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ABSTRACT

The purpose of this work is the precise determination of the 238y

capture yield (i.e., the probability of neutron absorption) as a func-
tion of neutron energy with the highest available neutron energy reso-
lution. The motivation for the undertaking of such a complex and
lengthy task arises from the central role played by the 238y  neutron
capture process in the -calculation of the neutron balance of both
thermal reactors and fast breeder reactors. Requirements from the
reactor design community for improved understanding and representation
of the 238y neutron capture led the Nuclear Energy Agency Nuclear Data
Committee (NEANDC) to set wup the 238y Task Force to evaluate the
available 238U neutron capture data. This NEANDC task force recom-
mended that a new high energy resolution measurement of the 238y cap-
ture yield should be performed. With this added incentive, a coopera-
tive program was initiated between the Oak Ridge National Laboratory
and the University of Tennessee Nuclear Engineering Department to per-
form the present measurement using the Oak Ridge Electron Linear
Accelerator (ORELA) facility.

The pulsed beam of neutrons from the ORELA facility is collimated
on a sample of 238y, The neutron capture rate in the sample is meas-
ured, as a function of neutron time-of-flight (TOF), by detecting the
gamma rays from the 238U(n,7)239U reaction with a large gamma-ray
detector surrounding the 238y sample. At each energy, the capture
yield is proportional to the observed capture rate divided by the
measured intensity of the neutron beam. The constant of proportion-

ality (the normalization constant) is obtained as the ratio of
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theoretical to experimentally measured areas under small 238y  reso-

nances where the resonance parameters have been determined from high
resolution 238U transmission measurements. The cross section for the
reaction 238U(n,7)239U can be derived from the measured capture yield
if one applies appropriate corrections for multiple scattering and
resonance self-shielding.

Use of fast electronics and the 150-meter flight-path station at
ORELA resulted in the world's highest energy resolution measurement of
the 238U neutron capture yield. This feature of the present work will
allow the extension of the resolved resonance region in 238y from its
current limit of 4 keV up to 20 keV. In addition, some 200 new 238y
neutron resonances in the energy range from 250 ev to 10 keV have been
discovered which had not been detected in previous méasurements.
These results are truly of historic importance in regard to both
reacto£ design and the wealth of information they provide fér the

understanding of the structure of the (238U + n) compound nucleus.
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CHAPTER I

INTRODUCTION

The first nuclear reactors depended on 235y fission neutrons
inducing further fission reactions. For slow or thermalized neutrons
with energies below about 5 electron volts (eV), conditions were
favorable to this chain reaction, even in natural uranium. As the
fission neutrons start near a million eV, ways to get them moderated
to low energy without being captured had to be devised. As most of
the neutron capture in natural uranium (which is 99.3% 238U) occurs at
narrow resonances, the resonance self-shielding effect could be
exploited by using relatively thick rods or plates of fuel. The wuse
of low mass nuclei for moderators gave an average energy reduction per
neutron scattering greater than the width of most resonances, so a
neutron being slowed down in a reactor did not have more than one
chance to be captured at a particular resonance.

Modern power reactors use the protons in water for neutron
moderation but need slightly enriched uranium (=2% 233y) to compensate
for their non-resonant capture. The nuclear data base used to design
reactors (ENDF/B) has included resonance parameters for 238y up to
4 keV based on available experimental techniques. Smoothed or average
cross sections from there to about 10 keV have not been adequate to
predict the changes in reactivity as the effective broadening of reso-
nances by thermal motion increases with temperature. This Doppler
broadening is adequately understood theoretically as a function of
temperature but requires individual resonance parameters in the 4- to

10-keV energy range. Requests for such resonance parameter data have



been given the highest priority by representatives of the United
States, the United Kingdom and the USSR.

Though the 238y capture cross section is known to #5% between 30
and 500 keV,! the uncertainty is as large as *10% between 1 and 30
keV. In particular,

1. The spread in the differential data is greater than expected
from the assigned errors, especially below 30 keV.

2. The differential data do not meet the accuracy of 13% or less
required by the designers2 of liquid-metal fast-breeder reac-
tors (LMFBRs) and high-temperature gas-cooled reactors
(HIGRs) .

3. Integral measurements in fast reactors imply values of effec-
tive 238y capture cross sections which are =10% lower than
.the values that are calculated from the best estimates based
on differential data.

These inconsistencies in the 238y capture cross section, which were
discussed at the Antwerp Conference on Nuclear Dafa for Science and
Technology in September 1982, led to the formation of the 238y  Task
Force for the Nuclear Energy Agency Nuclear Data committee (NEANDC).
The 238y Task Force3 was set up to deal with two problems: (1)
diagreement among the neutron widths of the resolved resonances above
1.4 keV (derived from transmission measurements at several labora-
tories), and (2) the 238y capture cross section in the resolved and
unresolved resonance regions. Among the most relevant conclusions
arrived at by the NEANDC Task Force were that most of the capture
cross section measurements in the lower energy range (=1 to 30 keV)

were old4-8 and that they disagreed among themselves by more than
2




expected from their respective error assignments.g'11 To cope with
these longstanding discrepancies, the 238y Task Force3 issued the fol-
lowing recommendations:

1. Reanalysis of the old 238y capture data would be impossible,
hence new measurements are required.

2. A high resolution capture cross section measurement (=150 m
in flight path) is urgently needed.

3. Previous inconsistencies in the normalization of the capture
cross section in the 1- to 30-keV neutron-energy range must
be resolved.

4. Extension of the resolved resonance energy range to higher
energies. This would allow a consistent analysis of high
resolution transmission and capture data in the energy region
between 1 and =10 keV.

In response to these requests, a measurement of the 238y capture yield
was performed at the 150-meter flight-path station of the Oak Ridge
Electron Linear Accelerator (ORELA) facility.12 The present experiment
has utilized ORELA as a powerful pulsed neutron source which, combined
with the long (150-m) flight path, allows achievement of adequate
energy resolution up to at least 20 keV. To get good statistical
accuracy with low backgrounds, the large 1liquid scintillator tank
(ORELAST) with an internal septum was used as a detector for capture
gamma rays from the 238U(n,7)239U reaction. The septum in the tank
provides isolation of the signals from the left and right halves of
the capture gamma-ray detector. Electronically requiring a time coin-

cidence between the two halves drastically reduces the background from



single ionizing events, yet it still leaves the response to capture

gamma-ray cascades adequately high.

The content of this thesis is organized as follows. Chapter II
describes the principle of the measurement and gives detailed informa-
tion on the experimental arrangement such as the detectors and elec-
tronic set-up. The methodology used for the analysis of the experi-
mental data and the uncertainty analysis is described in Chapter TIII.
The capture yield results and comparisons with other measurements are
given in Chapter IV. The theoretical interpretation of the data 1is
discussed in Chapter V. Chapter VI presents the conclusions derived
from the present work and discusses future work in the area of 238y

capture yield measurements.



CHAPTER II

DESCRIPTION OF THE EXPERIMENT
2.0 INTRODUCTION

This chapter describes the experimental setup, methods, and

instrumentation used for the determination of the 238y capture yield.
2.1 PRINCIPLE OF THE MEASUREMENT

A pulsed beam of neutrons is collimated on a sample of 238y. The
neutron capture rate in the sample is measured, as a function of neu-
tron time-of-flight (TOF), by detecting the gamma rays from the
238U(n,7)239U reaction with a large gamma-ray detector surrounding the
238y sample. At each energy, the capture yield is proportional to the
observed capture rate divided by the measured intensity of the neutron
beam. The constant of proportionality (the normalization constant) is
obtained as the ratio of theoretical to experimentally measured areas
under small 238U resonances where the resonance parameters have been
determined from high resolution 238y transmission measurements.l3 The
cross section for the reaction 238U(n,7)239U can be derived from the
calculated capture yield if one applies appropriate corrections for

multiple scattering and resonance self-shielding.
2.2 EXPERIMENTAL ARRANGEMENT

The Oak Ridge Electron Linear Accelerator (ORELA)14 was used to
produce a pulsed source of neutrons. Pulses of approximately 140 MeV

electrons of 12-A peak intensity impinge on a water-cooled tantalum

5



target where they produce intense bremsstrahlung gamma rays which, in

turn, generate neutrons by the (v,n) reaction. Some of these neutrons
are slowed down to the energies of interest by water surrounding the
target assembly. This water is canned in a 2.4-mm-thick beryllium
housing. The target-moderator assembly15 is shown in Figure 2-1.

The capture gamma-ray detector was positioned in the 150-m sta-
tion of flight path 6 pf ORELA. This flight path is normal to the
surface of the moderator. The 238y sample was placed at the center of
the capture gamma-ray detector at a nominal distance of 151.96 m from
the neutron source. The incident neutron detector was located between
the 238y sample and the neutron source at a nominal distance of 150.86
m from the latter.

