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ABSTRACT

Basic neutronics data initiated by 800-MeV proton
spallation reactions are important to spallation
neutron source development, electronuclear fuel
production, and computer code validation. We are
measuring angle- and energy-dependent neutron
production cross sections, neutron spectra and
production from thick targets, thermal and
epithermal neutron spectra and surface and beam
fluxes from moderators, and fertile-to-fissile con-
version yields inside thick targets. Other experi-
ments are planned. The measurements are being done
at the Weapons Neutron Research facility omn a
variety of targets and target-moderator-reflector
configurations. The experiments are relevent to
the above applications and provide data to validate
computer codes.

INTRODUCTION

Several laboratories throughout the world are building and
designing intense pulsed and steady-state thermal and epithermal
spallation neutron sources.'™5 There is also some interest in
utilizing high-energy particle accelerators for converting fertile
material to fissile material.® At the Los Alamos Scientific
Laboratory (LASL), we have a self consistent experimental program
(using 800-MeV protons) relevant to the above applications, and
pertinent to validating computer codes used in these applications.
The 800-MeV proton source is the Clinton P. Anderson Meson
Physics Facility (LAMPF). ' We conduct the experiments at the
Weapons Neutron Research facility (WNR)‘——See Fig. 1.
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pDifferential measurements provide data to test the fundamen-
tal processes and assumptions employed in the Monte Carlo computer
codes used to calculate spallation reactions. Integral measure-
ments inherently provide more complicated data because they in-
clude the effects of particle transport and secondary processes.
We describe here our experimental program (see Table I for a sum-
mary) and show some preliminary results. Specific measurements
underway or completed are:

eangular-dependent neutron production cross
sections from 0.5-800 MeV for targets of AZ%,
Cu, In, Pb, and depleted U,

eneutron spectra (at 90°) from 0.5-400 MeV for
thick Ta and W targets,

sneutron production from thick targets of W, Pb, Th,
and depleted U,

sfertile-to-fissile conversion yields inside Th and
depleted U targets, and

ethermal and epithermal neutron spectra, and surface
and beam fluxes from moderators.

We will compare all experimental data with calculated predic-
tions. The Monte Carlo computer codes used in our computations
are the Oak Ridge National Laboratory (ORNL) code BETC! for par-
ticle transport 2 20 MeV, and the LASL code MCNP8 for neutron
transport < 20 MeV. Our present version of HETC does not include
fission when predicting particle production from nucleon and pion
collisions with a fissile nucleus. A version of HETC which
accounts for the fission process in uranium will soon be released
by ORNL.2

NEUTRON PRODUCTION AND CONVERSION MEASUREMENTS

The LASL Fertile-to-Fissile Conversion (FERFICON) program is
a cooperative effort with the Canadiéns at the Chalk River Nuclear
Laboratory. The LASL experiments provide an extension to 800 MeV
of similar measurements (but more exhaustive in numbers) conducted
using the TRIUMF cyclotron in Vancouver, B.C. The Canadian
measurements were done at proton energies of 550 and 480 MevV. The
LASL FERFICON program consists of two parts: a) the determination
of neutron production from thick targets, and b) the measurement
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of fertile-to-fissile conversion yields inside thick targets.

Neutron Production

To determine target neutron production, we place a target in-
side a 2-m-diam by 2-m-high water-bath (see Fig. 2) and measure,
using an array of bare and cadmium-covered gold foils, the axial
and radial neutron flux distributions in the water. We beta
count the 0.0025-cm-thick foils (without chemical separation) to
determine the 197Au(n,7)198Au reactions, and use the cadmium ratio
to correct the gold activation for resonance neutron capture. We
integrate the measured flux distributions over the water-bath
volume to obtain the total neutron captures in the water.

The number of protons striking the target are found by pas-
sing them through a three-foil aluminum packet located just up-
stream of the target. We count the central 0.025-cm~-thick foil
with a Ge-Li detector system and determine the number of
27A1(p,3pn)24Na, 27A1(p,x)22Na, and 27Al(p,x)7Be
reactions. In general, the proton distributions are strongly
peaked at the center and have "wings” which do not fall off as
rapidly as a circular bivariate (Gaussian-type) distribution (see
Ref. 10).

The targets used in the measurements (a combination of solid
and clustered cylinders) are depicted in Fig. 3; details of the
targets are given in Table II. All targets were stopping-length
targets (long enough to range-out 800-MeV protons). The thorium
and (larger) uranium targets were stopping targets since essen-
tially no protons leaked from them.

