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Abstract. Neutron capture yields of dysprosium isotopes (161Dy, 162y 163Dy and 164Dy) were measured
using the time-of-flight method with a 16 segment sodium iodide multiplicity detector. The measurements
were made at the 25m flight station at the Gaerttner LINAC Center at Rensselaer Polytechnic Institute.
Resonance parameters were obtained using the multilevel R-matrix Bayesian code SAMMY. The neutron
capture data for four enriched dysprosium isotopes and one natural dysprosium sample were sequentially
fitted. New resonances not listed in ENDF/B-VIIL.1 were observed. There were 29 and 17 new resonances
from *®' Dy and '%*Dy isotopes, respectively. Six resonances from '*! Dy isotope, two resonances from 3Dy,
and four resonances from %*Dy were not observed. The capture resonance integrals of each isotope were
calculated with the resulting resonance parameters and those of ENDF/B-VII.1 in the energy region from
0.5eV to 20 MeV and were compared to the capture resonance integrals with the resonance parameters from
ENDF/B-VIL.1. A resonance integral value of the natural dysprosium calculated with present resonance
parameters was 1405 4+ 3.5 barn. The value is ~ 0.3% higher than that obtained with the ENDF/B-
VII.1 parameters. The distributions of the present and ENDF/B-VII.1 neutron widths were compared to
a Porter-Thomas distribution. Neutron strength functions for **Dy and '°*Dy were calculated with the
present resonance parameters and both values were in between the values of “Atlas of Neutron Resonances”
and ENDF /B-VII.1. The present radiation width distributions of '’ Dy and '%*Dy were fitted with the x>

distribution by varying the degrees of freedom.

1 Introduction

Dysprosium is used in nuclear reactor systems because it
has a very large thermal neutron absorption cross-section.
Dysprosium alloyed with special stainless steels is attrac-
tive for control in nuclear reactors because of its ability
to absorb neutrons readily without swelling or contracting
over time and due to its high melting point [1]. Dyspro-
sium is also one of the fission products from thermal fission
of 235U, 233U, and 23°Pu. The fission products are accu-
mulated in the reactor core by the burn-up of the nuclear
fuel, and the poison effect is increased. Therefore, it is re-
quired to understand how dysprosium as both a poison
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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 yields of dysprosium isotopes were
measured at the electron linear accelerator facility of the
Rensselaer Polytechnic Institute (RPI) in the energy re-
gion from 10 to 1000eV. The neutron capture data were
combined with prior measurements of natural dysprosium
in transmission at RPI [2]. The SAMMY multilevel R-
matrix Bayesian code [3] was used to extract the resonance
parameters.

The majority isotopes of "Dy are 69Dy, 161Dy,
162Dy, 163Dy, and '%4Dy. Other authors observed reso-
nance energies and/or spin assignments for resonances en-
ergies below 1000 eV for the isotopes, Liou et al. [4], Popov
et al. [5], Beer et al. [6], and Kim et al. [7] for *°Dy,
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Table 1. Isotopic composition of dysprosium samples.
Sample Isotopic composition (%)
156y 158Dy 160y 161y 162y, 163y 164y
161Dy 0.02 0.02 0.35 95.66 2.53 0.90 0.56
1621y <0.01 < 0.01 0.08 1.24 96.17 1.79 0.72
163Dy < 0.01 < 0.01 0.03 0.36 1.23 96.86 1.52
164nyy < 0.01 < 0.02 0.02 0.15 0.35 1.03 98.45
"Dy 0.06 0.10 2.34 18.9 25.5 24.9 28.2

Table 2. Characteristics of dysprosium samples. The atomic density was found from the mass and area.

Sample Atomic Weight Mass [mg] Thickness [mm] Area [mm?] Atoms/b

161Dy 160.98 £ 0.10 536.1 £ 0.2 0.287 + 0.003 315.4 4+ 0.5 6.36 x 107+ 1.1 x 107°
162y 161.91 + 0.04 309.8 4 0.2 0.295 4 0.003 178.8 £ 0.4 6.45 x 1074 £ 1.5 x 107
163Dy 162.89 4+ 0.08 555.7 4 0.2 0.289 + 0.004 315.940.7 6.50 x 107+ 1.4 x 107°
164y 163.87 +0.05 326.9 4 0.2 0.310 4 0.005 193.9 £2.2 6.20 x 107* £6.9 x 1075
natDy 162.49 4+ 0.22 5026.9 + 0.2 0.604 +0.011 1142.74+0.8 1.6304 x 1073 £1.3x 107¢

Zimmerman et al. [8], Brunhart et al. [9,10], Mughabghab
and Chrien [11], Karzhavina et al. [12,13], Liou et al. [4],
Popov et al. [5], and Kim et al. [7] for 1®1Dy, Zimmerman
et al. [8], Mughabghab and Chrien [11], Liou et al. [4],
and Kim et al. [7] for 152Dy, Zimmerman et al. [8], Brun-
hart et al. [9,10], Brunner et al. [14], Mughabghab and
Chrien [11], Slaughter et al. [15], Karzhavina et al. [12,13],
Liou et al. [4], Popov et al. [5], and Kim et al. [7] for 153Dy,
and Zimmerman et al. [8], Sher et al. [16], Mughabghab
and Chrien [11], and Liou [4] for 15*Dy. Recently, the res-
onance parameters for 194Dy were obtained from capture
and transmission experiments at RPI in the neutron en-
ergy region from 0.01eV to 600eV [2].

2 Experimental setup

The experiments were performed at the Gaerttner LINAC
Center at RPI.

2.1 Detector and data acquisition

The experiments were performed under the same condi-
tions as Kang’s experiments [17] and only a short rele-
vant description will be given here. During the experi-
ment, the electron LINAC was operated at a repetition
rate of 225 pps, a pulse width of 18ns, and electron en-
ergy of ~ 57MeV. The Bare Bounce Target (BBT) [18]
was used for this experiment. The BBT is made of tan-
talum plates and a 2.54 cm-thick polyethylene moderator
and was developed to enhance the epithermal neutron pro-
duction at RPI. A B4C overlap filter with thickness of
0.021 atoms/barn was used to remove overlap neutrons
from previous LINAC pulses.

The samples were placed at the center of the NalI(T1)
multiplicity detector located at a flight path distance of
25m. The detector had a cylindrical shape with hole
through the neutron path where the sample was placed in
the center of the cylinder. The detector contains 20 liters
of Nal(T1) divided into 16 optically isolated segments. An
annular liner composed of 99.4wt% '°B4C ceramic sur-
rounds the sample and absorbs neutrons which are scat-
tered from the sample in the direction of the Nal(T1) de-
tector. The thickness of the liner is 1cm. The efficiency
to detect a neutron capture event of dysprosium sam-
ples for this detector was found to be in the range from
87%-97% [2]. The data acquisition system had a time bin
width of 12.8ns and a fixed dead time of 1.125 us. Both
the total energy deposited and observed cascade multi-
plicity were collected. In this experiment a total energy
deposition greater than 1 MeV in all segments of the de-
tector was considered a valid gamma capture event. Data
were collected for each of the samples (including an empty
sample holder) in multiple files containing data for about
10 minutes of accelerator run time. A total beam time of
54 hours was used for this experiment.

2.2 Samples

The isotopic compositions and characteristics of the four
isotopically-enriched dysprosium metallic samples used in
the experiments are listed in tables 1 and 2. The iso-
topic abundances of the elemental sample were taken from
ref. [19].

Transmission data from the 0.0254cm (10mil) thick
natural dysprosium sample were used to get the normal-
ization factor and conduct combined fitting with the cap-
ture data. The precise description about the sample is in
ref. [2].
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Fig. 1. Gaussian fit of the gamma flash data. The center cor-
responds to to plus the flight time of the gammas, and FWHM
corresponds to the electron burst width of the LINAC.

3 Data reduction

The yield data reduction was performed with RPI’s
Cross-Section Data Reduction (RPIXDR) computer code
which is an internal code at RPI. The RPIXDR program
produces dead time-corrected, monitor-normalized, run-
summed, and grouped data files [20]. The data were cor-
rected for a dead time of 1.125 pus, set by the system elec-
tronics. The max dead time correction was 0.5%, and the
probability for pulse pileup was negligible even in res-
onance peaks where the count rate is high. The basic
TOF channel width was 0.0128 us and the TOF data for
the capture yield was grouped by RPIXDR. The channel
width increased at each of the following energies 1000 eV,
500eV, and 100eV to 0.0256 us, 0.0512 us, and 0.1024 us,
respectively.

3.1 Neutron energy

In this experiment the neutron energy was assumed to
be non-relativistic. The non-relativistic energy given by
eq. (1) is appropriate for incident neutron energies below

1keV,
72.296L\ 2
b - (2201)" 8y
t; —to

where E; = neutron energy in TOF channel ¢ in eV, L =
flight-path in m, ¢; = arrival time of the neutron in us,
to = time when the electron pulse impinges on the target
in ps.

The flight path distance L was 25.5686 m and t; was
determined from a separate measurement of the gamma
flash. The gamma flash is the burst of « flash generated
along with the neutrons in the Ta target. The ~ flash data
and the Gaussian fitted curve are shown in fig. 1. The
value of ty was 2.545 us after correcting for the flight time
of the gammas from the source to the detector.

The Full Width at Half Maximum (FWHM) of the
Gaussian fit to the electron burst width of LINAC was
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found to be 17.8ns, which was used as the burst width
during the resonance parameter fitting process.

3.2 Capture yield
The data were reduced in the same manner as in Kang et

al. [17]. The capture yield, Y;, in TOF channel i can be
expressed by

Ci - Bsm i
Yvi = ’ 3 2
K(Z)sm,i ( )
where C; = counting rate with the sample, By, ; =

smoothed, counting rate without sample (background),
K = neutron flux normalization and detection efficiency
normalization, ¢4, ; = smoothed, background-subtracted
neutron flux shape.

The counting rate for background was measured using
an empty sample holder. As mentioned in sect. 2, scattered
neutrons from the sample were absorbed by the boron car-
bide liner, and the frame-overlap background was removed
by the B4C filter. Dy capture data were discriminated such
that the total deposited gamma energy exceeded 1 MeV,
removing the 478 keV 7-rays from the °B(n, ay) reaction
in the liner.

