in the nuclear
number densities are estimated as ±2% for the liquid samples.

The liquid samples were enclosed in 1.5-in-dia. (3.81 cm) quartz
cells with 1/32-in-thick (0.0794 cm) windows. This window
thickness was selected to minimize the effect of neutron scattering
in the windows and the effect of this scattering upon the capture
measurements. It was determined via Monte Carlo calculations that
this scattering effect on the capture in the 164Dy was less than ~1%
and could be neglected when analyzing these measurements. Four
dysprosium concentrations and two thicknesses of liquids,
0.397 cm (5/32 in) and 0.159 cm (1/16 in), were employed to cover
the range of number densities needed for these measurements.
2.3. Transmission and capture measurements

The ‘thermal’ measurement consisted of two sets of measure-
ments: a transmission measurement with four samples and a
capture measurement with four samples. The ‘epithermal’ trans-
mission measurement was done in one set of measurements uti-
lizing four samples while the epithermal capture measurements
with the liquid samples were done in two separate measurements
in weeks 1 and 2, each with four samples. The highly-enriched
metallic 164Dy sample was measured in a separate set of capture
measurements (which did not include the liquid samples) during
week 3. Table 3 lists the isotopic compositions and Table 4 lists the
combination of liquid and natural Dy and 164Dymetal samples used
in these measurements.
3. Data reduction

The method for the reduction of the transmission and capture
data was essentially the same as carried out by Leinweber et al.
(2014). The capture data were reduced to capture yield and the
transmission data to transmission.
3.1. Neutron energy

The neutron energy at low (non-relativistic) energies in time-of-
flight channel i is given by

Ei ¼
�
72:296L
ti � t0

�2
(1)

where Ei is the energy in eV, L is the flight path length in meters,
and (ti-to) is the time-of-flight in ms. The recorded time of an event
in channel i is ti while to is the time when the electron pulse strikes
the neutron target. By measuring the time when the ‘gamma flash’
is detected, to is obtained by correcting for the flight time of these
gamma rays from the neutron target to the detector.

3.2. Capture yield

The capture yield Yi in TOF channel i is calculated by

Yi ¼
Ci � Bi
K 4r;i

(2)

where the numerator refers to the net capture counting rate with
the capture sample in the beam and the denominator to the
neutron rate incident upon the capture sample. Ci and Bi are,
respectively, the dead-time-corrected counting rate with the cap-
ture sample in the beam and the background counting rate without
a sample in the beam. The relative neutron flux incident upon the
capture sample 4r,i was determined from a measurement with a
10B4C sample placed in the neutron beam where the counting data
are dead-time corrected, background subtracted, and the resulting
net counting data are divided by the efficiency for detecting the
gamma ray from the 10B (n; a,g) reaction. The constant K normal-
izes the relative neutron flux to the actual neutron rate incident
upon the capture sample.

The normalization constant K is typically determined by
measuring capture in a region where the capture yield Y is best
known. If the sample has a black, saturated resonance which is
mostly capture, the yield is approximately equal to unity and K can
be obtained from Eq. (2). If there is no saturating resonance then a
resonance which is well known, e.g., a low energy resonance
measured in transmission with accurately measured radiation and
neutron widths, can be used to obtain K. The area under the



Fig. 1. Dy thermal capture and transmission from 0.01 to 3 eV.
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resonance in capture can be normalized to the area calculated from
the resonance parameters. There is no black saturated resonance in
164Dy. There is, however, a mostly capture resonance in 162Dy at
5.45 eV that saturates in the 10 mil Dy capture measurement; this
was used to determine K for capture in 162Dy. The epithermal
capture yield in the metallic enriched 164Dy sample (epithermal
captureweek 3) was normalized using the resonance parameters at
the 147 eV resonance derived from the liquid enriched (in 164Dy)
and natural metallic samples. The uncertainty in the normalization
of the epithermal capture yield in the metallic enriched 164Dy
sample is estimated to be ±5%.