The neutron collimator system of flight path 6 has been described
in detail by Silver et al.l® and is shown in Figure 2-2. The collima-
tofs are made of copper and lead to avoid the energj degradation
caused by neutron scattering in lighter materials such as boron,
lithium, or paraffin. The neutron beam is collimated to a 7.63-cm-
diameter wumbra at the sample position with an 8.l6-cm-diameter penum-
bra. A shadow bar, rectangular in cross section and comprised of
61 cm of copper followed by 16 cm of lead, was positioned 2.5 cm from
the ORELA target to shield the 238y sample from the bremsstrahlung
radiation generated by the electrons impinging upon the tantalum tar-
get. This bar considerably reduces the "gamma flash" due to the gamma
rays and unmoderated neutrons arriving at the detector a few

microseconds after the electron burst hits the target.
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2.3 THE DETECTOR

The ORELA liquid scintillator tank (ORELAST)16 is located on a
flight path of 150 meters and serves as the detector for capture gamma
rays in this measurement of the 238y capture yield. A sketch of this
detector is shown in Figure 2-3. The tank contains approximately 3000
liters of solution, consisting of three parts commercial liquid scin-
tillatorl?/ (NE-224) to oﬁe part trimethylborate. The function of the
trimethylborate additive is to reduce background counts arising from
the 2.22-MeV capture gamma ray in hydrogen. Thus, scattered neutrons
which are thermalized in the solution can be captured by boron rather
than hydrogen. Approximately 96% of the neutrons captured in boron
result in a 0.478-MeV gamma ray.

The surface of the ORELAST tank is studded with thirty-two RCA
Model 4522 photomultiplier tubes which are positioned to cover equal
surface areas of the liquid scintillator. The gain for each photomul-
tiplier tube is individually adjusted to provide optimum overall
pulse-height resolution of the detector. The ORELA neutron beam
passes through an aluminum tube which traverses the ORELAST tank and
in which the 238y sample is centered. A liner composed of lithium
hydride (152.6-cm length and 2.5-cm thickness) is placed inside the
through-tube which serves to further reduce the background caused by
neutrons scattering off the 238y sample and decreases the probability
of fast neutrons scattered by the scintillator which might return to
the 238y sample.

The ORELAST tank is optically divided into two equal halves by

0.05-mm-thick aluminized-mylar sheets in the vertical plane which

9
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contains the neutron-beam axis. Requiring coincidence between the
signals from the two halves of the tank provides an approximately
eight times higher signal-to-background ratio than could be obtained
using "singles" mode. This takes advantage of the high multiplicity
of gamma rays from neutron capture in the 238y sample at the center of
the tank, whereas the background is in a large measure composed of
single gamma rays which have a lower probability of being seen in both
halves of the tank.

The 238y samples used were one of 0.635-mm nominal thickness
(65.47 grams in weight and 8.26-cm mean diameter), and a second of
2.54-mm nominal thickness (473.70 grams in weight and 1l.1l-cm mean
diameter). A particular sample is placed in a light aluminum holder
and positioned at the center of the ORELAST tank inside the lithium-
hydride liner. Both ends of the tank are sealed with mylar windows,
and argon gas is passed continuously through the through-tube (because
argon scatters fewer neutrons than air).

The neutron flux is measured by a 6L1 glass scintillatorl® posi-
tioned just "upstream" of the ORELAST tank. This detector is a disk
of 83 mm diameter and 1 mm thickness (Nuclear Enterprises Co., type
NE-912) mounted in a light-tight housing which is viewed by two RCA

Model 4522 photomultiplier tubes.
2.4 THE ELECTRONIGS

A simplified block diagram of the electronics system is shown in
Figure 2-4. The fast signals from the anodes of 16 photomultiplier
tubes are summed and then amplified for each side of the tank. The

outputs from these modules are coupled to separate constant fraction
11
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discriminators which are then fed to a coincidence circuit which pro-

duces an output only when both sides of the tank detect the capture
gamma rays.

The linear signal from the tank comes from the dynodes of the
photomultiplier tubes, all thirty-two of which are summed together.
This signal is processed by an electronic preamplifier and a Tenmelec
model TC-200 linear amplifier. The output from this amplifier is fed
to the data-acquisition system in the data-processing lab and to a
local cross-over discriminator. This discriminator determines the
gamma-ray pulse-height energy range over which the measurement is con-
ducted (in this case, from 2.4 MeV to 10.4 MeV).

Signals from the "fast" coincidence circuit and the "slow"
cross-over discriminator are coupled to a coincidence circuit. The
"fast" signal determines the timing resolution, and the "slow" signal
determines the gamma-ray energy range. The.output from this coin-
cidence circuit is presented to the data-acquisition system as a tim-
ing pulse.

The timing signal from the 6Li glass neutron-flux detector is
derived in a similar manner. Two RCA model 4522 photomultiplier
tubes, one at either side of the lithium glass scintillator and well
clear of the neutron beam, view the light output induced by the alpha
particle and triton of the 6Li(n,a)T reaction. Anode signals are pro-
cessed by fast sum and discriminator circuits. The discriminator bias
window is set just below and just above the peak from the 6Li(n,a)T
reaction. (Both the alpha particle and the tritium nucleus produce

light output since both are charged particles.)

13



A small 252¢f fission chamber with a fission count rate of 65 per
second is also placed in the lithium hydride through-tube liner
slightly "downstream" of the 238y sample but below the neutron beam.
The fission fragment signal from the amplifier-discriminator circuit
is used to monitor continuously the tank timing and gain. The full-
width-at-half-maximum (FWHM) of the time spectrum between the 252¢f
and the scintillator tank is approximately 6 nanoseconds.

The timing and pulse-height information are processed simultane-
ously in the data-acquisition 1lab. The neutron time-of-flight is
measured using an EG&G model TDC-100 multistop time digitizer. The
start trigger for this device is derived from the linear accelerator
(LINAC) gamma flash. Pulses from the scintillator tank, the neutron
flux monitor, and the 252¢cf circuits are coupled to the TDC stop
input.

Scintillatér tank pulse-height information is derived - from a
Nuclear Data model 560 analog-digital converter (ADC). The binary
information from the ADC and TDC are combined in the time digitizer
and fed to a Systems Engineering Laboratories (SEL) model 810-B digi-
tal computer which stores the information (on disk).

The separate detector signals are presented to "tag" inputs in

the TDC, allowing the computer to identify each signal.
2.5 THE DATA ACQUISITION SYSTEM

Binary information representing neutron time-of-flight, gamma-ray
pulse height, and identification tags are combined to form a 30-bit

word for each event which is read by the data-acquisition computer.

14



The ORELA data-acquisition computer system19 consists of three

SEL model 810-B digital computers used for on-line data acquisition, a
peripheral equipment controller (also a SEL 810-B), and a DEC model
VAX 11/785 digital computer used for immediate data analysis. Each
data-acquisition computer can simultaneously record data from four
experimental systems. Data to the computers are handled by a priority
multiplexing scheme with continuous input, and storage is accomplished
using a fixed-head disk.

The data space available for the three SEL 810-B computers is
350K, 750K, and 1000K sixteen-bit words.

Programs for the data-acquisition computer are stored in core
memory when active. The data-acquisition programs and system-monitor
program are organized into the ORELA Data-Acquisition Monitor Sys-
tem.20 The experimenter’'s data-acquisition program is commonly called
a "crunch routine." Program constangs that determine time-channel
width, pulse-height conversion gain, and multiparameter storage are
entered to the program by a card reader or teletype. Input data for
the multiplexer are passed through the "crunch" table for sorting

before updating a specific address on the disk.
2.6 MULTIPARAMETER TOF-PULSE-HEIGHT SYSTEM

For each sample filter configuration, five TOF spectra were
simultaneously recorded into five pulse-height bins. Table 2-1 shows
the pulse-height ranges (in MeV) used for this purpose, and Table 2-2
gives the time-of-flight program which applies to each pulse-height

bin, for an accelerator repetition rate of 800 pulses per second. The

15



pulse-height spectrum was calibrated by measuring the

pulse-height spectrum of a standardized 60co source.

Table 2-1. Bias Levels for the TOF-Pulse-Height
Multiparameter System

TOF Section Pulse-height Range (MeV)
1 0.00 - 1.86
2 1.86 - 2.79
3 2.79 - 4.65
4 4.65 - 6.51
5 6.51 - 8.33

gamma-ray

Table 2-2. Time-of Flight Program for Measurement of 238y capture
Yield (for Accelerator Repetition Rate of 800 Pulses per Second)

Number of Channel Width Time-of-Flight Energy

Channels (nsec) (psec) (keV)

1000 32 0 - 32 2500 - 136.409
25000 4 32 - 132 136.409 - 7.168
10000 8 132 - 212 7.168 - 2.743
10000 16 212 - 372 2.743 - 0.883
10000 32 372 - 692 0.883 - 0.254

Figure 2-5 shows pulse-height data for the gamma-ray spectra of a

252¢f source.