To determine the incident neutron flux shape, a
97.4wt% enriched '°B4C sample, 2.54mm thick, was
placed at the sample position inside the capture detec-
tor and the 478 keV y-rays from 1°B(n, a1 ) reactions were
recorded during the measurement. In the energy range
of interest the 1°B(n,~) reaction cross section is several
orders of magnitude (~ 4) smaller than the °B(n, ;)
reaction, and thus gammas from capture reaction in the
sample used for flux measurement or from the B4C liner
are negligible. The counting rate from the empty sample
holder run was also subtracted from that of the °B,C
measurement. The '9B,C sample absorbed all the inci-
dent neutrons at low energies, but some neutrons passed
through the '°B4C sample without neutron capture at
high energy. Therefore, a correction factor accounting for
the fraction of neutrons that were not captured in the
10B,C sample was applied to accurately portray the in-
cident neutron flux. A flux normalization factor was re-
quired because the magnitude of the incident neutron flux
could not be quantified using the '°B,C sample. The cal-
culation of the flux normalization factor is described in de-
tail in sect. 3.3. The background and flux were smoothed
by averaging the adjacent points to reduce the statistical
fluctuations. There were no surrounding materials with
the resonance structure to change the neutron flux shape.
Therefore, the flux shape was not distorted by the smooth-
ing. The measured capture yield and its uncertainties were
used as input parameters for the SAMMY data analysis
code. Capture data were not used below 10eV due to ex-
cessive background.

3.3 Normalization and detector efficiency

The magnitude of neutron flux for the capture data was
normalized directly with a saturated capture resonance
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Table 3. The normalization factors and relative detector efficiencies relative to the **'Dy yield data.

Resonance energy Normalization | Normalization factor Relative detector Detector efficiency
Sample )
[eV] factor error efficiency [%)] error [%]

Natural 18.50 0.668 0.014

161y 18.50 0.724 0.01 100 2

162Dy 5.45 1.158 0.015 86 2

163Dy 59.06 0.774 0.012 92 2

164y 147.13 1.162 0.028 88 2

for 192Dy at the 5.4 eV resonance; the I’y was 147.4 meV,
and the I, was 21.2meV. Other isotopes could not be
directly normalized because they had no saturated reso-
nances; for these isotopes the capture data were normal-
ized with the resonance parameters from the SAMMY fit
to the 10 mil natural dysprosium (8.05 x 10~* atoms per
barn) transmission data at energies of 18.5eV for 61Dy,
and 59.06eV for '52Dy. In case of 54Dy, resonance pa-
rameters at 147.14eV obtained by Block et al. [2] from
transmission and capture data were used to obtain the
normalization factor; the details about the measurements
and data reduction of transmission of the 10 mil natural
Dy sample are available in Block et al. [2].

The detector efficiency varies with each isotope de-
pending on the neutron binding energy and gamma mul-
tiplicity and cascade spectrum. The "Dy capture yield
data were normalized to the transmission of the 10 mil
natDy sample using the 18.5eV resonance in %1Dy. The
same resonances used for the normalizations of the iso-
topes and natural capture yield data were used to find the
detector efficiency for each isotope. The detector efficiency
was fit to the normalized "*Dy experimental data with
the resonances using the SAMMY. The detector efficiency
that resulted in the best fit was used in the SAMMY anal-
ysis. In this analysis, we assumed no efficiency variations
from resonance to resonance in the same isotope because
all multiplicities were summed. Since the total gamma cas-
cade energy does not vary with the spin, the efficiency does
not depend on the resonance spin.

The results of this procedure are documented in ta-
ble 3. The errors on the normalization factors and detec-
tor efficiencies in table 3 came from the SAMMY fit. The
relation between the detector efficiencies and the binding
energy was observed to be linear within £5%.

4 Data analysis
4.1 Resolution function

Resolution broadening is an experimental effect and re-
flects the distribution in the neutron flight path-length,
electron burst width, time-of-flight channel width, and all
other experimental conditions. Since SAMMY is a shape
fitting analysis code, it is important to know the resolution
function, which changes the resonance shape. This reso-
nance parameter analysis was performed using the resolu-
tion functions determined by Barry [21] for the same neu-

tron producing target (epithermal BBT) and similar ex-
perimental conditions. In ref. [21] a 238U sample was used
as the benchmark material. Therefore, a natural metal-
lic uranium capture experiment was performed to confirm
whether the parameters were correct. The 238U sample
data also were used to verify the flight path length L and
to. Resonance shapes and energies determined by the as-
sumption that the neutron energy is non-relativistic, re-
sulted in good agreement between the measured data and
238U resonance parameters from ENDF/B-VIL1 [22], as
shown in fig. 2. This procedure serves as validation of the
TOF energy calibration (L and tp) and the SAMMY res-

olution function.

4.2 SAMMY analysis

The fitting procedure was the same technique imple-
mented by Barry [21]. All resonance energies and neutron
widths were varied by sequentially fitting the transmis-
sion and capture yield data, with the covariance matrix
file, which was generated by the previous iteration. If a
resonance included a significant quantity of scattering the
resonance was regarded as sensitive to the radiation width
and was fitted. The method to determine which radiation
widths to vary was based on a sensitive factor defined as
follows [21]:
Iy

Sy = T (3)
I, and I, were taken from ENDF-B/VIL.1 [22]. When
S, < 5, the resonance was regarded sensitive to I, and
both I, and I, were solved simultaneously. When S, > 5,
the resonance was considered insensitive to I, and only
I, was solved.

A combined fit was performed on the transmission,
natural sample, and dysprosium isotopes data. Each data
set was fitted sequentially with the covariance matrix file
from the previous samples in the sequence. The resonance
parameters of Dy were varied together because it is
contained by 2.34% of the natural sample. However, the
resonance parameters of '*Dy and '®8Dy listed in the
parameter file of SAMMY were fixed to ENDF/B-VII.1
values during the fitting because of their low abundances
(0.06% and 0.1% for natural dysprosium).

Before the final fit iteration, the average radiation
width (I7,) and uncertainty (AI,) for each dysprosium
isotope were calculated by using a weighted average tech-
nique using only the sensitive radiation widths. The ra-
diation widths of new resonances were set to the average
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Fig. 2. Capture yield data of ?*¥U and the SAMMY plot using ENDF/B-VII.1 resonance parameters of ***U and Barry’s

resolution function [21].

Table 4. Average radiation width (Iy) for each dysprosium isotope in the energy range from 10 to 1000eV. All data included
were from resonances sensitive to the value of the radiation width based on the criterion S, < 5, where S, is defined in eq. (3).

The number of

[meV] sensitive radiation widths

. . Average radiation width
Dysprosium isotope
(1) £ A1)
161Dy 11241
162y 90 + 2
163Dy 108 + 2
164Dy 8544

100
13
70

5

values presented in table 4. The radiation widths of insen-
sitive resonances were kept at the ENDF/B-VII value.

If a new resonance not listed on ENDF/B-VIL.1 was
observed, the average radiation width was assigned as the
radiation width of that resonance and only the resonance
energy and neutron width were allowed to be varied. After
the final parameters from the SAMMY analysis were de-
termined, it was confirmed how these parameters fit each
sample individually. This was accomplished by calculating
a theoretical curve for each sample with the final parame-
ters using the “Do not solve Bayes equation” command in
SAMMY. The chi-squared values were generated by this
process, and results are presented in the next section.

5 Results
5.1 Resonance parameters

The neutron width, I',, radiation width, Iy, and reso-
nance energy, Ey, were extracted from the capture yields
of four enriched dysprosium isotopes, the 20 mil natural
sample, and the transmission data from the 10 mil natural

sample. Figure 3 shows capture yield from the 20 mil nat-
ural dysprosium sample, capture yield from the four en-
riched isotopic samples, and transmission from the 10 mil
natural Dy sample with the fitted curves obtained from
the SAMMY program. A 0.041 in thick (0.104 cm) Mn-
Cu alloy (80% Mn-20% Cu) sample was used for the de-
termination of the time-dependent background during the
transmission experiment [2]. Therefore, the neutron flux
intensity goes to zero near the Mn strong resonance at
330eV. The transmission data in this region were not
used in the SAMMY analysis. In this region, the com-
bined fit was performed only with natural and isotope
yield data.

