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Abstract-The purpose of the present work is to accurately measure the neutron cross sections
of samarium. The most significant isotope is "“Sm, which has a large neutron absorption
cross section at thermal energies and is a **U fission product with a 1% yield. Its cross
sections are thus of concern to reactor neutronics.

Neutron capture and transmission measurements were performed by the time-of-flight
“technique at the Rensselaer Polytechnic Institute (RPI) LINAC facility using metallic and
liqguid Sm samples. The capture measurements were made at the 25 meter flight station with
a multiplicity-type capture detector, and the transmission total cross-section measurements
were performed at 15- and 25-meter flight stations with °Li glass scintillation detectors.
Resonance parameters were determined by a combined analysis of six experiments (three

capture and three transmission) using the multi-level R-matrix Bayesian code SAMMY version
M2

The significant features of this work are as follows. Dilute samples of samarium
nitrate in deuterated water (D,0) were prepared to measure the strong resonances at 0.1 and
8 eV without saturation. Disk-shaped spectroscopic quartz cells were obtained with parallel
inner surfaces to provide a uniform thickness of solution. The diluent feature of the SAMMY
program was used to analyze these data. The SAMMY program also includes multiple
scattering corrections to capture yield data and resolution functions specific to the RPI

facility.

Resonance parameters for all stable isotopes of samarium were deduced for all
resonances up to 30 eV. Thermal capture cross-section and capture resonance integral
calculations were made using the resultant resonance parameters and were compared to
results obtained using resonance parameters from ENDF/B-VI updated through release 3.
Extending the definition of the capture resonance integral to include the strong 0.1 eV
resonance in "’Sm, present measurements agree within estimated uncertainties with
ENDF/B-VI release 3. The thermal capture cross-section was calculated from the present
measurements of the resonance parameters and also agrees with ENDF within estimated
uncertainties. The present measurements reduce the statistical uncertainties in resonance
parameters compared to prior measurements.




I. INTRODUCTION

For many years, the accuracy of measured cross-sections exceeded that of the
computer codes used for nuclear reactor calculations. With the increased use of Monte Carlo
methods utilizing increased computer memory for more detailed models and greater speed to
permit more histories, this situation changed. The accuracy of the cross-section data is now
the limiting factor in many of these calculations.

To improve the accuracy of the measured data, the Rensselaer Polytechnic Institute
(RPI) Cross-Section Group has been actively involved in upgrading the experimental
equipment used in the measurement program at the RPI linear accelerator (LINAC) facility.
A high-efficiency, 16-segment, multiplicity-type gamma detector has been developed for use
in neutron capture measurements.'? An improved Time-of-Flight (TOF) Analyzer, that is
interfaced directly to a data-acquisition computer, has been designed and constructed to
achieve high accuracy and handle high count rate measurements.! Improved LINAC targets
have been developed to provide enhanced neutron production at energies of interest.>**
Special-purpose data reduction software has been written to manipulate the data arrays, and
the state-of-the-art analysis program SAMMY version M2° has been obtained from Oak Ridge
National Laboratory (ORNL) for neutron resonance parameter determination. The neutron
resonance parameters of interest are radiation width, I',, and neutron width, I,

Samarium is one in a series of materials that have been measured at the RPI LINAC
facility.”®® One of the highlights of the present experimental program is the use of dilute
samarium in solution with heavy water. These liquid samples maintain a uniform atom
density of samarium which cannot be manufactured sufficiently thin and uniform from bulk
metal or powder. The heavy water has a very low absorption cross-section and causes
minimal interference with the Sm cross-section measurement. D,O has a smooth cross-
section over the measured energy range and corrections can easily be made for its presence.
Two such samples were made, and they were used to determine the resonance parameters in
the very strong ’Sm resonance at § eV.

II. EXPERIMENTAL CONDITIONS

Neutrons are generated via photoneutron reactions caused by the approximately 60
MeV pulsed electron beam from the RPI LINAC. The pulse of electrons strikes a water-
cooled tantalum target, where electron collisions generate bremsstrahlung (gamma radiation),
which in turn produces photoneutrons. The neutrons are moderated and then collimated as
they drift down a long flight tube to the sample and detector. "

The Sm data consist of six measurements (three capture, three transmission) performed
from 1997-1999 at the RPI LINAC facility. Table I gives some details of these experiments
including target (described below), pulse width, channel widths in regions of interest, and
LINAC pulse repetition rate. The photoneutron pulse width is the same as the electron pulse













Table I

Sample Characteristics*

vﬂ-

neutron absorption. A 15-cm (6-in.)-thick, 7260-kg (16,000-1b) lead shield surrounds the
detector to reduce the gamma-ray background. Reference 1 contains a description of the
detector and its signal processing electronics.