16
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CHAPTER III
ANALYSIS OF THE DATA
3.0 INTRODUCTION

The purpose of the analysis of the data is to obtain the capture
yield, YC(E) (i.e. the probability of neutron absorption), as a func-
tion of neutron energy for each of the 238y samples used in this meas-
urement. The capture yield is defined as a function of the neutron

energy, E, by the relation

1/2 - C(E) . ayl/2
EV Y (E) an[S(E)] R(E) (b:eV’") (3.1)

where
C(E) = background subtracted count rate from the ORELAST
detector,
S(E) = background corrected count rate from the lithium
glass neutron flux monitor,
R(E) = a factor which accounts for the deviations of the
6Li(n,a) cross section from <<1/v>> behavior,

normalization constant.

a
n

Five measurements of the gamma-ray TOF spectrum were performed

for each of the two 238y samples. Measurements were done with and
without aluminum filters in the neutron beam, at LINAC repetition
rates of 800 and 400 pulses per second, to determine the energy-
dependent background which arises from neutron-pulse overlap and room

return. The fifth measurement was performed using a polyethylene

filter in the beam to determine the energy independent ("constant")

18



component of the background. A 10g filter was used in all runs to

reduce low-energy (< 250 eV) neutrons from the "tail" of the previous
pulse (pulse "overlap"). The successive steps in the data analysis to

obtain the capture yield are discussed in detail below.
3.1 DEAD-TIME CORRECTION

All time-of-flight spectra were taken simultaneously wusing the
same digital time-interval counter. Thus the dead-time correction is
the same for all TOF spectra for any given time-of-flight channel.
However, this dead-time correction does not cancel in the ratio of the
counts from the gamma-ray detector to those from the neutron-flux mon-
itor (see Eq. 3-1) because the energy corresponding to a given time-
of-flight channel is not the same for the two detectors. A fixed
dead-time of 32.768 microseconds (larger than the dead-time of any of
the electronic components) was artificially imposed on the equipment.
This arrangement allowed a straightforward calculation of the dead-
time correction which was typically of the order of 1 to 2% and never

exceeded 12%.
3.2 ENERGY CALIBRATION AND EXPERIMENTAL RESOLUTION

The conversion of measured time-of-flight, r, to neutron energy

is performed by the relation (neglecting relativistic effects)

2
S D Ful (3-2)

(T+ro)

where
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p = 72.300 (eV)1/2(u sec)/m,
L = neutron flight path (m), and
T = initial delay of the time-of-flight "clock" due to

delays in the electronics chain.

Rather than measuring L and Ty these two parameters were obtained by
solving Eq. 3-1 for pairs of resonances of known energies in the
uranium and aluminum nuclei. The resulting energy scales were then
realigned with the precise energy calibration of Olsen et al.l3 Table
3-1 gives the values for L and o for each sample thickness, derived

from this realignment.

Table 3-1. Flight Path Distance and Initial Clock Delay for the
38y Capture Yield Data as Derived from Alignment with
Energy Scale of Olsen et al. (Reference 13)

Sample Flight Path Distance, L  Initial Clock Delay, o
(atoms/barn) (meters) (microseconds)
0.01236 151.939 -2.256
0.00309 151.947 -2.255

The experimental resolution broadening is well described?l by a

Gaussian convolution of width given by the expression

2 2 2 2
AT = AD + AM + At , (3-3)

where AD is the Doppler broadening width, AM represents the broadening

effect of the moderator, and At is the width associated with the tim-

ing resolution. These quantities are given by the relations22-25

20



A2 _ AKIE (3-4)

D A !
2 2)
2 2{(s” + 4 2 (3-5)
A, == E ,
M 3 2
L
and
(12 + 77) (3-6)
A2 _2|_b c E3
t 3 #ZLZ
where
k = Boltzmann constant = 8.61781 x 1072 (eV) (°K),
T = effective sample temperature = 300°K,
A =  target mass number = 238,
s - "equivalent" moderator thickness (FWHM) = 2.16 cm,
2 = "equivalent" length corresponding to the neutron
slowing-down time in the moderator (cm) = 2.63 cm,
| 2% = pulse width of the neutron burst (nanoseconds)
(typically on the order of 14 nsec), and
Te = channel width (usec) (variable, from a minimum
of 4 nanoseconds to a maximum of 32 nanoseconds).
With the above parameters one obtains
8y = 2.08 x 107EY? (ev) (3-7)
-4
AM = 1.83 X 10 'E (eV) , (3-8)
and
(3-9)

A, - 7.43x10‘8[196 + 12]1/2 /2 (evy |

with r being the channel width in nanoseconds.
21



Figure 3-1 shows plots of the resolution width versus neutron
energy for the present measurement (at a flight-path distance of
150 m). Note that below 6 keV the Doppler broadening provides the
largest contribution to the experimental resolution broadening,
whereas above 10 keV the timing resolution and the moderator broaden-
ing become more important in determining the overall resolution. How-
ever, for a flight path of 40 meters (as was used in the 1973 ORELA
238y capture measurement of de Saussure et al.), as shown in Figure
3-2, the resolution width due to the moderator is the dominant contri-
bution below 6 keV. Table 3-2 shows the overall resolution width, A
(eV), (defined in Eq. 3-3) for these two flight-path distances as well
as the partial resolution widths. Note that at neutron energies
around 10 keV, the overall resolution width for an experiment with L =
40 m is three times the corresponding resolution width achievable.at L
= 150 m, and about half the average level spacing for s-wave reso-

nances in the (238U + n) compound nucleus.

3.3 BACKGROUND SUBTRACTION

The time-of-flight (TOF) spectra obtained from the capture
gamma-ray detector are contaminated by two background components--an
energy-dependent component and a "constant" background contribution.
The energy-dependent background arises from several sources:

1. Beam neutrons generated in previous neutron bursts (pulse

overlap),

2. Room return neutrons which reach the 238y sample,

22



"uoTaels Yyaed-IY3rTd I939W-0GT @Yl 103 £319uq UoxINSN SNSIIA YIPTM
Sutwpl pue ‘YIpTM I0IeILPON ‘UIpTA I9Tddoq. peaeTnoTe) 8yl 3Fo s3old  ‘T-¢ oindg

(A®) 19H3INI NOYLN3N

01 Ni) c01
T T T T T T T T d T T T B T T T T — T T T T Nloﬁ
“ . .
. x ]
2 x ]
q .01
x -
x -
+ | A
3
+ 1 b
+ “ m
+ v 4 —
+ . v ] e P4
_— q Ol=
S
pur]
e x
1 )
| =
| ]
h A L 1 A ' 1 i i — L L 1 L ' L 1 i — 1 L 1 i “
HIB4LHOTI 13 Y313W 0SI Wod 20t

HLOIM ONIWIL X
HLOIHM HOLBY3IAOW *
HL1GIM 4374400 ~

909€1-48 DMQINYO




Sutwyl pue

‘uoT3e3lS Yaed-aySiTd I93°uW-QH 9yl 103 L3asuy uoaanaN

‘Yaptm 103eI9pof ‘YapIM Iarddog pe3IeINOTED 9Yl FO SIOTd  “T-€
(A®} AJH3INI NOHLN3N
mO_ so_ mD_

SNSIIA YIPTIA
2In3T4d

| A

| AR
x
<

| I W 1 1 | I T

2.01

Al i 4 )

(A®) HLOIM NOILNTQS3Y

| P

n

P A

HLHJLHII 14 H313W Oh HOJ
HIOIM ONIWIL *

HLIOIM HOibBY3IOAOW *
H10IM Y37d4d400 ~

L09E1-L8 OMO-INHO

201

24



3. Beam neutrons producing prompt gamma-rays upon capture in

materials around the detector.

Table 3-2. Calculated Resolution Widths (eV) for Neutron Flight-Path
Lengths of 40 Meters and 150 meters

Partial resolution widths

at neutron energy of - 1 keVv 10 keV 100 keV
Doppler width (eV)

40 m, 150 m .660 2.08 6.6
Moderator width (eV)

40 m 1.00 10.0 100.

150 m .264 2.64 26.4
Timing width (eV)

40 m .094 2.9 94,

150 m .034 1.08 34.2
‘Overall resolution width (eV) .

40 m 1.2 10.6 137 .4

150 m .71 3.5 43.7

The first two energy-dependent background sources have the common
feature of arising from neutrons generated more than one pulse before
detection. Their TOF spectrum, which is proportional to the energy-
dependent background, can be obtained by running the pulsed neutron

source at half the repetition rate, £

H of the foreground run. Neu-

trons taking longer than 2/fH, which would also contribute to the
background, fall in an energy range such that they are absorbed by the
10 filter (199 g in weight and with areal density of 0.05577
atoms/barn). Hence, for each experimental configuration, two runs are
performed: a "high frequency" run at a repetition rate of 800 pulses

per second and a "low frequency" run at 400 pulses per second.26 The
25



third energy-dependent background contribution cannot be measured
directly, but it can be minimized by the use of good neutron beam col-
limation.

The constant background component is produced by two sources: (1)
cosmic rays, and (2) long-lived radioactivities in the detector, sur-
rounding materials, and the 238y samples.

The constant background component consisting of muons (generated
in the atmosphere by cosmic rays) is considerably reduced through the
orientation of the internal aluminized-mylar septum in the ORELAST
detector. These muons have predominantly vertical tracks so that the
vertical septum is clearly superior to a horizontal septum for reject-
ing this background component.

To determine the constant background contribution, TOF spectra
were measured for each experimental configuration, with a polyethylene
plug (four contiguous 2.54-mm-thick pieces) inserted in the neutron
beam. Below 100 keV, the polyethylene effectively removes the beam
neutrons but is relatively transparent to the gamma-ray background,
which includes gamma rays produced by the accelerator ("gamma flash"),
and gamma rays created in the water-cooled neutron moderator by the

nuclear reaction H + n =+ D + 1v.