The final resonance parameters deduced from the pre-
viously described analysis in the energy range between
10eV and 1000eV are listed in tables 5-9. The reso-
nance parameters of ENDF/B-VIIL.1 [22] are also listed
on tables 5-9 to compare with the final resonance pa-
rameters. The uncertainties of the resonance parameters
in tables 5-9 are purely statistical errors taken directly
from the SAMMY fit. The sixth column in tables 59
indicates the source of Iy, i.e., fitted from the data (FIT),
fixed to an average value (AVG), or fixed to the value of
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Fig. 3. Transmission data of the natural sample and capture yield data of natural and isotopic data (black points) in the
neutron energy region (a) from 10 to 300eV and (b) from 300 to 1000eV. The red curves were plotted using the final resonance
parameters.
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Table 5. Resonance parameters for **°*Dy isotopes compared with ENDF/B-VII.1.
Ey [eV] I’y [meV] Iy [meV] J value
Eorpt | AEorp1 | Eoenor | Iyret | Ay rp1 | Iy source | Iy enpF | Inrer | Al rper | Inenpr | RPI | ENDF
10.5 0.02 10.5 100.0 ENDF 100.0 25.4 0.5 16.5 0.5 0.5
20.4 0.03 20.5 71.2 5.5 FIT 105.8 37.5 1.0 31.0 0.5 0.5
34.9 0.1 34.9 105.8 ENDF 105.8 1.2 0.1 1.2 0.5 0.5
73.2 0.1 73.1 105.8 ENDF 105.8 7.0 0.7 6.5 0.5 0.5
85.6 0.0 85.6 98.6 8.9 FIT 112.0 93.8 6.8 91.0 0.5 0.5
115.6 0.2 115.6 105.8 ENDF 105.8 2.0 0.2 2.0 0.5 0.5
136.5 0.0 136.4 95.9 9.5 FIT 96.0 26.6 2.3 26.0 0.5 0.5
155.7 0.0 155.7 103.5 10.2 FIT 105.0 79.2 7.1 85.0 0.5 0.5
178.3 0.1 178.3 120.1 12.0 FIT 120.0 30.0 2.7 30.7 0.5 0.5
202.2 0.1 202.2 105.6 10.5 FIT 106.0 31.8 3.1 31.3 0.5 0.5
246.3 0.2 246.3 105.8 ENDF 105.8 8.8 0.9 8.8 0.5 0.5
272.0 0.3 271.9 105.8 ENDF 105.8 4.4 0.4 4.3 0.5 0.5
320.8 0.3 320.7 105.8 ENDF 105.8 13.0 1.3 13.1 0.5 0.5
341.2 0.1 341.2 105.9 9.9 FIT 105.8 391.3 37.9 390.0 0.5 0.5
379.5 0.1 379.3 104.1 9.7 FIT 105.8 291.9 29.0 292.0 0.5 0.5
394.4 0.2 394.3 105.8 10.6 FIT 105.8 60.0 5.9 60.0 0.5 0.5
398.7 0.1 398.8 103.0 9.8 FIT 105.8 205.9 20.0 210.0 0.5 0.5
429.7 0.2 430.1 109.1 10.8 FIT 110.0 112.4 11.1 114.0 0.5 0.5
522.6 0.2 522.2 105.6 10.4 FIT 107.0 133.4 13.1 133.0 0.5 0.5
577.2 0.4 577.4 100.1 10.0 FIT 100.0 36.1 3.6 3.6 0.5 0.5
591.0 0.5 590.0 105.8 ENDF 105.8 8.5 0.9 0.9 0.5 0.5
625.8 0.5 625.6 105.8 ENDF 105.8 8.0 0.8 0.8 0.5 0.5
653.5 0.5 653.6 105.8 ENDF 105.8 5.6 0.6 0.6 0.5 0.5
679.4 0.4 679.5 107.1 10.6 FIT 105.8 733.4 73.3 71.3 0.5 0.5
704.0 0.3 703.6 109.2 10.9 FIT 105.8 912.2 92.0 97.1 0.5 0.5
729.4 0.4 729.6 120.5 12.1 FIT 120.0 113.6 11.3 11.5 0.5 0.5
737.2 0.6 736.4 108.5 10.8 FIT 105.8 1269.1 126.9 127.3 0.5 0.5
817.6 0.6 817.2 105.8 10.6 FIT 105.8 32.1 3.2 3.2 0.5 0.5
844.9 0.6 845.2 106.2 10.6 FIT 105.8 110.5 11.1 11.1 0.5 0.5
868.9 0.7 868.6 107.0 10.7 FIT 105.8 157.4 15.7 15.8 0.5 0.5
889.1 0.7 889.1 105.8 ENDF 105.8 17.9 1.8 1.8 0.5 0.5
972.2 0.7 972.0 105.8 ENDF 105.8 6.9 0.7 0.7 0.5 0.5
988.7 0.7 989.3 106.2 10.6 FIT 105.8 88.6 8.9 8.8 0.5 0.5

ENDF/B-VIL.1 (ENDF). The column labeled “J value” is
the total angular momentum of the compound taken from
ENDF/V-VIIL1 and used for the SAMMY analysis. How-
ever, for the newly observed resonances, the spin value
that resulted in the best fit to the experimental data was
chosen.

Above 600 eV the boron carbide liner in the multiplic-
ity detector is no longer black, and neutrons can enter the
Nal and be captured. The contributions of the scattered
neutron were estimated with a lead sample and MCNP
Polimi [23]. The MCNP Polimi was used for the additional
estimation of the slowing down of the scattered neutron
in the sample. The false capture curve from the scattered

neutron is shown in ref. [24]. The efficiency to record a
scattering event as capture is less than 2% below 600 eV
and less than 3% between 600V to 1000eV.

All the measured resonances in this region were as-
signed as s-wave resonances in the ENDF/B-VIL1 eval-
uation. Therefore, new resonances were also regarded as
s-wave resonances. We observed 29 and 17 new resonances
not listed in ENDF/B-VIL1 from Dy and %Dy iso-
topes, respectively. Six resonances from the '6'Dy isotope
(12.65, 48.8, 485.31, 574.65, 587.17, and 803.87¢eV), two
resonances from 63Dy (307.1 and 660.4 eV), and four res-
onances from %Dy (227.57, 479.39, 740.91, and 925.9eV)
listed in ENDF /B-VII.1 were not observed.
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Table 6. Resonance Parameters for *1Dy Isotopes Compared with ENDF/B-VII.1.
Ey [eV] I, [meV] I, [meV] J value
Eorpt |AEorpi|Eoenpr| Iy rpr |ALywrpi|ly source|Iy expr| Inrpt  |AlInrp1|ln ENDF RPI ENDF

10.3 0.01 10.3 106.8 ENDF 106.8 0.2 0.02 0.3 2 2
10.9 0.004 10.9 106.8 ENDF 106.8 0.5 0.02 0.4 3 3
unobserved 12.7 |unobserved 106.8 |unobserved 00.05 [unobserved 3
14.3 0.002 14.3 124.0 ENDF 124.0 7.9 0.1 74 2 2
16.7 0.001 16.7 116.0 ENDF 116.0 7.4 0.1 6.3 3 3
18.5 0.002 18.5 114.0 ENDF 114.0 10.0 0.1 10.2 2 2
20.2 0.03 20.2 106.8 ENDF 106.8 0.3 0.0 0.4 2 2
25.2 0.01 25.2 102.0 ENDF 102.0 1.5 0.1 14 2 2
29.1 0.004 29.0 126.0 ENDF 126.0 34 0.1 3.2 2 2
29.9 0.01 29.9 116.0 ENDF 116.0 0.9 0.0 0.8 3 3
35.7 0.01 35.7 106.8 ENDF 106.8 2.4 0.1 2.4 3 3
37.7 0.002 37.7 118.0 ENDF 118.0 11.6 0.2 9.6 3 3
38.5 0.002 38.5 110.0 ENDF 110.0 17.1 0.2 12.3 3 3
43.3 0.002 43.3 117.0 ENDF 117.0 13.5 0.2 11.1 3 3
45.2 0.003 45.1 108.0 ENDF 108.0 20.7 0.3 14.9 2 2
unobserved 48.8 |unobserved 106.8 |unobserved 0.8  |unobserved 2
50.9 0.01 50.9 93.0 ENDF | 93.000 4.1 0.1 4.2 3 3
51.7 0.003 51.8 120.3 6.5 113.000 25.5 0.4 25.2 2 2
52.2 0.02 52.2 106.8 ENDF |106.800 1.4 0.1 14 3 3
55.2 0.005 55.2 111.0 ENDF |111.000 10.1 0.2 11.2 2 2
59.6 0.01 59.6 106.8 ENDF |106.800 6.2 0.2 6.6 2 2
61.4 0.01 61.4 141.0 ENDF |141.000 9.7 0.2 9.1 2 2
63.7 0.01 63.6 105.0 ENDF |105.000 4.4 0.1 4.5 3 3
67.6 0.1 67.6 106.8 ENDF |106.800 0.1 0.0 0.1 2 2

71.5 0.02 new 112.1 AVG new 2.4 0.2 new 2 unassigned
73.2 0.01 73.2 106.8 ENDF |106.800 5.4 0.2 4.8 2 2

76.7 0.02 new 112.1 AVG new 2.0 0.1 new 2 unassigned
7.2 0.02 771 106.8 ENDF 106.8 2.3 0.1 4.1 3 3
78.1 0.06 78.1 106.8 ENDF 106.8 0.5 0.0 0.5 3 3
82.3 0.01 82.3 106.8 ENDF 106.8 3.9 0.2 3.1 2 2
85.1 0.01 85.1 106.8 ENDF 106.8 5.5 0.2 5.1 3 3
88.8 0.01 88.8 106.0 ENDF 106.0 13.2 0.3 12.0 3 3
91.1 0.04 91.1 106.8 ENDF 106.8 1.3 0.1 14 2 2
93.3 0.005 93.3 110.0 ENDF |110.000 23.4 0.5 19.7 3 3
95.2 0.02 95.2 106.8 ENDF 106.8 2.5 0.1 2.8 3 3
101.4 0.01 101.4 96.0 ENDF 96.0 15.2 0.5 174 2 2
102.4 0.08 102.4 106.8 ENDF 106.8 0.7 0.1 0.7 2 2
104.2 0.07 104.1 106.8 ENDF 106.8 0.6 0.1 0.6 3 3
105.1 0.01 105.0 106.8 ENDF 106.8 7.3 0.3 8.0 2 2
110.5 0.01 110.5 106.8 ENDF 106.8 9.6 0.3 8.7 3 3
112.4 0.01 112.4 106.8 ENDF 106.8 11.6 0.4 114 2 2
113.4 0.03 113.4 106.8 ENDF 106.8 2.3 0.2 2.0 2 2
118.5 0.01 118.4 106.8 ENDF 106.8 8.6 0.4 8.9 2 2
120.6 0.01 120.5 106.8 ENDF 106.8 8.7 0.4 8.6 2 2
124.7 0.01 124.7 119.4 9.6 FIT 107.0 72.5 2.4 68.4 2 2
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Table 6. Continued.

