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1. Introduction

Dysprosium is used in the field of nuclear reactor
system because it has a very large thermal neutron
absorption cross-section. The dysprosium alloyed with
special stainless steels is attractive for control in nuclear
reactor because of the ability to absorb neutrons readily
without swelling or contracting over time and its high
melting point [1]. Dysprosium is also one of fission
products from the thermal fission of #*U, #*U, and
2%pu. The fission products are accumulated in the
reactor core by the burn-up of the nuclear fuel and the
poison effect is increased. Therefore, it is required to
understand how Dysprosium as both a poison and an
absorbing material in the control rod has an effect on
the neutron population in a nuclear reactor system over
all energy regions.

Neutron Capture experiments on Dy isotopes were
performed at the electron linear accelerator (LINAC)
facility of the Rensselear Polytechnic Institute (RPI) in
the neutron energy region from 10 eV to 1 keV.
Resonance parameters were extracted by fitting the
neutron capture data using the SAMMY multilevel R-
matrix Bayesian code [2].

2. Experimental Setup

The ~57 MeV electron beam which is produced by
the RPI LINAC impinges on a water-cooled tantalum
target while photoneutron reactions happen and pulsed
neutrons are generated via the reactions. The details of
the experimental conditions such as neutron targets
overlap filters, pulse repetition rate, flight path length,
and channel widths are listed on reference xx.. More
information on the water-cooled tantalum target [3,4],
the capture detector [5,6], the data acquisition system
[5,7], and sample information [8] were given elsewhere.

3. Data Reduction

Data taking and data reduction technique for the
experiment at the RPI LINAC are described in
Reference [9]. The neutron energy at low energies
which are assumed non-relativistic energy is given by
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where E; is the neutron energy in eV, L is the flight-path
in m and t; is the arrival time of the neutron and (to,- ty)
is the time when the electron pulse impinges on the
target.t0 is obtained by measuring the time gamma flash
is detected. tg is the flight time of gamma rays from the
neutron target to the detector.

A minimum of 100-keV y-energy was required in a
detector segment to be counted. Data were recorded as
capture events only if the total energy deposited in all
16 segments exceeded 1 MeV. The data were recorded
as scattering events if the total deposited gamma-ray
energy fell between 360 to 600 keV. This scattering
energy region contains the 478-keV y-ray emitted from
the (n;a,y) reaction in the *°B,C annular detector liner.
The large amount of TOF data collected in each capture
measurement was subjected to statistical integrity
checks to verify the stability of the electron LINAC, the
capture detector, and associated beam monitors. Any
data that failed the integrity test were eliminated. Next,
the data were dead-time corrected, normalized to beam
monitors, and summed. The background was
determined using normalized data measured with an
empty aluminum can mounted on the sample changer.
This background was subtracted from the normalized
and summed capture spectra. The 16 individual capture
spectra were then summed into a single total spectrum.
Processed TOF data are expressed as capture yield. The
capture yield is defined as the number of neutron
captures per neutron incident on the sample. Therefore,
in addition to the Dy sample data, another set of data
was needed to determine the energy profile of the
neutron flux. The capture yield Y; in TOF channel i was
calculated by
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where C; is dead-time-corrected and monitor-
normalized counting rate of the sample measurement, B;
is  dead-time-corrected and  monitor-normalized
background counting rate, K is product of the flux
normalization factor and the detector efficiency ggm; is
smoothed,  background-subtracted, and  monitor-
normalized neutron flux. The incident neutron flux
shape was determined by mounting a 2.54-mm-thick,
97.9 wt % enriched '°B,C sample in the sample changer
and adjusting the total energy threshold to record the
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Figure 1. Capture yield data of 222U and plotted curve with ENDF/B-VII.1 resonance parameters of 28U.

478-keV y-rays from neutron absorption in °B. Capture

data were not used below 10 eV due to excessive
background.

The resonance parameters of U are well-known.
Therefore, it is confirmed that L, to, and ty in Eq. (1) are
qualified by plotting the ENDF resonance parameter of
28U and comparing with 20 mil ?®U data as shown on
Figure 1.