3.3.1 Treatment of the Energy-Dependent Background

Figure 3-3 shows TOF spectra for a high-frequency run (upper
curve) and a low-frequency run (lower curve). Note that because of
the different time-of-flight intervals spanned in these runs, their
respective channel structures are also different. The count rate in

the low-frequency run, for time-of-flight wvalues above ty = fl’
26 H
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contains information on the energy-dependent background appearing in
the high-frequency run. Calling E(tF) the neutron energy correspond-
ing to the time-of-flight, tF, in the high-frequency run, the associ-
ated energy background will appear in the low-frequency run at the

neutron energy,

*
E = E(tF + tD) s (3-10)
where
1
(ty = =)
D fH

A program, SHIFT, was written to convert the channel structure of
the low-frequency run, in the time interval 0 = t < tD’ to the channel
structure of the high-frequency run. By introducing a delay of £y
(usec) in the SHIFT program, the TOF spectrum of the low-frequency
run, in the time interval tD <t < 2tD, was displaced to the time
interval, 0 =< t < tD’ and given the channel structure of the high-
frequency run. Figure 3-4 shows the high-frequency run (upper curve)
together with the tail of the low-frequency run displaced by the above
procedure (lower curve). Note the presence of two broad peaks in the
background. The first peak appears at 102.6 usec and the second peak
at 560 usec. This TOF value corresponds to energies of E*(102.6 + tD)
= 66.0 eV and E* (560 + tD) = 37.2 eV in the tail of the low-frequency
run. Hence, these background peaks must be generated by the 36.7 (eV)
and 62.02 (eV) 238y resonances. Indeed the neutrons from the previous
ORELA pulse, at the above resonance energies, will contribute counts
appearing in the high-frequency runs as broad peaks at energies around

E(202.6) = 11 keV and E(560) = 396 eV. The next two lower large 238y
28



resonances at 22 eV and 6.7 eV do not contribute because the former is
outside the time range covered by the high-frequency run and the
latter corresponds to neutrons which are absorbed by the 10B fiiter.
This feature of the background, illustrated in Figure 3-4, aids in the
fine-tuning of the background subtraction procedure.

Calling HFi the counts in the ith channel of the high-frequency

run, one can write

HF, = A, - [B; + B , (3-11)
i
where
Ai =  foreground counts,
Bi = energy-dependent background counts, and
Bo. " = constant background counts.
i

Similarly, calling ATi the counts in the itR channel for the
low-frequency run in the time interval 0 < t < ty and BTi the counts
in the ith channel for the displaced tail of the low-frequency run,

one obtains

AT, = A, + B (3-12)
i i o,
i
and
BT, =B, +B (3-13)
i
with
Ai = foreground counts (low-frequency run),
’
Bo = constant background (low-frequency run), and
i

29
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’

Bi = energy-dependent background (low-frequency run).

Next the TOF spectrum, TTi is defined as

TT. = AT, + BT, , (3-14)
1 1

i

which from Eqs. (3-11) and (3-12) becomes

’ ' ’
TT, = A, + B, + 2B . (3-15)
i i i o,
i
Comparing Eqs. 3-13 and 3-14 (and in view of the beam dependence of

the foreground and energy-dependent background), one must have the

proportionality relation

Ai + Bi - ao(Ai + Bi) , (3-16)

where the internormalization ratio is given by the relation

ay = X/X' - (3-17)
with
I2 (3-18)
X = 2 (A. + B.)
f=1, T+ 7
1
and
Iy ' ' (3-19)
X' = 3 (A. + B.) R
. i i
1=-Il

where I1 and 12 define a region in the TOF spectrum. However, because

’
of the presence of the yet unknown backgrounds, Bo and B° , the
i i
parameter a, cannot be calculated. Rather one has to use the ratio of

the known quantities 31



2 (3-20)
¥ HF
‘e 1=Il _ ao + R
I2 1+ R'
> TIT
i=I1
with
L , 2, (3-21)
R=-— 2 B and R' == T B .
X, . o, X, . o,
1 1-Il i 1 1=I1 i

From the analysis of the runs with the polyethylene plug in the
beam, one concludes that the number of constant background counts per
channel is a small fraction of the contributions to the count rate
arising from the foreground and energy-dependent background. Hence,
one can assume that R’ is much less than unity, leading to the follow-

ing approximation to Eq. 3-19:

a=a, + Aa (3-22)

with

Aa = R(1 -R") - aOR' . (3-23)

The energy-dependent background corrected TOF spectrum, EBCi, is then

obtained as
EBC, = HF, - aBT, , (3-24)
i i i

which from Eqs. 3-3, 3-5, and 3-8 becomes

' ’
EBC. = A, + B - aB_ - AaB, , (3-25)
i i 0, 0. i
i i
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which shows that there still remains a fraction of the energy depen-

dent background in the TOF spectrum.

3.3.2 Treatment of the Constant Background Component

Let Pi be the counts in the ith channel for the TOF spectrum
measurement with the polyethylene plug in the beam which, except for a
constant, represents the constant background in the capture detector
TOF spectra. To calculate the internormalization constant, b, one
selects several regions between resonances in the EBCi TOF spectrum,
such that the foreground component, Ai’ can be neglected. Hence, one
can rewrite Eq. 3-14 as

' '
(EBCi)O - Boi - (aBoi + AaBi) . (3-26)

The internormalization constant is then given by

L5 w3 , (3-27)
b= iEI (EBC,), = by = 3= iEI (B 1 +B)
2 2
with
) I3 , (3-28)
b0 = f ‘E (Bo. - aoBo.)
i=T i i
2
and
I, (3-29)
P- 3 P
i-1,

Note that bo would be the correct normalization constant 1if the

correction factor, Aa, would vanish. Because of the relative
33



smallness of the constant background, the values of Pi fluctuate con-
siderably even though long background runs were taken. Hence, an
average of the background, <PI>’ was taken every 1000 TOF channels, so
that the constant background subtracted TOF spectrum was obtained by

the relation

CBS, = EBC, — b<P > (3-30)
with
P>=2 3 P (3-31)
I 1000 , i ’
iEl
where I represents a 1000-channel region in the TOF spectrum. Inser-

tion of Eqs. 3-24 and 3-26 into 3-29 yields

<P.> I3 , <P;> s (3-32)
CBS. = A, + Aa pX B - B + | 2= B, - B
i i P o 0, P i i
i=I i i i=I
2 2
where one uses the relation
!
Boi - aOBoi = b0<PI> . (3-33)

Then Eq. 3-32 can be rewritten as

<P_> <P_>
I ! ! I ! ! (3-34)
CBSi Ai + Aa{[<P> <B°i> - Boi} + [<P> <Bi> Bi]}

where one introduces the averages

<p> = f__%_f— P , (3-35)
3 2
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, ) 3, (3-36)
B, >=z—=— I B,
O R
2
and
, L (3-37)
B>-1, o, 2B
37 12 41,

In view of the smoothness of the backgrounds over limited channel
regions (certainly true for the constant background), one can assume

that

Hence to a very good approximation Eq. 3-34 becomes the desired result
CBSi - Ai . (3-38)

As an illustration of the background subtraction methodology,
Figure 3-5 shows the TOF spectra of a high-frequency run, the energy-
dependent background component, and the background subtracted final
result for the 2.54-mm nominal thickness 238U sample, where each has

been averaged over 500 TOF channels for clarity.
3.4 DETERMINATION OF THE NEUTRON BEAM SPECTRUM

The shape of the neutron beam energy spectrum, C(E), is obtained
from the TOF spectrum, Mi’ of the neutrons detected by the 611 glass

flux monitor. Several factors may affect this TOF spectrum:

35



*(4X030BF Yyounio,)
UIPIM-9WT] Touueyd =Yya ul so8ueyd mwoiJ asTae eiIjoeds JOIL 92Ya UT UedS SOTITNUIIUOODSIP
ayL *STEAJ93UT TsuuBYD-(G I9A0 podeisar Ue9q 9ABY uUMOYsS ©BIBP 9YJ A9 1T pue
A® 96¢ e syead delasno proxq ayz 930N -umoys osTe ST Yo2Tym punoialiyoeq juspusdep-L3isus
a3 Jo uoladoeriagns I931Je eiep JOIL uni Aousanbexy-y31y oya o3 spuodsaiiod 20BI3 IDMOT YL
‘unx Aousnboaxy-y8T1y °ya I0J ®BlEp JOI °2UY3a ST °oeay iaddn syl -ejdwes uxeq/swolre §0E00°0
?y3z 103 £Basuy uoxinaN snsasp evaxxoads JOIL PIOFA 2anade) ggg-umiuex) °g-¢ oandig

(A®) LIH3INI3 NOWLIN3N INITIINI

01 401 il
C‘—‘.‘“C.‘“‘“““CC'Q-‘ T —... T T T T T —\-- T T T T D
v v
- VYTV ey trrveretey
v e
w
VUV VIVITgvrevtuiytey

Tjo0t

vyvvveTgwy

v

Q
=]
N

T
[=]
Q
m

Q314 3WN1d¥I NOHLN3IN BEZ-N

~|ooh

. oiop p|e|A eunidod vo.ooguwm mcrowmdwon..cowcomothmLocw wmmpm LMLUJ. : 005
1ueuodwod punoubyooq suepusdep-Abusue v
ung AsuenbeJy yB1y J)HHL HIddN
®|duos uJoqyswoio BOEQDD * BES-N

019€1-£8 OMQ-TINHO

36




1. Shape distortion arising from changing conditions at the
ORELA target-moderator assembly,

2. Background contamination,

3. Multiple neutron scattering within the 611 glass, and

4. Effects of oxygen, silicon, and cerium constituents of the

glass.