Eo [eV] I’y [meV] Iy [meV] J value
Eorp1 | AEorp1 | Foenor | Iy rer | Ay re1 | Iy source | Iy enDF | Inrp1 | Al rer | Inenpr | RPI ENDF
127.6 0.04 127.5 106.8 ENDF 106.8 2.1 0.2 2.5 3 3
131.2 0.02 131.2 106.8 ENDF 106.8 6.5 0.3 6.5 3 3
138.0 0.05 new 112.1 AVG new 3.3 0.3 new 2 | unassigned
138.5 0.01 138.4 120.0 ENDF 120.0 13.7 0.5 15.4 3 3
142.9 0.02 142.8 106.8 ENDF 106.8 11.6 0.5 11.2 2 2
144.8 0.03 144.8 106.8 ENDF 106.8 4.5 0.3 4.7 2 2
149.4 0.03 149.4 106.8 ENDF 106.8 3.2 0.2 3.2 3 3
153.9 0.02 153.8 106.8 ENDF 106.8 10.9 0.5 10.4 2 2
155.1 0.06 new 112.1 AVG new 2.7 0.2 new 2 unassigned
156.9 0.02 156.8 106.8 ENDF 106.8 7.4 0.4 7.6 2 2
162.7 0.01 162.6 122.3 10.4 FIT 117.0 43.8 1.4 43.7 3 3
165.9 0.04 new 112.1 AVG new 3.4 0.3 new 3 | unassigned
166.6 0.01 166.6 112.5 10.5 FIT 115.0 40.9 1.6 45.6 2 2
168.7 0.01 168.6 110.6 9.4 FIT 110.0 84.7 3.3 78.0 2 2
170.2 0.02 170.1 106.8 ENDF 106.8 9.7 0.5 9.1 2 2
172.9 0.01 172.8 106.8 ENDF 106.8 13.5 0.5 14.6 3 3
175.3 0.02 175.3 106.8 ENDF 106.8 12.8 0.5 12.0 3 3
176.3 0.03 176.5 106.8 ENDF 106.8 8.0 0.5 12.9 3 3
177.0 0.04 new 112.1 AVG new 7.4 0.6 new 2 unassigned
179.1 0.01 179.1 110.0 ENDF 110.0 20.7 0.7 20.6 3 3
183.8 0.01 183.7 108.5 10.6 FIT 106.8 22.5 0.9 35.1 3 3
184.5 0.04 new 112.1 AVG new 7.2 0.6 new 2 unassigned
189.4 0.01 189.3 116.0 11.3 FIT 106.8 35.2 1.5 33.6 2 2
191.1 0.03 191.0 106.8 ENDF 106.8 7.0 0.5 7.0 2 2
193.1 0.10 192.9 106.8 ENDF 106.8 1.8 0.2 1.6 2 2
194.5 0.01 194.4 106.8 ENDF 106.8 17.6 0.7 17.1 3 3
197.4 0.02 197.3 102.5 9.9 FIT 105.0 24.4 1.1 24.6 2 2
203.0 0.02 202.8 109.3 10.5 FIT 106.8 27.8 1.4 26.3 2 2
206.1 0.01 206.0 122.7 11.8 FIT 120.0 38.0 1.5 43.2 2 2
208.6 0.04 208.5 106.8 ENDF 106.8 10.9 0.7 12.8 2 2
209.4 0.1 new 112.1 AVG new 3.1 0.3 new 2 unassigned
210.6 0.01 210.5 104.9 10.1 FIT 106.8 33.1 1.6 31.2 2 2
212.1 0.02 212.0 106.8 ENDF 106.8 12.3 0.6 12.0 3 3
214.2 0.01 214.2 112.1 11.2 FIT 105.0 28.1 1.0 34.3 3 3
224.4 0.1 224.4 106.8 ENDF 106.8 5.2 0.4 5.4 2 2
227.9 0.02 227.8 108.2 10.5 FIT 106.8 22.8 1.0 22.3 3 3
235.5 0.02 235.5 107.0 10.7 FIT 106.8 23.9 1.2 36.0 2 2
236.5 0.1 new 112.1 AVG new 6.1 0.5 new 2 unassigned
239.2 0.1 239.0 106.8 ENDF 106.8 3.7 0.3 3.7 3 3
240.9 0.1 240.8 106.8 ENDF 106.8 5.4 0.4 5.3 2 2
242.6 0.02 242.4 106.8 ENDF 106.8 13.1 0.7 12.9 3 3
245.3 0.02 245.3 109.8 10.8 FIT 106.8 23.4 1.1 22.3 3 3
251.7 0.1 251.8 106.8 ENDF 106.8 3.7 0.3 3.6 2 2
256.8 0.1 256.8 106.8 ENDF 106.8 2.2 0.2 2.0 2 2
258.9 0.04 258.7 106.8 ENDF 106.8 9.1 0.6 9.4 3 3
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Table 6. Continued.

Eo [eV] I’y [meV] Iy [meV] J value
Eorp1 | AEorp1 | Foenor | Iy rer | Ay re1 | Iy source | Iy enDF | Inrp1 | Al rer | Inenpr | RPI ENDF
261.3 0.03 261.1 112.2 11.2 FIT 106.8 26.4 1.6 23.6 2 2
263.9 0.01 263.7 133.8 12.1 FIT 106.8 116.4 6.7 81.6 2 2
265.7 0.03 265.6 106.8 ENDF 106.8 17.3 1.1 16.8 2 2
268.0 0.1 267.8 106.8 ENDF 106.8 5.9 0.4 7.0 3 3
274.5 0.04 new 112.1 AVG new 17.4 1.2 new 2 unassigned
275.8 0.02 275.7 101.9 9.6 FIT 118.0 51.2 2.5 85.7 3 3
283.7 0.07 283.6 106.8 ENDF 106.8 5.1 0.4 5.5 3 3
287.6 0.1 287.6 106.8 ENDF 106.8 3.6 0.3 3.5 3 3
288.6 0.1 new 112.1 AVG new 2.5 0.2 new 3 unassigned
292.1 0.1 291.9 106.8 ENDF 106.8 4.7 0.4 4.9 2 2
293.9 0.04 293.6 106.8 ENDF 106.8 10.5 0.7 10.3 3 3
295.7 0.1 295.0 106.8 ENDF 106.8 3.0 0.3 2.9 2 2
300.1 0.02 299.9 112.8 11.3 FIT 106.8 31.2 1.5 32.6 3 3
302.5 0.1 302.4 106.8 ENDF 106.8 3.9 0.3 3.9 3 3
305.5 0.02 305.5 115.7 11.9 FIT 106.8 65.9 2.9 80.6 3 3
311.9 0.03 311.8 111.3 11.2 FIT 106.8 23.9 1.3 24.0 3 3
314.8 0.03 314.8 110.1 10.9 FIT 106.8 38.5 2.3 38.4 2 2
316.1 0.04 315.8 106.8 ENDF 106.8 15.8 1.0 13.7 3 3
3199 0.02 319.6 137.8 13.4 FIT 135.0 46.5 2.5 44.4 2 2
328.7 0.2 328.7 106.8 ENDF 106.8 2.5 0.2 2.4 3 3
331.5 0.1 331.3 106.8 ENDF 106.8 7.6 0.7 7.4 2 2
338.1 0.02 337.6 171.9 9.4 FIT 130.0 364.3 28.4 252.0 2 2
343.6 0.04 343.5 105.8 10.5 FIT 106.8 27.4 1.8 31.2 2 2
349.7 0.1 349.5 106.8 ENDF 106.8 5.7 0.5 5.5 3 3
362.2 0.02 362.0 137.2 10.8 FIT 120.0 171.2 13.2 156.0 2 2
378.5 0.2 378.7 106.8 ENDF 106.8 3.3 0.3 3.3 3 3
381.2 0.1 381.2 106.8 ENDF 106.8 11.2 1.0 9.8 2 2
383.0 0.04 383.1 99.0 9.6 FIT 106.8 43.0 2.5 63.4 3 3
384.2 0.1 new 112.1 AVG new 15.1 1.3 new 2 unassigned
389.4 0.1 388.9 106.8 ENDF 106.8 4.6 0.5 4.4 3 3
392.7 0.03 392.4 124.5 12.3 FIT 120.0 51.5 3.0 54.0 3 3
396.5 0.04 396.4 97.0 9.6 FIT 98.0 27.1 1.7 30.0 3 3
400.5 0.3 400.1 106.8 ENDF 106.8 2.0 0.2 2.0 2 2
403.1 0.2 402.9 106.8 ENDF 106.8 4.7 0.5 4.6 2 2
404.0 0.2 404.1 106.8 ENDF 106.8 2.6 0.3 2.6 3 3
415.6 0.04 415.3 107.3 10.6 FIT 106.8 40.5 2.8 43.2 2 2
420.2 0.05 420.0 106.8 ENDF 106.8 20.5 1.5 18.9 3 3
425.0 0.03 424.8 128.1 12.0 FIT 106.8 110.8 8.1 88.8 2 2
428.4 0.04 428.2 108.6 10.7 FIT 106.8 39.6 2.4 42.9 3 3
432.7 0.1 432.5 106.8 ENDF 106.8 10.3 0.8 10.3 3 3
435.2 0.1 435.1 106.8 ENDF 106.8 17.6 1.4 19.2 2 2
439.0 0.2 438.5 106.8 ENDF 106.8 5.9 0.6 6.0 2 2
440.3 0.2 440.1 106.8 ENDF 106.8 5.9 0.6 6.0 2 2
442.5 0.1 442.6 106.8 ENDF 106.8 8.7 0.7 9.4 3 3
444.0 0.2 new 112.1 AVG new 5.4 0.5 new 3 unassigned
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Ep [eV] I, [meV] I'y, [meV] J value
Eo rp1 AEp rp1 | Eo,enpr | Iy,re1 | Ay rp1 | Iy source | Iy gnDF | In,re1 | Ay re1 | In,ENDF RPI ENDF
445.5 0.1 445.2 | 105.7 10.5 FIT 106.8 29.4 1.9 30.9 3 3
448.0 0.06 447.7 | 106.8 10.6 FIT 106.8 31.1 2.3 33.6 2 2
450.6 0.07 450.2 | 106.8 10.6 FIT 106.8 26.4 2.0 27.4 3 3
455.0 0.09 454.9 | 106.8 ENDF 106.8 18.2 1.5 18.0 2 2
459.3 0.04 458.9 | 117.4 11.5 FIT 106.8 62.0 4.8 52.8 2 2
462.7 0.04 462.4 | 119.1 11.0 FIT 106.8 | 100.0 7.8 87.6 2 2
472.6 0.05 472.3 | 110.8 10.9 FIT 106.8 50.2 4.0 45.6 2 2
474.4 0.13 new 112.1 AVG new 16.4 1.4 new 2 unassigned
475.9 0.06 475.7 | 104.9 10.1 FIT 106.8 50.6 3.6 55.7 3 3
477.8 0.04 4774 | 109.8 10.0 FIT 106.8 85.9 6.0 82.3 3 3
482.8 0.20 483.1 | 106.8 ENDF 106.8 9.1 0.8 9.5 2 2
unobserved 485.3 106.8 2.4 unobserved 3
490.0 0.05 490.6 | 106.8 ENDF 106.8 5.0 0.5 5.0 2 2
497.7 0.06 497.2 | 118.2 11.8 FIT 106.8 29.9 2.1 29.1 3 3
501.3 0.15 500.6 | 106.8 ENDF 106.8 6.0 0.6 6.6 3 3
504.1 0.11 503.6 | 106.8 ENDF 106.8 13.5 1.1 13.7 3 3
505.5 0.11 505.0 | 106.8 ENDF 106.8 15.7 1.3 12.0 3 3
507.1 0.07 506.8 | 112.9 11.2 FIT 106.8 33.9 2.6 31.2 2 2
511.9 0.19 new 112.1 AVG new 7.3 0.7 new 2 unassigned
514.5 0.06 514.0 | 111.6 10.8 FIT 106.8 52.4 4.0 48.0 2 2
517.6 0.07 517.2 | 104.1 10.3 FIT 106.8 37.2 3.0 45.6 2 2
519.9 0.06 519.6 | 113.2 11.2 FIT 106.8 42.2 3.2 38.4 2 2
527.4 0.08 526.9 | 104.0 10.3 FIT 106.8 29.2 2.3 28.8 2 2
530.6 0.12 529.8 | 106.8 ENDF 106.8 15.0 1.4 12.7 2 2
535.5 0.06 535.1 | 118.4 11.5 FIT 106.8 58.5 4.6 45.6 2 2
539.7 0.08 539.6 93.6 9.2 FIT 106.8 37.8 3.2 57.6 2 2
540.8 0.13 new 112.1 AVG new 18.9 1.7 new 2 unassigned
543.6 0.21 543.5 | 106.8 ENDF 106.8 7.9 0.8 6.2 2 2
545.5 0.07 545.4 | 109.3 10.9 FIT 106.8 25.4 1.9 30.9 3 3
553.1 0.09 553.0 | 106.8 ENDF 106.8 19.4 1.6 18.9 3 3
555.2 0.21 555.0 | 106.8 ENDF 106.8 5.7 0.5 6.1 3 3
559.8 0.19 559.5 | 106.8 ENDF 106.8 3.6 0.4 34 3 3
562.4 0.06 562.1 | 107.2 10.4 FIT 106.8 60.9 5.0 60.0 2 2
566.5 0.08 566.1 | 104.4 10.3 FIT 106.8 26.3 1.9 27.4 3 3
unobserved 574.7 106.8 2.9 unobserved 3
582.0 0.06 581.6 | 106.3 9.8 FIT 106.8 60.8 4.1 61.7 3 3
584.9 0.20 584.5 | 106.8 ENDF 106.8 12.1 1.1 12.0 2 2
unobserved 587.2 106.8 2.6 unobserved 3
591.4 0.35 591.2 | 106.8 ENDF 106.8 2.8 0.3 2.7 3 3
594.5 0.15 594.4 | 106.8 ENDF 106.8 12.6 1.2 12.0 3 3
596.1 0.06 595.6 | 106.8 ENDF 106.8 10.4 1.0 10.3 3 3
599.9 0.05 599.6 | 121.3 9.3 FIT 106.8 | 217.9 20.5 192.0 2 2
602.6 0.22 602.2 | 106.8 ENDF 106.8 9.6 0.9 9.5 2 2
608.7 0.17 607.6 | 106.8 ENDF 106.8 114 1.0 11.1 3 3
614.9 0.07 614.4 | 1024 9.5 FIT 106.8 75.0 6.3 79.2 2 2