In an applied sense, the most useful quantity is the neutron
yield from the target per proton (and not the total neutron cap-
tures in the water-bath per proton). The water-bath affects tar-
get neutron production in several ways:

e There is an energy above which neutrons from
the target are lost from the water-bath.

e Spallation reactions with oxygen nuclei by
high-energy neutrons and protons escaping
from the target produce a distributed
neutron source throughout the water-bath.

eThe water-bath reflects neutrons back into the

target to be captured, that is, the target can
act as a neutron sink.
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¢ The water-bath reflects neutrons back into the
target, and these neutrons may cause "secondary”
{n,f) and (n,xn) source-type reactions, that is,
the target can act as a "secondary” neutron seurce.
These latter neutrons supplement the fpr1mﬁry
spallation neutrons and attendant "primary (9,f)
and (n,xn) source-type reactions which occur in
the absence of the water-bath.

The first two items in the above list tend to compensate each
other and are not too dependent on target material and size; the
1ast two items can compensate each other, however, the net effect
is complicated and depends on target material and size. Because
of these complications, we will compare calculated neutron cap-
tures in the water-bath with measured values.

Calculated neutronics for the FERFICON bare-targets are shown
in Table III. In the computations, we mocked-up the geometry of
the clustered targets exactly. The low-energy, <20 MeV, neutron-
enhancement (ratio of low-energy leakage neutrons to low-energy
spallation neutrons) is ~3% for tungsten, lead, and thorium, and
~21% for uranium. Note the number of low-energy neutron captures
and fissions in the thorium and uranium targets.

We compare calculated neutronics of clustered targets
with "equivalent®™ solid targets in Table IV. The heterogeneity
effects in the clustered targets are not too great, ranging from
~1.7% for the thorium target to ~4.4% for the uranium target.

We show comparisons between our preliminary data and BNL
Cosmotron results”'12 in Table V. For comparable targets (except
for the difference in target length), there is good agreement be-
tween experimental results. Our computations of water-bath neu-
tron captures are underway; we will compute water-bath neutron
captures using versions of HETC with and without fission competi-
tion during the evaporation process. As part of an effort to
benchmark his new code, R. G. Alsmiller has recently computed the
neutron captures in the water-bath for our uranium targets.9
Alsmiller's results (which incorporate fission when predicting
particle production for nucleon and pion collisions with a uranium
nucleus) are shown in Table V. There is good agreement between
our preliminary data and Alsmiller's computations.

Conversion Measurements
We will measure the axial distribution of fertile-to-fissile
conversion yield (232Th to 233y or 238y o 239Pu) inside the 19-
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rod thorium and 37-rod depleted uranium targets, and integrate
this distribution over the target volume to obtain the total con-
version yield. We will also measure the total number of fissions
occuring in a target. We will determine fertile-to-fissile con-
version using a Ge-Li detection system to observe the 233p,
activity in the thorium target and the 239Np activity in the de-
pleted uranium target. The measured spatial conversion yield,
integrated conversion yield, and total number of fissions will be

compared with calculated predictions.
NEUTRON SPECTRA AND PRODUCTION CROSS SECTIONS

We have measured, at 90° to the proton beam, the neutron
spectra from 0.5-400 MeV for the tantalum and tungsten production
targets used in the WNR high-current target area. We have also
measured angle- and energy-dependent (0.5-800 MeV) neutron pro-

pleted uranium targets. These latter measurements were made at
0°, 30°, 45°, and 112° to the proton beam. The production cross
section measurements were part of the Ph.D. thesis of S. D. Howe;
he is preparing the data for publication. Preliminary results of
the tantalum and tungsten neutron spectra measurements are given
in Refs. 10 and 13.

Qualitatively, our neutron spectra and neutron production
cross section measurements show reasonable agreement with calcula-
tions for energies X< 20 MeV; however, the measurements are consis-
tently higher than the calculations by factors of 2-4 for energies
220 MeV. The relatively good agreement between measured and cal-
culated results at the lower energies is consistent with data des-
cribed in Ref. 14. The underprediction of the calculations above
~ 20 MeV is consistent with other results obtained using 740-MeV
protons15, but disagree with 450-MeV proton data.16¢17 gince
calculations are generally used to predict the neutron source
incident on a shield, the underprediction of the neutron yields
above ~ 50 MeV is relevant to shield design problems for spal-