Shape distortion at the target appears because of changes in the
moderator environment (such as steam bubble generation at high-power
operation of the ORELA accelerator). To minimize these effects, each
sample was assigned its own monitor spectrum so that the same
accelerator conditions prevailed for the gamma-ray and monitor-spectra
runs. However, a posteriori checks of the 6L glass TOF spectra for
the two samples showed them to be fairly consistent in shape, as
illustrated in Figure 3-6. The background subtraction was performed
following the technique described in Section 3.3, witﬁ the exception
that the internormalization constant, b, for the constant background
was obtained from the count rate at the bottom of the 5.903-keV alumi-
num resonance dip. The effects of the cerium and silicon resonances
at 1.3 keV and 56.0 keV, respectively, were eliminated by graphically
interpolating through the corresponding peaks in the monitor TOF spec-
trum. The effect of the oxygen nuclei in the glass is to enhance the
detector efficiency via multiple neutron scattering. However, it has
been shownl® that for a 0.5-mm-thick OLi glass, the multiple-
scattering correction is fairly flat in the energy region between 1
keV and 100 keV, except for the effects of the cerium and silicon
resonances, as shown in Figure 3-7. Hence, in the energy region of

interest, the multiple scattering effects do not distort the spectrum
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shape and can be included in the normalization factor ko of Eq. 3-1.
Previous studies at ORELA27 showed that the transmitted neutron effi-
ciency (see Figure 3-7) very closely follows the 1/v law, hence the

factor R(E) in Eq. 3-1 was made unity. (The slope in the graph of

Figure 3-7 is 0.5).
3.5 NORMALIZATION OF THE CAPTURE YIELD DATA

To determine the normalization constant, a, in Eq. 3.1, a tech-
nique proposed by Moxon28 was utilized. This technique is based on
the idea that for small s-wave resonances (i.e. with an small),
self-shielding and multiple scattering effects can be neglected. (See
Appendix for further elaboration of this idea.) Hence, for these
resonances, sample thickness effects are negligible and the measured
capture yield can be described quite accurately by the Breit-Wigner

single-level approximation formula

o (B - T gs Ty (3-39)
n,y 2 2 1.2
K (B - Ep° + (3D)

where

e LTS
g5 spin statistical factor 221 + 1)°

I = spin of the target nucleus,
J = total angular momentum,

T = neutron width (eV),

n
Fy = capture width (eV),
E0 - resonance energy (eV),

T = total width (eV) =T + T _+ T _, (eV), with
v n n
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r = inelastic neutron width (which has the wvalue zero
below the first inelastic channel at 45 keV);

and where the quantity, k, is given by29

k = kg gl/? (cm‘l) (3-40)
with
[ (AWR) 9 i
k, = 2.196771 [(AWR ey 10 ) (3-41)

For the 238U nucleus the Atomic Weight Ratio (AWR in Eq. 3-41 above)

is 236.006. Insertion of Eq. 3-40 into Eq. 3-39 yields

o 83 n (3-42)

/2 , (g -
m /2 [(E - E0)2 + 1/4T%]

E

with co = l/kg (cm2).

Taking ATH as the theoretical area under the Breit-Wigner resonance,

E
2 (3-43)
Ay = [ dE Y2 5 (&) (b-ev/?
H E n
1 v
and AEXP as the experimental area under the measured capture yield
data
E2 (3-44)
1/2 3/2
Apyp £ dE EV/ 7Y _(E)  (b-eV'T)
1

the normalization constant, a; is given by the ratio

. o (3-45)
n AEXP
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The integral in Eq. 3-43 can be calculated readily; using the change

of wvariable

E-E, (3-46)

S
1/2T,

and neglecting the energy dependence of FT and Fn, yields

hy - =S B0y | pex w0y (3-47)
H™ |12 T, 2%
with
F(x2,x1) - % [tan—l(xz) - tan—l(xl)] s (3-48)
27 F P f (3-49)
S VT S U VT
and
¢ = 2mc, = 4.12509 x 10° (b . eV) (3-50)

0

The values of ngn’ were obtained from the resonance data of Olsen et
al.30 The ENDF/B-V recommended value of 0.0235 eV was used for the
capture width, F7’ for all the small s-wave resonances used in the
calculation of the normalization constants.

Previous work at ORNL concerning the measurement of gamma-ray
intensities3l showed that for both Breit-Wigner and Gaussian line
shapes which are contaminated with background noise, a nearly optimal
estimation of the area under the curve is obtained using the limits of

integration

1
El - EO -3 AE(1/5) (3-51)
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and

1
E, = By + 5 8E(1/5) (3-52)

where AE(1/5) is the full width (eV) at one-fifth (1/5) of the maximum
amplitude.

Tables 3-3 and 3-4 show the normalization constant calculations
for the TOF spectra for the 0.01236 atoms/barn and 0.00309 atoms/barn
238y samples, respectively. The average normalization constants, a,
given in Tables 3-3 and 3-4 are the simple arithmetic means, and the
given uncertainties are the standard deviations of the mean value for
each sample thickness. (It is emphasized that the TOF spectrum for
each sample has been taken as the simple sum of the two pulse-height
groups with the best signal-to-background ratios, which is then
divided by the corresponding neutron-flux spectrum prior to normaliza-
tion. This procedure was followed to improve the statistical quality

of the normalized capture yield data.)

Table 3-3. Normalization Constants for the
0.01236 atoms/barn 238y Sample

Eo (eV) grn (meV) a,
624,20 .82 80.31
677.75 .66 71.16
756.24 .55 77.92
808.16 .44 70.56
846.65 .87 78.43
891.23 .77 79.68
977.37 .77 75.07

1062 .68 .96 84.51

Average normalization constant a = 77.2 1.7
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Table 3-4. Normalization Constant for the

0.00309 atoms/barns 238y Sample

E0 (eV) an (meV) a
624.20 .82 203.98
677.75 .66 227.36
756.24 .55 215.33
808.16 A 266.18
846.65 ' .87 210.28
891.23 .77 257.88
977.37 .77 211.29

1062.68 .96 239.25

Average normalization constant a = 228.9 + 8.2

3.6 UNCERTAINTIES IN THE MEASUREMENTS

Two types of uncertainties must be considered: the statistical
counting uncertainty, which is uncorrelated between time-of-flight
channels, and the fully correlated systematic uncertainties.

The statistical uncertainty for each sample was obtained by sys-
tematically following the propagation of the standard deviation of
Poisson distributed statistical samples, at each step in the data
reduction process. The relative error in the ith channel of the cap-
ture yield TOF spectrum is then given by the relation

D wrG) + a BT
Y (1) CBS(1) ’

(3-53)

where all the symbols in Eq. 3-53 have been previously defined in Sec-
tion 3.3.2.
The main sources of systematic uncertainties are the background

subtraction uncertainties in the TOF spectra for the 238y counts in
b4



the ORELAST and the neutron monitor counts, and normalization uncer-
tainties. To estimate the uncertainties associated with the
background subtraction procedure, the sensitivity coefficients, Si’
below were computed for each channel, i, in the TOF spectra.

g - _a aY (1) (3-54)
17 Y (1) 2a ’

where
Aa/a = percent change in the background subtraction
constant,

AYC(i)/Yc(i) = percent change in the capture yield, and

AYc(i) change in the capture yield upon a change
Aa in the background subtraction constant.
The- sensitivity, coefficients were computed for the energy-dependent
and constant background subtractions for both the ORELAST and 6Li
glass neutron monitor TOF spectra. These calculations were carried
out by changing the energy-dependent background subtraction constant
(or the constant background subtraction constant) by 5% and proceeding
through all following steps in the data reduction process with no
other changes.

The estimated systematic uncertainties are given as the root mean
square (RMS) combination of two sources of uncertainty:

1. Energy-dependent uncertainties arising from background sub-

traction and neutron beam spectrum determination, and
2. Normalization uncertainties.

The energy-dependent uncertainties were obtained by the convolution of

the sensitivity coefficients with the estimated uncertainties in the
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constant, a, for each of the background subtraction procedures. These
uncertainties were then combined with a 3% normalization uncertainty
estimated from the calculation of the normalization constant, an.
(See Tables 3-3 and 3-4). Following this procedure, the systematic
uncertainties in the capture yield data were estimated, on the aver-

age, to be 6% up to 10 keV and 5% from 10 keV up to 100 keV.
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CHAPTER 1V
RESULTS

4.0 COMPARISON OF CAPTURE YIELD RESULTS AS A
FUNCTION OF PULSE-HEIGHT DISTRIBUTION

The time-of-flight pulse-height multiparameter system described
in Section 2.6 was used to observe whether appreciable change in
pulse-height spectrum or gamma-ray multiplicity occurred as a function
of time-of-flight. Such changes could be produced either by elec-
tronic bias shifts or by an energy dependence of the average proper-
ties of the gamma-ray cascade, following neutron capture. Both
effects could change the measured value of the capture yield.