Page 12 of 22 Eur. Phys. J. A (2017) 53: 203
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Eo [eV] I’y [meV] Iy [meV] J value
Eorp1 | AEorp1 | Foenor | Iy rer | Ay re1 | Iy source | Iy enDF | Inrp1 | Al rer | Inenpr | RPI ENDF
619.6 0.23 new 112.1 AVG new 13.7 1.3 new 2 unassigned
620.9 0.07 620.3 104.1 9.9 FIT 106.8 64.8 5.1 68.6 3 3
625.2 0.19 624.9 106.8 ENDF 106.8 12.1 1.2 12.0 2 2
630.3 0.11 630.0 107.5 10.7 FIT 106.8 22.0 1.8 22.3 3 3
633.3 0.35 632.8 106.8 ENDF 106.8 7.5 0.7 7.4 3 3
633.6 0.36 new 112.1 AVG new 10.4 1.0 new 2 | unassigned
635.8 0.21 635.3 106.8 ENDF 106.8 15.0 1.4 14.4 2 2
636.7 0.27 new 112.1 AVG new 9.1 0.9 2 | unassigned
642.2 0.07 641.8 110.0 10.4 FIT 106.8 113.2 10.4 108.0 2 2
645.5 0.07 645.2 111.9 10.7 FIT 106.8 90.5 8.0 84.0 2 2
648.8 0.12 648.6 106.8 ENDF 106.8 20.7 1.7 20.6 3 3
651.2 0.05 652.0 106.8 ENDF 106.8 9.0 0.9 9.2 2 2
657.7 0.34 657.1 106.8 ENDF 106.8 6.0 0.6 6.0 2 2
666.0 0.40 665.0 106.8 ENDF 106.8 3.2 0.3 3.1 3 3
671.0 0.06 670.5 108.3 9.4 FIT 106.8 113.3 9.9 1114 3 3
672.8 0.09 672.2 117.0 11.4 FIT 106.8 76.6 6.9 67.2 2 2
675.3 0.25 674.9 106.8 ENDF 106.8 8.2 0.8 8.1 3 3
678.0 0.27 677.6 106.8 ENDF 106.8 7.0 0.7 6.7 3 3
680.8 0.08 680.7 109.7 10.6 FIT 106.8 91.1 8.0 87.6 2 2
682.3 0.17 new 112.1 AVG new 26.1 24 new 2 | unassigned
687.3 0.16 new 112.1 AVG new 10.4 1.0 new 2 unassigned
692.3 0.03 691.9 107.1 10.6 FIT 106.8 42.9 4.0 43.2 2 2
697.5 0.10 697.3 110.8 11.0 FIT 106.8 40.3 3.4 36.9 3 3
699.6 0.15 698.9 106.8 ENDF 106.8 18.5 1.7 17.1 3 3
704.4 0.36 704.5 106.8 ENDF 106.8 7.0 0.7 7.0 2 2
710.2 0.45 709.3 106.8 ENDF 106.8 3.2 0.3 3.1 3 3
713.1 0.16 712.9 108.1 10.9 FIT 106.8 30.3 3.0 28.8 2 2
715.3 0.10 714.8 114.9 11.4 FIT 106.8 92.2 8.8 84.0 2 2
717.3 0.34 new 112.1 AVG new 13.0 1.3 new 2 unassigned
719.1 0.25 new 112.1 AVG new 11.1 1.1 new 3 unassigned
721.5 0.08 720.9 1104 10.9 FIT 106.8 53.5 4.5 50.6 3 3
724.8 0.13 724.3 106.8 ENDF 106.8 20.4 1.9 18.9 3 3
730.0 0.11 729.7 109.3 10.8 FIT 106.8 55.0 4.8 52.8 2 2
736.7 0.12 736.2 111.4 11.1 FIT 106.8 62.3 5.8 57.6 2 2
739.1 0.10 738.2 110.0 10.8 FIT 106.8 95.0 8.9 91.2 2 2
741.3 0.16 740.4 108.0 10.8 FIT 106.8 34.9 3.3 33.6 2 2
744.2 0.14 743.9 106.1 10.6 FIT 106.8 25.2 2.2 25.7 3 3
747.0 0.11 746.6 108.1 10.8 FIT 106.8 35.4 3.0 34.3 3 3
750.4 0.12 750.0 108.3 10.7 FIT 106.8 41.9 3.7 40.8 2 2
756.4 0.34 755.5 106.8 ENDF 106.8 10.0 1.0 10.0 2 2
759.8 0.3 759.6 106.8 ENDF 106.8 14.5 1.4 14.4 2 2
763.9 0.3 763.7 106.8 ENDF 106.8 11.2 1.1 11.1 3 3
767.1 0.3 766.6 106.8 ENDF 106.8 10.9 1.1 11.1 3 3
771.4 0.2 770.8 110.6 11.0 FIT 106.8 25.9 2.3 24.9 3 3
773.8 0.1 T73.7 108.0 10.7 FIT 106.8 51.8 4.8 50.4 2 2
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Ep [eV] I, [meV] I'y, [meV] J value
Eo rp1 AEp rp1 | Eo,enpr | Iy,re1 | Ay rp1 | Iy source | Iy gnDF | In,re1 | Ay re1 | In,ENDF RPI ENDF
775.7 0.3 new 112.1 AVG new 23.3 2.2 new 2 unassigned
7774 0.1 776.3 | 108.7 10.3 FIT 106.8 95.3 8.6 93.6 2 2
780.7 0.1 780.1 123.3 11.1 FIT 106.8 | 215.9 20.3 192.0 2 2
784.6 0.1 784.1 | 106.5 10.5 FIT 106.8 39.3 3.3 39.4 3 3
787.1 0.3 786.6 106.8 ENDF 106.8 13.0 1.2 12.9 3 3
790.8 0.4 791.0 106.8 ENDF 106.8 7.4 0.7 7.2 2 2
798.5 0.1 797.5 | 106.8 ENDF 106.8 8.6 0.9 8.6 3 3
unobserved 803.9 106.8 4.8 unobserved 2
808.2 0.2 807.7 106.8 ENDF 106.8 16.7 1.6 16.3 3 3
810.0 0.3 new 112.1 AVG new 16.6 1.6 new 2 unassigned
813.1 0.1 812.8 105.5 10.3 FIT 106.8 46.4 3.9 48.0 3 3
815.1 0.2 new 112.1 AVG new 23.0 2.1 new 3 unassigned
818.2 0.3 818.1 106.8 ENDF 106.8 10.5 1.0 10.3 3 3
820.7 0.4 821.0 106.8 ENDF 106.8 11.9 1.2 12.0 2 2
831.9 0.1 831.4 105.2 10.3 FIT 106.8 63.1 5.8 64.8 2 2
833.7 0.0 834.0 | 106.8 ENDF 106.8 14.4 1.4 14.6 3 3
836.4 0.1 836.1 105.8 9.8 FIT 106.8 78.2 6.7 79.7 3 3
845.3 0.3 845.6 | 106.8 ENDF 106.8 13.3 1.3 13.7 3 3
851.1 0.2 850.6 105.4 10.4 FIT 106.8 34.2 3.0 36.0 3 3
856.4 0.2 856.1 106.8 ENDF 106.8 21.5 2.0 20.6 3 3
860.7 0.1 860.5 113.1 10.6 FIT 106.8 81.9 6.8 75.4 3 3
864.4 0.2 864.1 106.9 10.7 FIT 106.8 21.9 2.1 22.3 3 3
867.8 0.2 867.2 111.0 11.3 FIT 106.8 33.2 3.4 28.8 2 2
879.1 0.4 879.0 | 106.8 ENDF 106.8 10.9 1.1 10.8 2 2
882.1 0.1 881.6 107.8 9.6 FIT 106.8 171.1 16.3 168.0 2 2
885.7 0.2 885.3 | 107.9 10.6 FIT 106.8 43.5 3.8 42.9 3 3
893.3 0.3 892.9 107.1 10.7 FIT 106.8 23.0 2.2 22.8 2 2
897.0 0.1 897.0 | 106.8 ENDF 106.8 8.7 0.9 8.6 2 2
900.1 0.3 900.0 106.8 ENDF 106.8 12.3 1.2 12.0 3 3
903.6 0.0 903.2 | 107.0 10.6 FIT 106.8 56.1 5.4 56.6 3 3
908.6 0.4 new 112.1 AVG new 12.6 1.2 new 3 unassigned
910.8 0.2 910.2 107.7 10.8 FIT 106.8 38.4 3.6 37.7 3 3
915.2 0.1 914.3 115.6 10.1 FIT 106.8 176.8 16.1 162.9 3 3
918.5 0.1 918.1 107.7 10.3 FIT 106.8 109.8 10.3 108.0 2 2
923.1 0.3 922.9 106.8 ENDF 106.8 16.0 1.6 15.4 3 3
926.0 0.2 925.5 111.7 11.1 FIT 106.8 93.7 9.0 87.6 2 2
934.4 0.1 933.2 106.8 ENDF 106.8 20.6 2.0 20.6 3 3
941.8 0.1 941.1 106.8 ENDF 106.8 14.4 1.4 14.4 2 2
943.6 0.2 943.0 107.0 10.6 FIT 106.8 62.6 5.9 62.4 2 2
946.3 0.3 new 112.1 AVG new 25.6 2.4 new 3 unassigned
948.8 0.2 948.1 109.2 10.8 FIT 106.8 92.7 9.0 88.8 2 2
954.4 0.3 new 112.1 AVG new 19.9 1.9 new 3 unassigned
956.6 0.4 955.3 | 107.3 10.8 FIT 106.8 29.3 2.9 28.8 2 2
959.0 0.2 958.2 107.4 10.6 FIT 106.8 59.0 5.3 58.3 3 3
963.7 0.4 963.2 | 106.8 ENDF 106.8 10.3 1.0 10.3 3 3
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Table 6. Continued.