The efficiencies for capture in the other isotopes of Dy differ
from that for 162Dy and this must be accounted for in analyzing the
data based on a flux normalized to capture in 162Dy. These effi-
ciencies were determined from the efficiency variations in a similar
set of nuclei. Capture detector efficiencies for capture in 149Sm, an
even-odd nucleus, and 150Sm, an even-even nucleus, were deter-
mined from capture gamma ray cascade calculations and subse-
quent transport and capture into the 16-section NaI multiplicity
detector (Wang et al., 2003). The efficiency was determined as a
function of binding energy and discriminator setting (for total en-
ergy deposit in all 16 sections) for both nuclei. The efficiencies for
capture in the odd-even and even-even Dy isotopes were first set
equal to these Sm efficiencies. However, it turned out that the odd-
even Dy efficiencies did not quite fit the thermal capture mea-
surements of the low energy 161Dy and 163Dy resonances. The odd-
even Dy efficiencies (for thermal measurements) were then
renormalized to capture in the 1.71 eV 163Dy resonance.

The final Dy capture efficiencies for epithermal (total energy
discriminator at 1 MeV) and thermal (total energy discriminator at
2 MeV) capture, along with their estimated uncertainties, are listed
in Table 5. The epithermal efficiencies range from 97% for 161Dy and
163Dy to 87% for 164Dy, a variation of 10%. The thermal efficiencies
range from 91% to 78%, a variation of 13%.

3.3. Transmission

The neutron transmission Ti in TOF channel i is given by

Ti ¼
CS
i � KSBi � BS

CO
i � KOBi � BO

(3)

where CS
i and CO

i are the dead-time-corrected and monitor-
normalized counting rates for the sample and open measure-
ments, respectively; Bi is the un-normalized time-dependent
background counting rate; BS and BO are the steady-state back-
ground counting rates for the sample and open measurements,
respectively; and KS and KO are time-dependent background
normalization factors for the sample and open measurements,
respectively.

The determination of the time-dependent background is one of
the more difficult tasks to accomplish. This background was
determined by cycling a set of samples with blacked-out
Table 5
Capture detector efficiencies for the Dy isotopes with discriminator settings of 1 MeV an

Isotope Binding energy (MeV) Total energy disc

156Dy 6.969 0.89 ± 0.03
158Dy 6.832 0.89 ± 0.02
160Dy 6.454 0.88 ± 0.02
161Dy 8.197 0.97 ± 0.02
162Dy 6.271 0.88 ± 0.02
163Dy 7.658 0.97 ± 0.02
164Dy 5.716 0.87 ± 0.03
resonances, called ‘notches’, and extrapolating to the sample and
open conditions without the notch samples in the beam. For the
epithermal transmissionmeasurements a 0.104 cm (0.041-in-thick)
Mn-Cu alloy (80%Mn-20%Cu) sample was left permanently in the
beam to provide a notch near 330 eV. Samples of Ag, Co andWwere
placed in the beam during the notch measurements to produce
notches, respectively, near 5.2, 18.6 and 132 eV. For the thermal
measurements a 0.005-in-thick (0.0127 cm) W sample was left
permanently in the beam to produce a notch near 18.6 eV, and a
package of Cd, In, and Ag samples was cycled into the beam to
provide notches, respectively, below 0.3 eV and near 1.45 and
5.2 eV.

4. Results

The transmission and capture data were analyzed for resonance
parameters using the R-matrix Bayesian code SAMMY version 8
(Larson, 2008). The analysis employed the experimental resolution,
Doppler broadening, self-shielding, multiple scattering, and Reich-
Moore approximation features of SAMMY. This code takes into
account the statistical fluctuations in the experimental data points
and known uncertainties in experimental parameters such as
sample thickness, detector efficiency, flight path length, etc. Both
the transmission and capture yield datawere fitted and a final set of
resonance parameters was obtained for the best overall fit to all of
the data.

4.1. Capture yield and transmission plots

The capture and transmission data are plotted in Figs. 1e3 for
the thermal measurement from 0.01 to 18 eV and in Figs. 4e6 for
the epithermal measurements at the three s-wave 164Dy reso-
nances below 600 eV. Also plotted are the ENDF (Chadwick et al,
d 2 MeV, respectively, for epithermal and thermal capture measurements.