The measured flux shape is usually normalized
directly to a saturated capture resonance. However, this
was not possible in this experiment because there were
no saturated resonances in any of the Dy isotopes except
for *?Dy. The capture data were normalized using
SAMMY to the 10mil natural Dy transmission data.
The resonances of 18.5, 5.45, 59.06, and 147.14 eV are
chosen for determining the normalization factor and
detector efficiency of '*'Dy, Dy, **Dy, and *Dy
capture data, respectively. The transmission data was
fitted at the selected resonance and the resonance
parameters for normalization were obtained. In case of
184Dy isotope, RPI resonance parameters were used as
the initial parameters for normalization of the '*‘Dy
experimental data. The "Dy yield data was normalized
with the 18.5 eV parameters of *'Dy isotope.

Table 1. The normalization factor obtained by SAMMY

sample Resonance | Normalization | Normalization
Energy [eV] factor factor error
Natural 18.50 0.668 0.014
Blpy 18.50 0.724 0.01
82py 5.45 1.158 0.015
83py 59.06 0.774 0.012
¥4py 147.13 1.162 0.028

4. Data Analysis

Resonance parameters, neutron width T, radiation
width T',, and resonance energy E,, were extracted from

the Dy capture and transmission data sets using the
SAMMY multilevel R-matrix Bayesian code [2]. Dy
resonance parameters and spins from the ENDF/B-VI11.1
evaluation [10] were used as the initial parameters in the
energy region between 10 eV to 1 keV The fitting was
performed in order of transmission of natural Dy,
capture yield of Dy isotope, and capture yield of natural
Dy. When no further improvements in the fit were
apparent, and the resonance parameters remained
unchanged relative to the previous iteration, the
parameters were deemed final. The SAMMY code was
then used to calculate capture yield curves based on
these final resonance parameters to compare with the
experimental data from each Dy sample. We also
examined each resonance listed in ENDF/B-VII.1 to
check whether it was observed in the present data. If it
did not look like a resonance peak, we removed the
resonance from the parameter file.

5. Results

We observed 7, 42, and 22 new resonances not
listed in ENDF/B-VII.1 from **Dy, **'Dy, and '*Dy
isotopes, respectively as listed in Table VI. Six
resonances from '®Dy isotope, two resonances from
8py, and four resonances from *Dy listed in
ENDF/B-VII.1 were not observed because the present
measurements did not support their existence.

The resonance integral calculations used resonance
parameters from ENDF/B-VII.1 for the energy range 0
eV to 10 eV, for the negative energy resonances and for
the energy region above the present measurement. The
resonance integrals were calculated using the NJOY
[11] and INTER [12] programs. The results are shown
in Table 2 in units of barns. The uncertainty in the
resonance integrals was calculated by differentiating the
resonance integral with respect to resonance parameters
according to the error propagation formula and treating
o,(E) as a sum of single-level Breit-Wigner resonances
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Figure 2. An overview of the present data used in the energy region.

[13]. The resonance integral of **Dy is 18.7% larger
than that calculated from ENDF/B-VII.1 resonance
parameters. The percent change of the resonance
integral for the other isotopes are less than 3%
comparing with ENDF/B-VII.1. The present parameters
gave a resonance integral value of 1415+3 barn, which
is ~1% higher than that obtained with the ENDF/B-
VII.1 parameters.

Table 2. Calculated capture resonance integrals for dysprosium
isotopes in the energy range from 0.5 eV to 20 MeV

Capture Resonance

Isotope | Abundan Integral [b] Percent
ce [%] Present ENDF/ | Change

B-VII.1 [%]

Bepy 0.06 - 1021 -

1%8py 0.1 - 247 -
160py 2.34 1362 +21 1107 +18.7
Blpy 18.9 1108 +13 1076 + 29
62py 25.5 2735 + 2 2757 - 08
83py 24.9 1525 + 7 1489 + 24
s4py 28.2 3380+ 0.6 343 - 15
Dy - 1415 + 3 1401 + 1

6. Conclusions

Resonance parameters were extracted from capture
data sets for Dy isotopes and transmission data set of Dy
natural using the multilevel R-matrix Bayesian code
SAMMY. We observed 7, 42, and 22 new resonances
not listed in ENDF/B-VII.1 from *°Dy, *'Dy, and
83Dy isotopes,. Six resonances from **'Dy isotope, two
resonances from Dy, and four resonances from ***Dy
listed in ENDF/B-VII.1 were not observed because the
present measurements did not support their existence.

The capture resonance integrals were compared to
resonance integrals obtained using the resonance
parameters from ENDF/B-VIIL.1. The present

parameters gave a resonance integral value of 1415+3
barn, which is ~1% higher than that obtained with the
ENDF/B-VII.1 parameters.
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