Ey [eV] I, [meV] I, [meV] J value

Eorp1 | AEore1 | Eoenor | Iy rpe1 | Al rpe1 | Iy source | Iy enxprF | Inrer | Alnwrer | Inexpr | RPI | ENDF
965.7 0.6 965.2 106.8 ENDF 106.8 7.7 0.8 7.7 3 3
972.9 0.2 972.2 112.5 11.4 FIT 106.8 96.3 9.6 90.0 2 2
976.3 0.2 975.7 108.1 10.9 FIT 106.8 34.1 3.4 32.6 3 3
978.8 0.1 978.5 105.4 9.9 FIT 106.8 101.1 9.3 102.9 3 3
981.2 0.1 980.9 106.8 ENDF 106.8 16.9 1.7 16.8 2 2
990.4 0.1 989.3 114.0 10.9 FIT 106.8 166.2 16.0 156.0 2 2
993.4 0.2 992.8 106.8 ENDF 106.8 11.3 1.1 11.1 3

995.7 0.0 996.2 106.8 ENDF 106.8 7.3 0.7 7.2 2 2

Table 7. Resonance parameters for **?Dy isotopes compared with ENDF/B-VII.1.
Ep [eV] I’y [meV] I, [meV] J value

Eorp1 | AEorpe1 | Eoenor | Iy rer | Ay rpe1 | Iy source | Iy enpr | Ingret | Alwgret | Inexor | RPI | ENDF
71.1 0.004 71.1 86.0 3.5 FIT 125.0 448.8 5.6 400.0 0.5 0.5
117.2 0.007 117.2 120.0 ENDF 120.0 12.0 0.4 9.5 0.5 0.5
208.1 0.01 208.0 110.2 10.5 FIT 105.0 25.0 0.9 24.0 0.5 0.5
223.5 0.01 223.3 114.6 10.5 FIT 115.0 41.1 1.9 37.0 0.5 0.5
269.4 0.01 269.4 94.3 4.9 FIT 116.8 708.4 20.5 620.0 0.5 0.5
357.4 0.03 357.0 102.1 10.0 FIT 105.0 25.0 1.5 26.3 0.5 0.5
413.2 0.02 412.8 86.0 5.8 FIT 100.0 152.7 13.3 150.0 0.5 0.5
470.4 0.1 470.3 116.8 ENDF 116.8 9.0 0.8 8.0 0.5 0.5
530.0 0.03 529.8 70.2 3.9 FIT 120.0 314.6 29.9 280.0 0.5 0.5
633.0 0.1 632.8 89.8 5.4 FIT 116.8 1692.1 108.5 1510.0 0.5 0.5
686.4 0.05 686.0 96.2 5.5 FIT 110.0 486.2 44.8 445.0 0.5 0.5
717.1 0.1 716.5 100.5 5.6 FIT 130.0 613.8 54.7 590.0 0.5 0.5
766.8 0.1 766.4 87.3 5.3 FIT 116.8 861.5 73.1 860.0 0.5 0.5
866.8 0.1 866.0 103.8 7.3 FIT 116.8 2720.7 157.5 2500.0 0.5 0.5
951.6 0.02 952.1 71.4 6.0 FIT 110.0 186.2 17.3 194.0 0.5 0.5

Each experimental data set was plotted with the fi-
nal parameters (fit without solving Bayes equations),
and the reduced chi-squared values were generated from
the SAMMY. The final reduced x? values of 6Dy,
162Dy, 163Dy, 164Dy, and "Dy capture yield were 1.03,
1.05, 1.04, 1.06, and 1.07, respectively and the final re-
duced x? values of "Dy transmission was 1.22. The
reason for the near unity y? are the relatively large
uncertainties on the capture yield of the isotopic sam-
ples.

The resonance integrals (RI) from the present reso-
nance parameters are compared with those of ENDF/B-
VIIL.1 in table 10. The RIs for each dysprosium isotope

were calculated from 0.5eV to 20 MeV with the same
method used in Kang et al. [17] using the NJOY code [25]
and INTER code [26]. The RI uncertainties in table 10
were determined with Barry’s method suggested in his
thesis [21]. This method used resonance parameter error
propagation on the simple Breit-Wigner formula. The RI
of 19Dy is 21% larger than the RI from resonance param-
eters of ENDF /B-VIL.1. The percent change of the RI for
the other isotopes are within 2% of the ENDF/B-VIIL.1
values. A RI value of the natural dysprosium calculated
with present resonance parameters was 1405 4+ 3.5 barn.
The value is ~ 0.3% higher than that obtained with the
ENDF/B-VIIL.1 parameters.
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Table 8. Resonance parameters for **3Dy isotopes compared with ENDF/B-VII.1.

Page 15 of 22

Ep [eV] Iy [meV] I, [meV] J value
Eo rper AEo rp1 | Eo,enor | Iy,rp1 | ALy et | [y source | Iy gnDF | [n,rP1 | Aln,rP1 | [0, ENDF RPI ENDF
16.2 0.001 16.2 105.0 ENDF 105.0 21.8 0.2 18.3 -3 -3
19.7 0.01 19.7 108.6 ENDF 108.6 0.8 0.0 0.9 -3 -3
35.8 0.002 35.8 108.6 ENDF 108.6 13.5 0.2 9.8 —2 —2
50.3 0.01 50.3 108.6 ENDF 108.6 3.3 0.1 2.8 -3 -3
55.9 0.002 55.9 137.5 4.9 FIT 120.0 26.8 0.4 24.0 -3 -3
59.1 0.003 59.0 106.2 4.9 FIT 111.0 | 105.0 2.2 98.4 -2 -2
66.1 0.005 66.1 108.6 ENDF 108.6 8.5 0.2 7.2 -3 -3
72.0 0.01 72.0 108.6 ENDF 108.6 4.4 0.2 4.2 —2 —2
75.4 0.01 75.5 108.6 ENDF 108.6 3.6 0.2 2.8 -2 -2
79.0 0.005 79.0 108.6 ENDF 108.6 20.8 0.5 17.4 -2 -2
86.3 0.03 86.3 108.6 ENDF 108.6 1.3 0.1 1.0 -3 -3
94.1 0.01 94.1 108.6 ENDF 108.6 19.4 0.4 17.1 -3 -3
105.9 0.004 105.9 | 119.6 7.9 FIT 108.6 65.8 1.5 54.0 -3 -3
107.2 0.01 107.2 110.1 8.4 FIT 108.6 39.4 0.9 33.6 —2 —2
120.4 0.01 120.3 108.6 ENDF 108.6 9.7 0.4 8.2 -3 -3
126.6 0.01 126.6 108.6 ENDF 108.6 16.8 0.5 15.3 -3 -3
127.5 0.01 127.5 108.6 ENDF 108.6 13.2 0.4 11.2 -3 -3
135.4 0.02 135.3 108.6 ENDF 108.6 5.7 0.3 4.5 -3 -3
143.5 0.01 143.4 108.6 ENDF 108.6 16.8 0.7 20.4 —2 —2
145.0 0.01 145.0 103.6 9.1 FIT 100.0 54.3 1.9 55.2 —2 —2
155.1 0.01 155.0 100.1 8.0 FIT 110.0 105.9 6.7 99.6 —2 -2
163.9 0.01 163.8 108.6 ENDF 108.6 11.2 0.5 10.3 -3 -3
177.2 0.04 177.2 108.6 ENDF 108.6 3.7 0.3 3.4 -3 -3
185.2 0.03 185.1 108.6 ENDF 108.6 4.4 0.3 4.6 -3 -3
189.0 0.05 189.0 | 108.6 ENDF 108.6 4.2 0.3 4.1 -2 -2
203.0 0.02 202.9 106.0 10.2 FIT 108.6 22.2 1.1 25.2 —2 —2
205.4 0.01 205.3 100.4 9.1 FIT 95.0 54.2 2.2 46.3 -3 -3
213.8 0.03 213.7 108.6 ENDF 108.6 6.4 0.4 5.7 -3 -3
223.9 0.02 224.2 101.5 6.9 FIT 160.0 189.7 15.1 216.0 —2 —2
224.6 0.02 new 108.3 AVG new 30.1 2.3 new -3 unassigned
233.7 0.04 233.5 | 108.6 ENDF 108.6 6.2 0.4 6.3 -3 -3
250.7 0.02 250.6 | 108.6 ENDF 108.6 15.6 0.8 15.4 -3 -3
261.3 0.01 261.1 99.8 7.8 FIT 87.0 107.3 7.8 91.7 -3 -3
268.2 0.01 268.0 98.9 7.3 FIT 90.0 133.1 9.6 120.0 -3 -3
274.4 0.02 274.2 115.9 114 FIT 108.6 37.5 2.1 33.6 —2 —2
281.2 0.02 281.1 110.5 10.8 FIT 108.6 27.8 1.4 26.6 -3 -3
289.1 0.02 288.9 94.9 6.2 FIT 130.0 145.2 11.9 151.2 —2 —2
295.9 0.07 296.0 108.6 ENDF 108.6 7.9 0.7 7.1 —2 —2
297.3 0.07 new 108.3 AVG new 13.0 1.2 new -2 unassigned
298.1 0.02 297.8 92.8 7.6 FIT 108.6 92.6 6.8 103.2 —2 —2
unobserved 307.1 108.6 1.9 unobserved -2
323.1 0.02 323.1 103.8 5.5 FIT 128.0 | 252.8 22.3 240.0 -3 -3
324.7 0.02 324.6 101.1 6.9 FIT 100.0 | 2574 19.8 231.4 -3 -3
327.2 0.03 326.9 108.7 10.9 FIT 108.6 34.0 2.0 42.1 —2 —2
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Table 8. Continued.