Nominal Sm Sample Number Density Physical Sample
Thickness Type atom/barn Thickness
mm mm

9.168x10”° (4.685x10°%)
0.051 metal 1.377x10* (4.055x10°®) 0.051
0.127 metal 3.607x10* (5.241x10®) 0.127
0.254 metal 7.429x10* (2.119x107) 0.254
0.508 metal 1.508x10° (5.370x107) 0.508
0.889 metal 2.637x10° (9.391x107) 0.889
1.27 metal 3.728x10° (2.656x10°) 1.27
2.54 metal 7.547x10° (2.681x10°) 2.54
5.08 metal 1.524x107 (5.420x10°) 5.08
0.0036 liquid 1.266x10° (5.610x10%) 10.0
0.013 liquid 4.705x10° (2.084x10°®) 10.0

*Uncertainties (10) in parentheses

I1.B. Transmission Detectors

In order to obtain total cross-sections, neutron transmission measurements were
conducted at the 15-meter and 25-meter flight stations. The 15-meter station contains a 7.62-
cm (3-in.) diameter, 0.3-cm thick NE 905 °Li glass scintillation detector ( 6.6% lithium,
enriched to 95% in °Li) and is usually used for measurements covering the energy range from
0.001 eV to 20 eV. The 25-meter station contains a 12.70-cm (5-in.) diameter, 1.27-cm tthk
NE 905 °Li glass detector and covers the range from 1 eV to 500 eV.
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statistical uncertainties at each point in time in the raw, unfit flux were known from
propagated counting statistics. Random sampling from the measured flux spectrum within the
known errors was taken and spline fit. This was repeated 30 times to get 30 observations of
the random variable spline fit flux. From the 30 observations a standard deviation was
calculated and applied to the original spline fit flux. These uncertainties were propagated into
the uncertainties on yield used in subsequent SAMMY calculations. The smoothing process
reduced the flux uncertainties by a factor of 7 or 8 from the measured individual TOF
channel flux spectrum. The zero-time for capture was determined for the capture experiment
by measuring an attenuated gamma flash from the target.

Finally, Y;, the capture yield in time-of-flight channel i, was calculated by:

Ci -B'
A
ko, (1)
where
G is the dead-time corrected and monitor-normalized counting rate of the sample
measurement in counts per second (cps)
B, is the monitor-normalized background counting rate in cps
K is the flux normalization factor, and
()} is the unnormalized neutron flux in cps.

Separate beam-monitor detectors including a °Li glass scintillation detector and a »U fission
chamber were used to monitor neutron intensity. The capture yield for each sample was
produced by dividing its monitor-normalized and background-corrected capture spectrum by
the normalized neutron flux spectrum. It was this capture yield that provided input to the
SAMMY data analysis code® that extracted the neutron resonance parameters.

III.B. Transmission Data

The LINAC electron pulse width and the channel widths for the Sm experiments are
summarized in Table I. The average accelerator current during the epithermal transmission
experiment was approximately 39 pA. The average accelerator current during the thermal
transmission experiment was approximately 3.4 pA. The average accelerator current on
target during the transmission experiment with liquid Sm samples was approximately 48 pA.
Each of these production runs lasted approximately 72 hours.

As with the capture measurements, a transmission measurement consists of many

individual runs of about one-hour in duration which are summed off-line to provide the
necessary statistical accuracy. Normally, two sample positions were used to measure open
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beam count rate, and these were placed at the beginning and middle of each sample cycle.

The time split between samples and open beam was optimized to reduce the counting
statistics error.

The large amount of data collected in each of the experiments was first run through a
statistical consistency check, as discussed earlier, to verify the stability of the LINAC, the in-
beam detector, and the beam monitors. The data were then corrected for dead-time, and runs
were normalized and summed.