Figure 4-1 shows the pulse-height spectrum measured at the neu-
tron time-of-flight corresponding to the 518.3-eV 238y resonance. The
large spike seen in the figure is due to various background contribu-
tions (such as from the electronics, from radioactivity in the sample,
etc.). This background contribution is seen in Figure 4-2, which
shows a pulse-height spectrum around 500 eV where there are no large
resonances in the (238U + n) compound nucleus. Examination of the
background subtracted pulse-height spectrum in Figure 4-3 shows that
pulse-height bins 3 and 4 (see Table 2-1) exhibit the best signal-to-
background ratio. Consequently, the time-of-flight spectra for these
two sections were separately analyzed and then combined (prior to nor-
malization) to improve the statistical accuracy, for each of the two
238y samples.

Capture yields for each of the two selected pulse-height bin

time-of-flight spectra are shown in Figures 4-4 and 4-5 for both
47
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samples in the neutron energy range between 2 keV and 20 keV. Figures
4-6 and 4-7 show a similar comparison in the energy range above 20
keV. Note that whereas there is satisfactory agreement between the
data for the two pulse-height bins below 50 keV, there are systematic
differences above 50 keV. However, in both samples, the observed
differences above 50 keV are in magnitude and not in shape. This
leads to the belief that these differences may arise primarily from
background subtraction problems in this particular energy region. In
fact, it appears very difficult to detect the effect of tank-
coincidence bias changes and energy-dependent gamma-ray cascades on
the measurement. These effects are probably overshadowed by the
uncertainties in the background subtraction which depend strongly on
the signal-to-background ratio which is different for each pulse-

height bin.
4.1 SAMPLE THICKNESS EFFECTS

The capture data obtained from the interaction of a beam of neu-
trons with a 238y sample of finite thickness cannot be interpreted
directly as capture cross section because of self-shielding and multi-
ple scattering effects within the sample. The self-shielding effect
arises from the attenuation of the neutron beam as it propagates
through the sample, thus resulting in a non-uniform distribution of
neutrons as a function of sample depth. The depression of the neutron
flux then decreases the number of capture events in the sample. The
multiple scattering effect arises from neutrons which, after wundergo-
ing one or several scattering events, remain in the sample and are

finally captured at an energy lower than their initial energy. The
53
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effect of these off-energy capture events is to increase the measured
capture rate. Hence the self-shielding effect decreases the rate of
capture events, whereas the multiple scattering effect acts in the
opposite way. The relative magnitude of these competing effects is a
function of the resonance parameters of the particular resonance.

The capture yield is related to the neutron capture cross section

an,y(E)’ by the relation
YC(E) - anv(E)Ss(E,N)MS(E,N) (4-1)
where
SS(E,N) = self-shielding factor = [1 — exp{—NaT(E)}]/NaT(E) (4-2)

and

o (E) -3
M (E,N) = multiple scattering factor = |1 - 2 »p (N,E)
s UT(E)
with
N = sample thickness (atoms/barn),
aT(E) - total neutron cross section, and
PC(N,E) - mean collision probability (PC(O,E) = 0). (4-4)

Note that it is only for infinitely thin samples (i.e. N-0), that
SS(O,E) and MS(O,E) become unity and there is equivalence between cap-
ture cross section and capture yield.

Figure 4-8 shows a Monte Carlo calculation® of the self-shielding
and multiple scattering effects on neutron capture in the neutron-
energy mentioned, the self-shielding process "chops off" the resonance
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peaks, and that the relative magnitudes of the sample thickness
effects indeed depend on the resonance parameters.

Capture data for the two 238y samples used in the present meas-
urements are shown in Figure 4-9 for neutron energies in the resolved
resonance region. These results clearly show substantial sample
thickness effects in the large resonances. Figure 4-10 displays cap-
ture yield data for the two samples in the neutron-energy range 25 to
100 keV, where the data in each case have been averaged over 250
time-of-flight channels. Note that in the region from 25 up to 50
keV, there appears to be a considerable cancellation between the
self-shielding and multiple scattering effects for the two sample

thicknesses.
4.2 RESULTS AND DISCUSSION

Our capture yield data averaged over decimal energy intervals
between 0.5 keV and 100 keV are shown in Table 4-1 for the 0.01236
atoms/barn and 0.00309 atoms/barn samples. Comparison of our data
with the results from previous measurements is hindered by the fact
that most researchers report their results as cross-section data--
without specifying in any detail the self-shielding and multiple-
scattering corrections which were applied to their capture yield data
(to derive the reported cross-section data). Thus, we shall compare
the present capture yield results with two other 238y capture yield
measurements performed at the Oak Ridge Electron Linear Accelerator
facility. These are the 1973 measurement of de Saussure et al.4 and
the 1982 measurement of Yang.32 The comparison of experimental condi-

tions and data-treatment methods, displayed in Table 4-2, shows that
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Table 4-1. Capture Yield Over Decimal Energy Intervals from 0.5 keV up
to 100 keV for the 0.01236 atoms/barns and 0.00309 atoms/barn Samples.
Also shown are capture yield data of de Saussure et al. and Yang.

Y1 (150) Y2 (150) Y1 (40)2 Y2 (40)P
AE (0.01236 (0.00309 (0.00283 0.00283
(keV) atoms/barn) atoms/barn) atoms/barn) atoms/barn)
.5 - .6 2.24%.13 4.10%.25 4.00%.18 3.55+.23
6 - 7 2.19+.13 3.33%£.20 3.20%.14 2.85+.20
.7 - .8 1.91+.11 2.23+%.13 2.04%.13 1.71+.11
.8 - .9 1.98%£.12 2.93+.18 2.83%+.13 2.54%.18
9 -1 2.23+.13 3.50+.21 3.41%.15 3.04+.23
1 - 2 1.55%.09 2.06%.12 1.93%.09 1.84+.13
2 - 3 1.37%£.08 1.63+.10 1.53+£.08 1.42+.09
3 - 4 1.28+.08 1.45%.09 1.32+.08 1.20+.08
4 - 5 1.08+.06 1.15+.07 1.05%.07 1.05%.06
5- 6 1.07+£.06 1.13%.07 1.05+.06 1.02+.06
6 - 7 1.01+.06 1.08%,06 1.03%£.06 .900%.05
7 - 8 .943%.06 .968%.06 . .889+.05 .821%.05
8 - 9 .805%.05 .841+,05 .7971.04 .722%.05
9 - 10 .862%.05 .881%.05 .799%.04 .735%.05
10 - 20 .741% .04 .755%.05 .715%.03
20 - 30 .584%.04 .586%.04 .572+.03
30 - 40 .499+ .03 .503%.03 .505%.03
40 - 50 .434%,03 .439%.03 .435%,02
50 - 60 .348%.02 .360%,02 .352%.02
60 - 70 .293%,02 .304%.02 .306%+.02
70 - 80 .241+.01 .262%+.02 .268%.02
80 - 90 .211+.01 .226%.01 .242+ .02
90 -100 .191+.01 .2041 .01 .216%.02

840-m flight-path measurement of de Saussure et al. (1973).

b40-m flight-path measurement of Yang (1982).
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there are substantial differences in the methodologies among the three
measurements. These differences are deemed sufficient to remove any
question of "inbreeding."

The 1973 and 1987 measurements used the ORELAST tank in coin-
cidence but had different neutron-beam monitors. The background sub-
traction methods and normalization techniques were also quite dif-
ferent. The 1982 measurement by Yang, although using data treatment
methods similar to the 1973 experiment of de Saussure et al., measured
the mneutron capture gamma rays by viewing the 238y sample with four
non-hydrogenous C6F6 liquid scintillator detectors. In addition,
Yang's measurement used the Maier-Leibnitz pulse-height weighting
technique.33

The 1973 experiment and the 1982 measurement used two of the same
238y samples, but the present work used one similar but slightly dif-
ferent sample of 0.00309 atoms/barn. However, Mon&e Carlo calcula-
tions32 of sample-thickness effects versus sample thickness show that
self-shielding and multiple-scattering effects differ by less than 1%
between the 0.00283 and 0.00309 atoms/barn samples. Hence, for the
purpose of the present capture yield data comparison, one can safely
assume that the three measurements, although differing in methodology,
can be associated with the same sample thickness.

With the exception of the region above 70 keV, our data appear
somewhat lower than the 1973 results but remain within the bounds of
the given uncertainties for both measurements. The comparison with
the 1982 data shows the present results to be systematically higher
than those of Yang, with discrepancies above 10% in some of the energy

intervals. There is no reason to believe that the entirety of these
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substantial differences could arise from the different gamma-ray
detection techniques used in the two experiments. Rather one suspects
that these discrepancies originate in the background subtraction pro-
cedure.