Ep [eV] I, [meV] I'y, [meV] J value
Eo rp1 AEp rp1 | Eo,enpr | Iy,re1 | Ay rp1 | Iy source | Iy gnDF | In,re1 | Ay re1 | In,ENDF RPI ENDF
329.7 0.05 329.7 108.6 ENDF 108.6 19.3 1.3 20.4 -2 -2
343.1 0.04 342.9 108.6 ENDF 108.6 20.0 1.3 19.7 -3 -3
348.4 0.02 348.3 96.0 5.9 FIT 110.0 | 2974 24.4 288.0 —2 -2
368.8 0.02 368.6 134.3 9.6 FIT 120.0 | 214.3 17.3 204.0 -2 -2
375.4 0.17 375.0 108.6 ENDF 108.6 3.3 0.3 3.3 -3 -3
382.4 0.07 382.2 108.6 ENDF 108.6 6.1 0.6 6.1 —2 -2
387.3 0.04 387.0 112.1 11.1 FIT 108.6 32.9 2.3 28.8 —2 -2
390.6 0.03 390.4 89.9 8.5 FIT 90.0 45.0 2.8 47.1 -3 -3
400.4 0.04 400.3 109.4 10.8 FIT 108.6 34.6 2.4 33.6 —2 —2
403.1 0.19 403.2 108.6 ENDF 108.6 4.0 0.4 4.1 —2 -2
4114 0.02 411.1 176.0 8.9 FIT 155.0 | 626.9 40.1 648.0 —2 -2
420.8 0.23 420.6 108.6 ENDF 108.6 2.5 0.2 2.4 -3 -3
429.6 0.04 429.4 67.4 6.3 FIT 70.0 36.2 2.6 39.4 -3 -3
455.1 0.03 454.8 | 147.8 14.0 FIT 150.0 75.9 4.5 80.6 -3 -3
459.5 0.06 459.2 | 107.8 10.7 FIT 108.6 22.5 1.6 25.7 -3 -3
465.5 0.06 465.3 | 108.6 ENDF 108.6 20.7 1.5 18.9 -3 -3
479.4 0.04 479.1 148.6 13.8 FIT 150.0 85.1 6.1 84.0 —2 —2
484.0 0.04 483.6 120.1 11.0 FIT 120.0 94.7 6.9 94.8 —2 -2
502.7 0.15 new 108.3 AVG new 9.3 0.8 new —2 unassigned
504.5 0.11 new 108.3 AVG new 22.5 2.1 new -2 unassigned
505.2 0.05 504.6 62.1 5.1 FIT 80.0 126.9 12.1 144.0 —2 —2
516.5 0.06 516.3 114.0 11.3 FIT 108.6 25.8 1.9 25.7 -3 -3
519.4 0.11 519.8 101.2 10.1 FIT 108.6 19.5 1.7 26.4 —2 -2
520.4 0.13 new 108.3 AVG new 14.1 1.3 new -2 unassigned
533.6 0.04 533.2 122.2 8.5 FIT 130.0 | 248.3 22.2 240.0 —2 —2
542.7 0.03 542.2 125.3 8.8 FIT 135.0 | 342.2 28.4 288.0 —2 -2
564.6 0.06 564.3 87.4 7.9 FIT 85.0 76.7 6.5 74.4 -2 -2
569.4 0.03 569.0 | 157.1 13.7 FIT 150.0 | 157.6 12.7 148.8 —2 -2
581.1 0.05 580.8 126.3 11.8 FIT 130.0 73.2 5.5 75.4 -3 -3
594.8 0.05 594.5 | 112.3 10.3 FIT 108.6 86.7 6.9 84.0 -3 -3
601.5 0.04 601.3 143.9 12.4 FIT 130.0 199.3 16.6 180.0 -2 -2
616.2 0.1 615.7 73.1 6.6 FIT 75.0 57.3 4.6 60.0 -3 -3
621.0 0.1 620.8 122.4 11.0 FIT 110.0 134.4 12.1 120.0 —2 -2
632.7 0.1 632.1 95.8 7.2 FIT 125.0 155.1 13.9 180.0 -3 -3
637.6 0.1 637.2 135.7 11.4 FIT 135.0 196.4 17.5 192.0 -2 -2
642.4 0.1 642.0 77.4 6.3 FIT 100.0 112.1 9.3 137.1 -3 -3
646.8 0.0 646.3 151.1 14.3 FIT 150.0 102.1 7.1 102.9 -3 -3
652.6 0.3 652.2 108.6 ENDF 108.6 7.4 0.7 7.2 —2 -2
unobserved 660.4 108.6 22.8 | unobserved -2
666.8 0.1 new 108.3 AVG new 49.5 4.2 new -2 unassigned
685.2 0.3 new 108.3 AVG new 6.6 0.6 new -3 unassigned
687.6 0.1 687.0 | 108.6 ENDF 108.6 22.3 2.0 20.6 -3 -3
694.0 0.3 new 108.3 AVG new 12.6 1.2 new -2 unassigned
696.3 0.1 695.7 118.9 10.3 FIT 115.0 199.6 18.4 192.0 —2 —2
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Table 8. Continued.

Page 17 of 22

Eo [eV] I’y [meV] Iy [meV] J value

Eorp1 | AEorp1 | Foenor | Iy rer | Ay re1 | Iy source | Iy enDF | Inrp1 | Al rer | Inenpr | RPI ENDF
710.3 0.3 709.8 108.6 ENDF 108.6 10.1 1.0 9.6 -2 -2
712.8 0.1 712.5 94.3 8.8 FIT 95.0 90.4 8.3 90.0 —2 -2
714.1 0.2 new 108.3 AVG new 20.8 2.0 new —2 | unassigned
721.7 0.1 721.3 75.2 7.0 FIT 75.0 73.1 6.3 73.7 -3 -3
732.4 0.1 732.1 108.6 ENDF 108.6 17.0 1.7 16.3 -3 -3
736.4 0.2 736.1 108.6 ENDF 108.6 17.4 1.6 17.1 -3 -3
742.4 0.2 741.7 108.6 ENDF 108.6 19.8 1.8 18.9 -3 -3
747.3 0.4 747.2 108.6 ENDF 108.6 8.4 0.8 8.4 -2 -2
756.4 0.1 756.1 82.4 8.0 FIT 85.0 41.7 3.6 44.6 -3 -3
758.5 0.3 new 108.3 AVG new 13.2 1.3 new —2 | unassigned
764.5 0.2 764.3 108.6 ENDF 108.6 22.0 2.1 21.6 -2 -2
767.5 0.3 new 108.3 AVG new 15.0 1.4 new —2 | unassigned
770.6 0.4 769.9 108.6 ENDF 108.6 5.8 0.6 5.7 -3 -3
776.7 0.2 776.6 108.0 10.8 FIT 108.6 24.3 2.2 24.0 -3 -3
794.5 0.1 794.4 110.0 10.9 FIT 108.6 47.5 4.2 46.3 -3 -3
796.1 0.2 new 108.3 AVG new 23.1 2.2 new —2 | unassigned
810.2 0.1 809.5 138.5 11.2 FIT 108.6 362.3 36.6 312.0 -2 -2
813.2 0.1 812.3 117.8 11.9 FIT 108.6 69.7 6.8 60.0 -2 -2
823.4 0.1 823.0 109.3 10.9 FIT 108.6 41.9 3.7 41.1 -3 -3
831.6 0.1 830.9 109.6 10.3 FIT 108.6 105.4 9.7 104.4 -2 -2
834.9 0.3 new 108.3 AVG new 11.4 1.1 new —3 | unassigned
845.9 0.2 846.6 108.6 ENDF 108.6 11.2 1.1 11.1 -3 -3
850.5 0.2 new 108.3 AVG 108.6 24.1 2.4 new —2 | unassigned
852.0 0.1 851.2 108.5 9.5 FIT 108.6 192.6 18.6 192.0 -2 -2
858.4 0.1 857.8 112.6 11.1 FIT 108.6 75.3 7.0 70.8 —2 —2
864.1 0.2 new 108.3 AVG new 26.7 2.4 new —3 | unassigned
865.9 0.2 864.9 105.8 10.4 FIT 108.6 59.4 5.5 62.4 -2 -2
874.2 0.1 873.9 108.2 10.1 FIT 108.6 100.8 8.8 102.9 -3 -3
900.8 0.1 899.7 97.4 7.9 FIT 108.6 210.2 20.3 216.0 —2 —2
919.2 0.1 918.7 105.1 10.0 FIT 108.6 74.1 6.6 78.0 -3 -3
920.7 0.2 new 108.3 AVG new 41.2 3.8 new —3 | unassigned
930.5 0.1 929.8 98.5 8.4 FIT 108.6 240.0 22.2 252.0 -2 -2
936.0 0.2 935.8 108.8 10.8 FIT 108.6 32.5 2.9 32.6 -3 -3
940.1 0.1 939.5 86.4 6.8 FIT 108.6 207.9 19.5 222.9 -3 -3
950.0 0.1 949.7 103.5 9.5 FIT 108.6 169.6 16.1 168.0 -2 -2
954.6 0.4 new 108.3 AVG new 15.3 1.5 new —2 | unassigned
958.2 0.1 957.8 109.5 10.9 FIT 108.6 31.3 3.0 30.9 -3 -3
967.5 0.2 967.4 111.4 11.1 FIT 108.6 60.8 5.8 57.6 —2 -2
973.7 0.1 972.8 120.8 10.6 FIT 108.6 294.9 29.4 276.0 —2 -2
980.9 0.4 980.5 108.6 ENDF 108.6 11.3 1.1 11.1 -3 -3
997.3 0.2 996.6 109.8 10.9 FIT 108.6 66.3 6.3 64.8 -2 -2
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Table 9. Resonance parameters for ***Dy isotopes compared with ENDF/B-VII.1.