The time-dependent background was obtained with the one-notch/two-notch method. ™
This method employs blacked-out notch filters of single and double material thickness, and
the resulting background determined from each was extrapolated to a zero effective material
thickness. The measured background was then fitted to a smooth analytical function of time-
of-flight for each sample, including the open beam measurement. The resulting analytical
expression was used for the background correction. Finally, T;, the transmission in time-of-
flight channel i, was calculated by:

(C!' —KJBI "B')
7’; -

- @
(Clo _KoBi _Bo)

where

C*;, C° are, respectively, the dead-time corrected and normalized counting rates of
the sample and open measurements in cps,

B, is the time-dependent background counting rate in cps,

B, , B, are, respectively, the steady state background counting rates for sample and
open measurements in cps, and

K, , K, are normalization factors for the sample and open beam time dependent
backgrounds.

The normalization factor, K,, was determined by forcing the smooth analytical
background function through a particular notch-extrapolated background point. The Sm
sample normalization factor, K, was determined by forcing the smooth analytical background
function through the saturated resonance at 8 eV.

The zero-time for the transmission experiments was determined by performing a
'gamma flash' experiment. The burst of gamma rays accompanying the neutron burst is
detected by the °Li detector. The centroid of the gamma-flash peak, less the travel time for
light to travel the length of the flight path, is defined as the zero time of neutron production.
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Samarium Resonance Parameters*

Table V page 4 of 6

Reference Ref | Year | Resonance | I, (meV) T, (meV) Neutron Width
No. Energy as Reported in
V) Reference (meV)

7Sm abun=15.0% s-wave J=4 g=9/16

Codding et al. 24 1971 | 18.30 78 66.5 area analysis:
average of 2gT %=17.1
area (73) & shape fit:
shape (83) 2¢T" =179

Eiland et al. 25 1974 | 18.41 145 (16) 70.8 (3) gl',=39.8 (15)

Popov et al. 29 1980 | 18.34 93 (4) 64 (2) gl’,=36 (1)

Mizumoto 26 1981 | 18.32 72 4) 719 (4) 2gT" =809 (4)

Georgiev et al. 30 1993 | 18.36 (2)

present 2001 | 18.32 (D) 64.1 (66) [10] | 67.8 (59) [5]

19Sm abun= 7.4% s-wave J=V4 g=1

Eiland et al. 25 1974 | 20.7 60.2 (55) 47.3 (15)

Anufriev et al. 31 1977 | 20.64 (9) 76 (8) 53 (6) I',=129 (10)

I',=53 (6)

Popov et al. 29 | 1980 | 20.59 62 (5) 48 (1) gl =48 (1)

present 2001 | 20.59 (1) 45.1 (41) [8] | 48.9 (16) [4]

19Sm abun=13.8% s-wave J=4 g=9/16 '

Popov et al. 29 | 1980 | 23.24 72 (9) 0.89 (4) gl’' =0.5 (2)

Mizumoto 26 1981 | 23.23 0.88 (3) 2gI" =0.99 (3)

present 2001 | 23.25 (1) 40 (20) [4] 0.78 (3) [2]

* Uncertainties given in parentheses are in the least significant digits. Estimated uncertainties in
parentheses for present measurements represent the variability of the fitted results. They are on the
order of 10. Purely statistical Bayesian errors for present measurements are given in brackets.
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Table VII

Extended Capture Resonance Integral (RI) - Infinitely Dilute 0.05 eV - 20 MeV

RI from Contribution from capture RI
Sm abun- Table VI Resonances < 30 eV (b) due to the
Isotope dance, | NJOY plus present
f, 0.1eV ENDF present ‘net | measurements
reso(t:)mce measurements | change (b)

144 0.031 2 0 0 0 2
147 0.150 790 502 469 -33 757
148 0.113 28 0 0 0 28
149 0.138 130600 130100 130300 200 130800
150 0.074 338 261 230 -31 307
151° 0.000 3448 0 0 0 3448
152 0.267 2980 2841 2945 104 3084
154 0.227 34 0 0 0 34
RI for element XYRIf, 18970 18810 18860 50 19020
estimated uncertainty in sum 339 339 NA
% uncertainty in sum 1.80 678 NA
% incr_ease in measured resonances 0.26 + 1.80

% increase in extended resonance integral

0.26 + NA

* This is a consensus value from the Chart of the Nuclides® and JENDL*. The result of an
NJOY calculation using ENDF parameters is 30 barns.
*The 'Sm resonance integral is shown for completeness, although it was not measured here.

quoted in Tables VI, VII, and VIII are propagated from the estimated uncertainties in I", and
I, given in parentheses for the present measurements in Table V. The small increase in
thermal capture cross section is within measurement uncertainties of the cross section
calculated using ENDF parameters.
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Fig. 4. Epithermal Sm transmission and capture data. All data points are plotted.
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