In the 1982 measureﬁent the background below 3.5 keV was
estimated from the count rate between well-resolved resonances, where
the capture cross section is negligible. Afterwards this background
was extrapolated by a polynomial fit to the background evaluated at
the 5.9 keV and 35.2 keV aluminum resonances. This background sub-
traction procedure was dictated by the restricted neutron-energy range
in Yang's experiment. The 1973 experiment was performed over a larger
neutron-energy range which allowed the use of the sulfur resonances at
96 keV and 110 keV, and a direct (no extrapolation) determination 6f
the background in the energy range above 3.5 keV range was then possi-
ble. The present measurement, which relied on the neutron pulse over-
lap method, also provided a direct determination of the background.
It is suspected that the discrepancies observed above 3 keV (between
the 1973 and 1987 measurements as compared to the measurement of Yang)
are due to the fact that too much background was subtracted in the
1982 experiment by Yang. Even small differences in background between
experiments may lead to substantial discrepancies between measurements
when the results are averaged over relatively large energy intervals.

The high energy resolution achieved in the present work is illus-
trated in Figures 4-11 and 4-12, which show examples of the capture
yield data around 15 keV and 23 keV, respectively, for the 0.01236
atoms/barn sample. The energy resolution of these data will allow the

possibility of extending the resolved resonance energy region for 238y
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beyond its current 4-keV limit. Above 20 keV the present data exhibit
a substantial amount of fine strucfure in the capture yield. This is
illustrated in Figures 4-13 and 4-14 which show capture yield data for
the two 238y samples in the energy fegions covering 25 to 50 keV and
50 to 90 keV, respectively. These data, which have been averaged over
fifty time-of-flight channels to eliminate statistical fluctuations,
show a remarkable amount of fine structure which appears extremely
well reproduced in both samples. The existence of this fine structure
in the 238U neutron capture yield is of importance for the calculation
of self-shielded neutron group cross sections and, particularly in the
4- to 10-keV range, for the determination of the Doppler coefficient
of reactivity. Figures 4-15 and 4-16 show the 238y neutron capture
cross section between 10 keV and 100 keV as prescribed by the ENDF/B-V
evaluation,34 with the capture yield data for each of the two samples
in the present wor# superimposed. Evidently the EﬁDF/B-V evaluation

is not providing the amount of fine structure needed for reactor

" design in this energy region.

As previously noted, it is not quite consistent to compare the
present capture data with previous 238y neutron capture measurements
because of the lack of detailed information on the sample thickness
corrections. Nevertheless, above 10 keV the self-shielding and multi-
ple scattering corrections for a 0.00309-atoms/barn sample are on the
average about 4% so that, in principle, one can provide a qualitative
comparison between capture cross-section data and capture yield data.
This is illustrated in Figure 4-17 which shows a comparison of various
sets of 238U neutron capture data (from the evaluation by Davey35)

with the present capture yield data for the 0.00309-atoms/barn sample.
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There is a generally good agreement in both shape and magnitude
between the various sets of data and the present capture yield data,
within the 1limits of the self-shielding and multiple scattering
corrections. A similar comparison 1is shown in Figure 4-18 for the
0.01236-atoms/barn sample. Note that, in this instance, the capture
data for this sample show self-shielding effects above 70 keV. In the
energy region between 10 keV and 70 keV, there is an apparent cancel-
lation of self-shielding and multiple scattering effects 1in the
present capture data for both samples, which explains the observed
generally good agreement between capture cross section and capture
yield data sets,

Perhaps the most exciting result of the present work has been the
discovery of many small resonances of the (2387 + n) compound nucleus
which have not been detected in previous capture or transmission meas-
urements. In addition, multiple splittiﬁgs of what appeared to be
single resonances in previous measurements have been observed. Table
4-3 presents a listing of approximate energies for some 200 resonances
which were not seen in the high resolution transmission measurement of

Olsen et al.13,30 at 150 m in the energy range from 250 eV to 10 keV.
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Table 4-3. Preliminary List of Resonances (250 eV to 10 keV) Not
Detected in Previous 2 8U Transmission Measurement13 at 150 Meters

Energy Energy Energy Energy Energy Energy
(eV) (eV) (eV) (eV) (eV) (eV)
734.9 2825.3 4497.6 5703.7 7515.1 8973.2
770.6 2846.4 4529.9 5727.8 7530.1 8978.2
772.3 3048.5 4551.6 5907.6 7583.7 8994.2
800.9 3157.6 4573.5 5910.8 7631.8 9056.0
823.3 3174.0 4584.2 6099.9 7706.4 9060.7
834.2 3210.2 4602.7 6102.4 7707.8 9111.8
907.2 3214.9 4677.1 6334.0 7714.9 9121.8
982.0 3233.0 4716.0 6369.5 7740.0 9123.8
984.2 3257.8 4775.9 6466.0 7745.9 9183.0

1278.5 3413.6 4812.5 6530.1 7793.3 9193.9

1456.4 3447 .4 4839.6 6557.9 7795.3 9195.3

1492.2 3471.1 4870.8 6559.8 7820.0 9204.2

1562.6 3506.7 4961.1 6601.0 7865.1 9207.5

1577.6 3542.1 5063.8 6603.7 7892.4 9224.8

1614.1 3547.2 5067.1 6617.8 7917.34 9228.0

1766.6 3584.0 5095.9 6621.5 8018.6 9291.8

1985.4 3603.5 5110.3 6672.6 8059.3 9311.4

2035.2 3746.5 5128.7 6717.6 8066.7 9339.3

2038.4 3791.1 5150.1 6719.4 8078.0 9344.5

2063.6 3809.1 5152.2 6730.0 8122.7 9516.8

2126.0 3949.5 5177.7 6732.0 8168.7 9540.5

2140.5 3962.4 5180.4 6754.0 8171.6 9567.7

2179.0 3974.8 5327.5 6768.2 8233.3 9716.7

2192.5 3979.5 5329.2 6775.9 8268.0 9721.0

2197.3 3993.2 5330.8 6778.3 8295.9 9783.3

2219.9 4052.3 5441.1 6941.4 8303.1 9784.7

2304.9 4100.9 5443.8 6989.6 8342.2 9810.9

2434.9 4104.9 5567.6 6993.0 8343.8 9813.7

2439.4 4158.1 5569.2 7055.42 8427.7 9821.6

2452.3 4182.9 5570.5 7076.4 8439.2 9876.3

2468.0 4202.5 5597.6 7110.12 8442.2 9878.5

2509.5 4236.3 5598.9 7226.2 8520.6 9888.0

2534.5 4245.0 5601.7 7332.8 8621.3 9890.3

2575.8 4270.4 5632.3 7352.4 8643.9 9920.02

2647.4 4319.5 5635.3 7382.6 8680.1 9938.54

2654 .4 4341.1 5658.2 7387.0 8697.4 9959.9

2688.1 4413.3 5664.1 7469.0 8717.78 9979.3

2720.5 4426.8 5688.8 7477.0 8796.2

2732.8 4439.8 5690.6 7490.1 8798.5

2779.1 4441.7 5702.1 7512.2 8811.1

8Possible doublet or multiple.
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CHAPTER V

THEORETICAL INTERPRETATION OF THE GAPTURE YIELD DATA

The measured capture yield data are interpreted using the Breit-
Wigner resonance formalism which gives the expression below for the

capture cross section:

¢ gt Iy (5-1)
J gy =23 A T
any E \ 2
2 1
(E - EA) + 15 FTA

where the summation goes over the number of resonance peaks, and

. ot 27 + 1
gy = spin statistical factor = 2021 + 1)
I = spin of the target nucleus
J = total angular momentum
T = neutron width (eV)
n
A
r = radiation width (eV)
A
EA = resonance energy (eV)
T = total width =T + T +T, (eV)
T ¥ n
A A A n
A
r, = inelastic neutron width (which has the value zero
n
A

below the first inelastic channel at 45 keV).

The Breit-Wigner formalism above describes the capture cross sec-
tion for nuclei where the level-level interference is small (i.e. the
ratio of the total level width to the average level spacing is less
than unity). This 1is indeed the case for the (238U + n) compound
nucleus. 34 However, for Eq. 5-1 to describe the measured capture

yields, one has to correct for sample thickness effects and
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experimental resolution effects. To this end the least-squares fit-
ting code OLSFIT36 is used. In this program, the capture yield data
are divided into regions containing a maximum of sixteen resonances,
and the associated neutron energy file is binned into channels of
equal energy width. The iteration procedure starts from "educated
guesses" for the resonance parameters. The calculated cross section
is then corrected for self-shielding and multiple scattering effects,
and convoluted with a Gaussian resolution function, giving a theoreti-

cal capture yield Y (Fn, r' , E

. X\’ E). Afterwards, the OLSFIT code

CTh
performs a calculation of the optimal parameter set (Fn, P7' EA) which

minimizes the functional

(5-2)
F=232ZW,|Y (E,) - Y (r ,' ,E ,E.)
i i CExp i CTh n’ "y’ AL

“where the summation goes over the.energy points in the chosen energy
region, and the quantities, Wi, are weight factors, usually taken as
the inverse of the variance of the capture yield data. The capture
yield data for the neutron energy range from 250 eV to 1 keV have been
analyzed using the OLSFIT program. For the resonances seen 1in the
transmission measurement of Olsen et al.,30 their resonance parameters
were used as the initial guesses. For resonances not seen in the
transmission data, "educated" guesses were utilized, although in some
instances parameters were available from the Mughabghab compilation.37

Samples of the excellent theoretical fits to the capture yield
data are given in Figures 5-1 and 5-2. Shown in these figures are

comparisons between theory and experiment in the neutron energy range
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between 650 eV and 700 eV for the 0.01236 atoms/barn sample and the
0.00309 atoms/barn sample, respectively.