Ey [eV] I’y [meV] I, [meV] J value
Eorp1  |AEorp1|Eoexpr| Iy re1 |AIN re1|ly source| Iy expr| Ingrpr | A re1| L0 ENDF RPI ENDF
147.1 0.007 147.0 88.8 4.185 FIT 114.2 844.3 11.090 | 820.0 0.5 0.5
unobserved 227.6 |unobserved 114.2 |unobserved 0.4 |unobserved| —0.5
450.5 0.036 450.4 72.8 4.144 FIT 110.0 268.2 24.310 | 260.0 0.5 0.5
unobserved 479.4 |unobserved 114.2 |unobserved 0.8 |unobserved| —1.5
536.7 0.034 536.3 63.5 4.913 FIT 120.0 106.3 9.135 116.0 0.5 0.5
549.2 0.133 548.8 114.2 ENDF 114.2 6.9 0.612 6.8 0.5 0.5
unobserved 740.9 |unobserved 114.2 |unobserved 1.5 |unobserved| —1.5
805.2 0.256 804.2 114.2 ENDF 114.2 9.1 0.870 8.8 -0.5 —0.5
854.4 0.072 853.9 82.4 5.143 FIT 114.2 514.4 48.650 | 550.0 0.5 0.5
unobserved 925.9 |unobserved 114.2 |unobserved 1.5 |unobserved| —1.5
941.5 0.411 941.0 114.2 ENDF 114.2 24 0.241 2.5 -1.5 —-1.5
983.7 0.094 983.1 110.4 9.757 FIT 120.0 105.8 8.808 120.0 0.5 0.5

Table 10. Calculated capture resonance integrals for dysprosium isotopes in the energy range from 0.5eV to 20 MeV.

Isotope Abundance [%)] Capture resonance integral [b] Percent change [%]
Present ENDF/B-VII.1

156y 0.06 - 1021 -

158Dy 0.1 - 247 -

160Dy 2.34 1342 + 24 1107 +21

161Dy 18.9 1083 + 14 1076 +0.6

162y 25.5 2735+ 3 2757 —-0.8

163Dy 24.9 1510 = 8.4 1489 +1.4

164y 28.2 3384+0.8 343 —1.8

natDy - 1405+ 3.5 1401 +0.3

5.2 Resonance parameter statistics

The missing level curves of each isotope were plotted by
assuming the level spacing is theoretically a constant as
shown in fig. 4. The average level spacing, Dy, is the in-
verse of the slope in the range judged that Dg is con-
stant. The Dy for '°Dy, 16'Dy, and 3Dy seem to be
constant up to 202.2, 120.6, and 163.9eV, respectively.
For 162Dy and '%4Dy Dy seems constant up to 1000 eV be-
cause they have few resonances. The Dy for 159Dy, 61Dy,
162Dy 163Dy, and '%*Dy are shown in table 11. The D

values of "Dy, 161Dy, and 93Dy are different from those
of the Atlas [27] by ~ 38%, ~ 17%, and ~ 5%, respec-
tively. The uncertainties in Dy given in table 11 for the
current measurement are the uncertainties in the fitted
slopes from fig. 4. The uncertainties in Dy given in ta-
ble 11 for the Atlas values are from Mughabghab [27].
According to the missing level curve shown in fig. 4, there
exist about 24 missing levels for 1Dy and about 130
missing levels for 1Dy in the region up to 1000eV. Ta-
ble 11 and fig. 4 also provide comparison to the values
from Mughabghab [27].
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Table 11. The level densities of the dysprosium isotopes. The
uncertainties in Do for this work are the uncertainties in the
fitted slopes from fig. 4. The uncertainties in Dy given in ta-
ble 11 for the Atlas values are from Mughabghab [27].

Isotope | Dg of this work [eV] | Dg of Atlas [eV]
160Dy 17.04+0.8 273+ 1.7
1611y 2.59 £ 0.01 2.14+0.15
162y 56+ 1 62.9 + 3.6
163Dy 6.90 + 0.08 7.28 +0.37
1641y 142 +£7 144.14+9.6

Table 12. Degrees of Freedom (DFs) of x? distributions which
were best matched with the reduced neutron width distribu-
tions.

Isotope DF of this work DF of ENDF
160y 0.99 1
161Dy 1.77 1.78
1621y 1.30 1.35
163Dy 1.40 1.46

Statistical distributions of reduced neutron widths, I"?,
were compared with ENDF/B-VIL.1 for four isotopes in
the region from 0 to 1000eV. The statistical distribution
for 194Dy was not investigated because of the small num-
ber of resonances. Reduced neutron widths were divided
by the average reduced neutron width, (I'%), and cumu-
lative distributions of these ratios were compared with
the integral of the Porter-Thomas distribution [28] (x?
distribution with one degree of freedom). The degrees of
freedom, DF, of a x? distribution which are best matches
with the data for each isotope are listed in table 12 and
the distributions are plotted in fig. 5. The results agree
reasonably with the Porter Thomas distributions. How-
ever, there are more narrow resonances than expected for
161Dy and '%3Dy. These trends agree with the distribution
of ENDF/B-VII.1 resonance parameters.

Statistical distributions of radiation widths were com-
pared with those of ENDF/B-VIL1 for 6'Dy and 63Dy
in fig. 6. Only sensitive I',’s, determined by the criteria in
sect. 4.2, were used in the analysis. Radiation widths were
divided by the error-weighted average radiation width,
(I',). These values were fitted with x? distribution varying
degrees of freedom. x? distributions with 584 and 110 de-
grees of freedom were best matched with radiation width
distribution of '%'Dy and 3Dy, respectively. The data
are in reasonable agreement with the theory for multiple
exit channels.

Neutron strength functions, Sy, were calculated for
161Dy and 193 Dy. The values and those of ENDF/B-
VIIL.1 [22] and the Atlas of Neutron Resonances [27] are
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listed in table 13. The Sy values were determined from
the resonances within the energy range where the level
density is constant. The uncertainties given in table 13
were determined by a quadrature sum of the uncertain-
ties in tables 5-9. Sy for both 1Dy and 63Dy are larger
than those from ENDF /B-VII.1. Otherwise, the values are
smaller than those from the Atlas.

6 Conclusions

The multilevel R-matrix Bayesian code SAMMY was used
to extract the resonance parameters from capture data
sets for dysprosium isotopes and from a transmission
data set of natural dysprosium. Resolution broadening,
Doppler broadening, and multiple scattering correction of
capture data were included during the fitting.

We observed 29 and 17 new resonances not listed in
ENDF/B-VIL1 from %Dy and 93Dy isotopes, respec-
tively. Six resonances from 1Dy isotope, two resonances
from '93Dy, and four resonances from 64Dy listed in
ENDF/B-VII.1 were not observed in the present measure-
ments.

The capture resonance integrals of each isotope in the
energy range from 0.5eV to 20 MeV were calculated us-
ing the resulting resonance parameters. The capture reso-
nance integrals were compared to the resonance integrals
calculated with the ENDF/B-VIIL.1 parameters. The reso-
nance integral value of the natural dysprosium calculated
with present resonance parameters was 1405 4 3.5 barn.
The value is ~ 0.3% higher than that obtained with the
ENDF/B-VIIL.1 parameters.

The average level spacing was measured. The Dy for
160Dy, 161Dy, 162Dy, 163Dy and 154Dy were 17.04 £ 0.81,
2.5940.01, 55.69£0.99, 6.90+0.08, and 142.15+6.87€V,
respectively.

The distributions of reduced neutron widths for 1°Dy,
161Dy 162Dy and '%3Dy were compared to those of
ENDF/B-VIL1 and the theoretical Porter-Thomas dis-
tribution. The results agree reasonably with the Porter
Thomas distributions. However, there are more narrow
resonances than expected for 1Dy and 153Dy. For 61Dy
and 193Dy, there are more narrow resonances than ex-
pected.

Statistical distributions of radiation widths were inves-
tigated for 1°'Dy and '®*Dy and compared to ENDF /B-
VIL.1 and x? distributions. The best-fits of %'Dy and
163Dy were x? distributions with 584 and 110 degrees of
freedom, respectively, which is in reasonable agreement
with the theory for multiple exit channels.

Neutron strength functions were calculated for 11Dy
and '93Dy. Sy for both 5Dy and 93Dy are larger than
those from ENDF/B-VIL.1. Otherwise, the values are
smaller than those from Atlas.

This research was partly supported by the Institutional Ac-
tivity Program of KAERI, 2017 and by the National R&D
Program through the Dong-nam Institute of Radiological &
Medical Sciences (50491-2017).
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Table 13. Neutron strength function, So, for 1*Dy and %3Dy. The uncertainties given were determined by a quadrature sum

of the uncertainties from tables 5-9.

Eur. Phys. J. A (2017) 53: 203

So of 1Dy 1074 x eV /2] So of 93Dy [107% x eV /2]
This work 1.66 £+ 0.01 1.85 + 0.02
ENDF/B-VIIL.1 1.58 1.61
Atlas of Neutron Resonances 1.82£0.11 1.9£0.2
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