. ¼ 1 MeV (epithermal) Total energy disc. ¼ 2 MeV (thermal)

0.83 ± 0.03
0.83 ± 0.02
0.82 ± 0.02
0.91 ± 0.02
0.81 ± 0.02
0.89 ± 0.02
0.78 ± 0.03



Fig. 2. Dy thermal capture and transmission from 3 to 7 eV.

Fig. 3. Dy thermal capture and transmission from 7 to 18 eV.

Fig. 4. Epithermal capture and transmission near the 147 eV 164Dy resonance. The fits
demonstrate a reduction in the radiation width relative to ENDF while the neutron
width is nearly unchanged (see Table 6). Only the data for the first and third weeks of
capture are shown. The slight rise in capture yield of the natural sample near 149 eV is
attributed to multiple scattering and is calculated in the SAMMY fits.
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Fig. 5. Epithermal capture and transmission near the 450 eV resonance in 164Dy. The
fits demonstrate a reduction in the radiation width relative to ENDF while the neutron
width is similar to that of ENDF (see Table 6). Only the data for the second week of
capture are shown along with the metal sample enriched in 164Dy.
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2006) (dashed lines) and the SAMMY final fit (solid colored lines) to
all of the data. Two weeks of epithermal capture data were taken
with the liquid samples. For visual purposes only the capture data
of week 1 for the 147 eV resonance and the week 2 capture data for
the 450 and 536 eV resonances are plotted here; in each case, the
other week's data are comparable in both statistics and accuracy of
fit.

The final fits (solid lines) in these figures, for the most part, pass
through the experimental data points. The ENDF plots (dashed
lines) go through the majority of the thermal measurement data
points, especially at the lower energies. For the epithermal plots
there is a significant difference between the fits to this measure-
ment and ENDF, especially in capture. There is some shift in energy
between the final fit and ENDF values in these plots.
4.2. Resonance parameters

Table 6 summarizes the resonance parameters obtained from
the transmission and capture data analysis. The thermal measure-
ment was used to analyze all resonances up to 17 eV. Epithermal
data alone were used to analyze the three large resonances in 164Dy
at 147, 450 and 536 eV. The negative energy resonances in 160Dy
and 163Dy were set to ENDF resonance parameters and not varied.
For the negative energy resonances in 161Dy and 164Dy the reso-
nance energy and radiation widths were set equal to the ENDF
values and only the neutron widths were allowed to vary. For res-
onances below ~10 eV, where the resolution width is small or
comparable to the total width, the radiation width can be obtained
from the SAMMY fit to the resonances. Above ~10 eV radiation
widths were determined whenever a resonance included a signif-
icant quantity of scattering. The criterion of Gg/Gn < 5 was adopted
from Barry (Barry, 2003) to reflect sensitivity of a resonance to the
value of its radiation width. For resonances with Gg/Gn > 5 the ra-
diation widths were set equal to their ENDF value for the SAMMY
analysis.

In Table 6 the SAMMY resonance energy Eo, radiation width Gg,
and neutronwidth Gn are listed, respectively, in columns 1, 5 and 9.
The corresponding ENDF resonance parameters Eo,endf, Gg,endf and
Gn,endf are listed in columns 4, 8 and 12. The SAMMY (Bayesian)
absolute uncertainties in the resonance parameters DEo,B, DGg,B and
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Fig. 6. Epithermal capture and transmission near the 536 eV resonance in 164Dy. The
fits demonstrate a reduction in the radiation width relative to ENDF while the neutron
width is nearly unchanged (see Table 6). Only the data for the second week of capture
are shown along with the metal sample enriched in 164Dy.
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DGn,B are listed in columns 2, 6 and 10. The ‘external’ uncertainties
DEo,ext, DGg,ext and DGn,ext are listed in columns 3, 7 and 11.