Figures 5-3 and 5-4 show the capture yield data in the neutron-
energy region from 2108 eV up to 2208 eV, as well as the theoretical
fit obtained from the resonance parameters of Olsen et al.,30 for the
0.01236-atoms/barn and 0.00309-atoms/barn samples, respectively.
Notice that the small capture resonances not seen in the transmission
measurement are well reproduced in the capture yield data for both
238y samples. Figure 5-5 shows the excellent theoretical fit to the
0.00309-atoms/barn sample data after including all the detected cap-
ture resonances.

The theoretical interpretation of capture data in terms of reso-
nance parameters is substantially more difficult than the resonance
parameterization of transmission data because of the sample thickness
effects in the former. In dealing with capture yield data, the sample
thickness effects must be convoluted with the resonance formalism to
fit the experimental points. As these sample effects are themselves
functions of the resonance parameters and their calculation is made on
the basis of simplified models of the multiple scattering processes
within the sample, one finds that in many instances the resonance
parameters derived from transmission measurements must be iterated on
to obtain the theoretical fits to capture data shown here. For this
reason, it was not possible to find a set of parameters consistently
fitting both the transmission and capture data. Clearly one needs to

engage in a substantial, systematic effort combining transmission and
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capture data obtained from several 238y sample thicknesses, with
intercomparison of resonance codes, to ascertain that sample thickness
effects are correctly applied. Such a program is outside the scope of

this work.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.0 CONCLUSIONS

The world’s highest energy resolution measurement of the 238y

neutron capture yield has been performed using the Oak Ridge Electron
Linear Accelerator (ORELA)-as the pulsed neutron source.

A powerful technique has been developed for the estimation of the
energy-dependent background, which is based on the measurement of the
neutron pulse overlap, by performing measurements of the time-of-
flight (TOF) spectra at different ORELA pulse rates.

A careful analysis has been performed of the pulse-height distri-
bution of the gamma-ray detector (ORELAST) counts, with the purpose of
ascertaining the effect of the energy dependence of the gamma-ray cas-
cades and of possible electronic bias shifts at the ORELAST on the TOF
spectra. To this end, the pulse-height spectrum was divided into five
bins, and each one of the TOF spectra was separately analyzed. It was
found that the different signal-to-background ratios exhibited by the
TOF spectra 1in each pulse-height bin were sufficient to explain the
discrepancies among the TOF spectra corresponding to the wvarious
pulse-height bins. Hence, any effect of gamma-ray cascade changes
with neutron energy, resonance spin and parity, or of electronic bias
shifts are probably masked by the uncertainties associated with the
background subtraction process.

No attempt has been made to correct the present capture yield

data for sample thickness effects. Such correction (necessary to

85



derive capture cross section) would require a consistent set of reso-
nance parameters, which are not as yet available, for both the
resolved and unresolved resonance energy regions. In the past, sample
thickness corrections have been performed with inconsistent parameter
sets and approximate calculational algorithms which introduced addi-
tional wuncertainties to the data. These uncertainties resulted in a
situation where the discrepancies among various sets of 238y  neutron
capture measurements were larger than their quoted experimental uncer-
tainties.? 1In view of this, it was concluded that the neutron cross-
section technology community would be better served by providing high
energy resolution capture yield data for two largely different sample
thicknesses. These data can then be used as a testing ground for
resonance parameter sets and calculational algorithms now in use for
reactor desigp. In this regard, the present data have been released
to (and are currently in use by) both the 238y International Task
Force and the National Nuclear Data Center at Brookhaven National
Laboratory.

Some 200 small resonances of the (238U + n) compound nucleus have
been discovered which have not been detected in transmission measure-
ments, in the energy range from 250 eV to 10 keV. These results will
allow the development of improved resonance parameter sets, particu-
larly when combined with high resolution 238y  transmission measure-
ments currently in progress at ORELA.

The high energy resolution achieved in this measurement fre-
quently resulted in doublet and triplet splittings of what appeared to

be single resonances in previous measurements. This resolution should
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allow extension of the resolved resonance energy region in 238y from
the present 4 keV limit up to 15 or 20 keV incident neutron energy.

A substantial amount of fine structure has been detected above 20
keV which is very well reproduced in the capture yield measurements of
two largely different sample thicknesses of 238y,  Addition of this
fine structure to future generations of the ENDF/B evaluations will
allow improved calculation of self-shielded group cross sections and
Doppler coefficients of reactivity, which are important parameters for
the design of both thermal and fast fission reactors, as well as pos-

sible "blanketed" fusion reactors of the future.
6.1 RECOMMENDATIONS FOR FUTURE WORK

Although the present 238y capture yield measurement was performed
using one of the world’s most advanced pulsed neutron sources, in com-
bination with a large liquid scintillator tank as the caﬁture gamma-
ray detector, it is very likely that advancements in gamma-ray spec-
troscopy techniques will allow improved measurements in the future.
With the benefit of experimental experience and hindsight, however,
there is also room for improvement in some of the data-taking and data
analysis procedures used in the methodology of the present work. In
particular:

1. The boundaries of the pulse-height bins could have been more
carefully chosen to improve the signal-to-background ratios of

the TOF spectra. (Among the five pulse-height groups used in the

present experiment, the TOF spectra of only two groups exhibited
sufficiently high signal-to-background ratios to be included in

the final results. Implementation of such improved pulse-height
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bin choices would not have decreased the accelerator operating

time necessary to achieve the same number of 238y capture events

for each sample thickness; however, more detailed information on
the energy distribution of capture gamma-ray cascades would have
resulted.)

2. The calculation of constants for the background subtraction pro-
cedure could be made easier and more accurate by utilizing minim-
ization of the cross-correlation function between the foreground
and the shape of the energy-dependent background obtained from
the low frequency TOF spectrum.

3. By recording the TOF spectra for the single capture events in
each side of the ORELAST detector, one could check on the sensi-
tivity of the detector efficiency to the energy dependence of the
capture gamma-ray cascades.

It is also suggested that capture yield measurements should be per-
formed with a larger variety of 238y sample thicknesses. This infor-
mation would be useful in the development and validation of numerical
codes for the calculation of sample thickness effects.

The present high-resolution 238y capture yield data should be
parameterized in terms of the resolved resonance R-matrix formalism up
to 15 keV, and perhaps up to 20 keV, by performing simultaneous reso-
nance parameter fits to high resolution transmission data. Clearly
such calculations would involve a concerted effort by several groups

and are beyond the scope of this work.
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SAMPLE SIZE CORRECTIONS FOR WEAK CAPTURE RESONANCES IN 238y

IN THE NORMALIZATION REGION (600 eV - 1100 eV)

This appendix elaborates on the neglect of sample size correc-
tions in the calculation of the normalization constant (see Section
3.5). For weak capture resonances (i.e., an << FY)’ the capture pro-
bability 1is proportional to the neutron width. Hence the probability
of capturing those neutrons which reached the resonance energy after
several collisions in the sample is indeed very small. Thus, it
appears justifiable to neglect multiple scattering corrections in weak

capture resonances. The self-shielding factor, S (see Eq. 4-2) is

g
large even for small resonances, due to the potential cross section
contribution, ap, to the total neutron cross section, O (E). How-
ever, the potential cross section is constant over a large neutron
energy range, and its contribution to the resonance self-shielding can

be included in the normalization constant.

By writing
T (E) = ap + 9. (E) (A-1)

where
. (E) = capture cross section (eV),
the expression for the self-shielding factor can be rewritten in the

form
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- . (A-2)

S <>V Nl <« >/
S _ 1 4+ —S + & c P
SS ap SS <ac>

P P |1+ -
p
L )

where
N = sample areal density (atoms/barn)

and the self-shielding factor for potential scattering is given by

[1 ) e'N”p] (a-3)
S - —_————

S No
P P

In Eq. A-2, one must also define
<ac> = average capture cross section over the 238y resonance

and make the approximation (for Nac << 1) that

-N<o >

e ¢ - 1 - N<ac> (A-4)

For a 238y capture resonance with an = 1.06 meV and P7 = 23.6
meV, the wvalue <ac>, calculated as half the peak cross section is
equal to 3.605 barns. With a value of ap - 9.38 barns for the 238y
nucleus, one obtains the following values for the ratio of the overall
self-shielding factor, SS, to the potential scattering self-shielding

factor, SS :
P

1. Thick sample (N = 0.01236 atoms/barn)

and
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2. Thin sample (N = 0.00309 atoms/barn)

Thus the energy-dependent part of the self-shielding factor is less
than 2% for the thick sample and only a fraction of 1% for the thin
sample. In fact, these corrections are upper bounds, as the range of
neutron widths for the particular set of resonances used in the nor-
malization procedure (see Tables 3-3 and 3-4) was from 0.44 to 0.96

meV.
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