External uncertainties are a measure of the fluctuations in the
resonance parameters when each of the eight thermal measure-
ments and each of the thirteen epithermal measurements are
individually solved by SAMMYwith the same input parameters. For
the thermal measurement analysis the ENDF parameters were used
as input (i.e., using ENDF parameters as the starting point for each
Bayesian analysis). The final parameters from Ernesti (2008) were
used as input for the epithermal measurement analysis.

The external uncertainty in Eo, Gg, or Gn is determined from the
mean-square-deviation Eq. (4).

DXext ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi(Xn

1

ðXi � <X> extÞ2�
DXB;i

�2
)
∕

(
ðn� 1Þ

Xn
1

1�
DXB;i

�2
)vuut (4)
Table 6
The resonance parameters from the thermal and epithermal measurements. The subscr
certainties and ENDF resonance parameters. The isotopic assignment and resonance spin
were used for the SAMMY analysis.

Eo (eV) DEo,B (eV) DEo,ext (eV) Eo,endf (eV) Gg (meV) DGg,B (meV) DGg,ext (meV)

�58.19
�1.890
�1.880
�1.613

1.7190 0.0002 0.0002 1.713 90.6 0.3 0.2
2.7162 0.0003 0.0004 2.71 109.1 0.8 0.2
3.6920 0.0004 0.0006 3.68 111.6 0.7 0.1
4.3267 0.0006 0.0004 4.33 110 1 2
5.4489 0.0002 0.0006 5.44 104 0.4 1
7.734 0.007 0.001 7.74 133 6 3
10.24 0.006 0.02 10.26 120 10 1
10.4479 0.0005 0.0005 10.45 93 3 2
10.857 0.002 0.001 10.85
12.64 0.01 0.003 12.65
14.296 0.001 0.0005 14.31
16.2368 0.0006 0.0009 16.23
16.695 0.005 0.001 16.67
147.105 0.005 0.008 146.97 86 2 1
450.41 0.03 0.04 450.41 64 5 1
536.46 0.04 0.05 536.3 61 8 1
where X stands for Eo, Gg, or Gn and n is the number of measure-
ments (eight thermal or thirteen epithermal). The DXB,i in Eq. (4) is
the Bayesian SAMMY uncertainty in Eo, Gg, or Gn for each sample i.

The average external parameter < X > ext in Eq. (4) is determined
from Eq. (5).

<X > ext ¼
Xn

1

Xi�
DXB;i

�2
,Xn

1

1�
DXB;i

�2 (5)

Note that there are large fluctuations in some of the external
errors, some large and some small when compared to the SAMMY
errors. SAMMY is a Bayesian analysis and for the initial input the
resonance parameters were all assumed to have an uncertainty of
±10%. Thus, if the experimental data are such that the final pa-
rameters are essentially unchanged from the initial input param-
eters, the SAMMY final parameters will be very close to the initial
input parameters and the variation in these output parameters will
be very small. This leads to exceedingly small external errors.
Therefore, external errors should be considered only significant
when they are comparable to or greater than the SAMMY errors. It
is recommended that the larger of these two errors be used in
applying these results.

4.3. Thermal capture cross section and resonance integral

To determine the thermal capture cross section and resonance
integral of 164Dy, a set of data was prepared using a combination of
the present data - the negative-energy resonance at �1.880 eV, the
three positive energy resonances near 147, 450 and 536 eV, and the
higher energy resonances from the ENDF evaluation. This set of
data was input to the NJOY nuclear data processing code
(MacFarlane and Muir, 1994) to obtain Doppler-broadened cross
sections. From these cross sections the thermal capture cross sec-
tion and capture resonance integral were computed. These results
and the corresponding ENDF values are listed in Tables 7 and 8,
respectively, for the 164Dy thermal capture cross section and cap-
ture resonance integral. The capture resonance integral RIg was
calculated from Eq. (6).

RIg ¼
Z 20 MeV

0:5eV
sgðEÞ dEE (6)
ipts B, ext, and endf refer, respectively, to final Bayesian uncertainties, external un-
s J were taken from ENDF. For parameters that are not listed, the ENDF parameters

Gg,endf (meV) Gn (meV) DGn,B (meV) DGn,ext (meV) Gn,endf (meV) Iso J

105.8 555.3 160 0.5
106.8 16 0.2 3 10.84 161 3
61.4 51.9 0.08 0.2 51.9 164 0.5
108.6 0.255 163 3
102.6 2.229 0.009 0.007 2.040 163 2
119.0 0.650 0.003 0.003 0.561 161 3
124.0 2.30 0.01 0.02 2.136 161 2
80.0 1.66 0.01 0.009 1.38 161 2
147.4 28.7 0.06 0.2 21.10 162 0.5
107.0 0.62 0.02 0.008 0.514 161 3
106.8 0.24 0.01 0.002 0.288 161 2
100.0 28.3 0.2 0.1 16.5 160 0.5
106.8 0.542 0.008 0.002 0.411 161 3
106.8 0.075 0.007 0.002 0.048 161 3
124.0 8.99 0.05 0.01 7.44 161 2
105.0 23.4 0.09 0.2 18.26 163 3
116.0 7.7 0.4 0.1 6.343 161 3
114.2 830 8 10 820 164 0.5
110 230 20 7 260 164 0.5
120 120 20 2 116 164 0.5



Table 7
The thermal capture cross section of 164Dy obtained
from this measurement and the ENDF evaluation.

Thermal capture cross section

This experiment ENDF

2980 ± 10 b 2981 b

Table 8
The capture resonance integral of 164Dy obtained from
this measurement and the ENDF evaluation.

Resonance integral

This experiment ENDF

338 ± 1 b 342.2 b
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The errors listed in Tables 7 and 8 are based on the resonance
parameter errors obtained in this experiment, i.e., the errors listed
in Table 6. A Monte Carlo sampling method was employed to
sample from these errors and to determine their impact on both the
thermal capture cross section and resonance integral. For the past
several years nuclear data scientists have been applying Monte
Carlo methods to propagate uncertainties in nuclear data to reactor
constants such as effective multiplication factors (keff), etc.
(Rochman et al., 2014; Smith, 2008). In particular Rochman et al.
used the Total Monte Carlo (TMC) method to propagate un-
certainties in nuclear data to large scale nuclear reactor systems to
obtain uncertainties in keff in critical benchmarks. The TMC is a
brute force method that performs the same simulation repeatedly
while sampling all parameters of interest from probability distri-
butions for each simulation.

A particular set of 164Dy resonance parameters was obtained by
randomly selecting each resonance parameter from a normal dis-
tribution, centered about the central value from Table 6 and a 1s
width equal to the larger of the two uncertainties listed in Table 6.
This set of randomly-selected resonance parameters, along with
the ENDF parameters for the higher energy resonances, was then
input to NJOY and new values of the thermal capture cross section
and resonance integral were calculated. This process was repeated
for many iterations (over 1000) to obtain the distribution of ther-
mal capture cross sections and resonance integrals. The errors lis-
ted in Tables 7 and 8 are the 1s errors for these two quantities.

The thermal capture cross section obtained in this experiment
(Table 7) is practically identical to the ENDF value, so that the
present result is a confirmation of the evaluated value. It is worth
noting that the 164Dy thermal capture cross section is dominated by
the negative energy resonance which contributes to 99.96% of its
value. The resonance integral from this experiment (Table 8) is
about 1% smaller than the ENDF value.

5. Conclusions

Capture and transmission measurements were carried out with
samples of natural Dy and samples of highly-enriched 164Dy from
0.01 to over 600 eV. Resonance parameters were obtained for two
negative-energy and 13 positive-energy Dy resonances below 18 eV
and the three 164Dy resonances at 147, 450 and 536 eV. The thermal
capture cross section and resonance integral of 164Dy determined
from this measurement are very close to the ENDF values. However,
the radiation widths of the three 164Dy resonances at 147, 450 and
536 eV are all significantly smaller than the ENDF values. For these
three resonances the average radiation width from this measure-
ment is 61% of the average radiation width calculated from the
ENDF parameters.
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