lation neutron sources.
THERMAL AND EPITHERMAL NEUTRON SPECTRA FROM MODERATORS

The research program utilizing the WNR high-current target
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area requires thermal (E < 1 eV), epithermal (1 eV g E < 100 keV),
and fast (100 kev < E < 400 MeV) neutrons. The tantalum (2.54-cm
diam by 15.24-cm long) production target is water cooled and in-

side an aluminum canister. The tungsten (

tion taroat
. C
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is inside a stainless
steel canister. The first 5 cm of the tungsten target has a
tapered reentrant hole (2.54-cm diam to 1.42-cm diam). We use the
water-cooled tantalum target by itself for fast neutron produc-
tion, and polyethylene moderators around the tantalum target (in a
hybrid slab geometry--see Fig. 4a) for epithermal neutron pro-
duction. Optimum thermal neutron production is a more complicated
issue.

For spallation neutron sources, a reflected moderator can
increase thermal neutron beam fluxes by a factor of 2-4 over a
bare moderator. There are also significant differences (factor
of 2) in thermal neutron intensities between center-looking
(where the field-of-view looks at the target) and offset geometry
(where the target is not viewed directly). However, in center-
looking geometry there can be substantial contamination of
thermal neutron beams with higher-energy neutrons and charged
particles; these beam-contaminants may cause hnwanted back-
ground problems.

Total neutron production from a target is not necessarily
a definitive indicator of resultant thermal neutron beam
fluxes. A particular target-moderator-reflector configuration
needs to be assessed as an integral unit relative to thermal
neutron generation. We studied theoretically the neutronics of
several unreflected target-moderator geometries (see Fig. 4b and
Ref. 18), and will measure absolute thermal neutron production
from a variety of target-moderator-reflector configurations. 1In
addition to the unreflected hybrid slab-moderator (which was the
initial target-moderator geometry installed in the WNR high-
current target area19—-see Figs. 4a and 5a), we are studying
several reflected target-moderator configurations. The
reflected geometries are depicted in Figs. S5b, 6a, and 6b.

The experiments are conducted in the WNR low-current target
area. We measure, using bare and cadmium-covered gold foils, the
absolute value of the thermal and epithermal neutron beam fluxes,
and the spatial distribution of the thermal and epithermal neutron
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fluxes at the surface of a moderator. We also use BF3 and fis-
sion detectors to measure thermal and epithermal neutron spectra.
Proton monitoring has been mainly done using aluminum foils. We
are presently evaluating on-line methods of proton detection such
as toroids and secondary emission monitors, and are calibrating
these devices on an absolute basis. We present here some preli-
minary results from our target-moderator-reflector development

program.

Reflected Wing-Moderator

The initial reflected wing-moderator studied is shown in
Figs. 6a and 7. We placed the target (a cylinder of depleted
uranium, 10.0-cm diam by 40.7-cm long) in a stainless steel can-
ister. There was an air gap ( ~1 cm) between the uranium and the
outside of the canister. The low-density polyethylene premoder-
ator was 5.0-cm thick, poisoned with 0.076~-cm of cadmium and
backed with a 1.27-cm-thick high-density polyethylene moderator.
The beryllium reflector was essentially a cube with ~ 66-cm~long
sides, and was decoupled from the polyethylene by 0.076~cm of
cadmium. The wing-moderator was located 2 cm from the front
surface of the target.

We define the 2200 m/s neutron flux, ¢or to be the activa-
tions in a gold foil by neutrons with energies < 0.5 eV divided by
the 2200 m/s gold cross section. The Maxwellian thermal neutron
flux, ¢mr is related to ¢o by Eq. (1)--Ref. 20,

(1)

where g(T) is the non-1/v factor, T is the absolute temperature of
the neutrons, and Ty = 293.6 OK. Some preliminary spatial
distributions of ¢, at the moderator surface are shown in Figs.

8a and 8b. Note the rapid falloff of the neutron flux with
distance from the target: the neutron flux in the direction of
target axis is fairly symmetric. An average ¢, (over ~78 cm?
of moderator surface) is 50 ~ 1.8x10°3 n/cmz.p.

We plan to make further measurements using the reflected wing
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geometry, however, the number of moderators will be increased to
four. We will study the effect, on thermal neutron beam fluxes,

of varying the target material and diameter, and of altering the

target-moderator-reflector decoupling. We will measure abso-

lute thermal neutron beam fluxes, spectra, and pulse widths for

both the "upstream" and "downstream” moderators.

Reflected 'T'-Shape Moderator
The layout of the flight paths in the WNR high-current

target-area is shown in Fig. 9. The flight paths are clustered

in groups of three, and there is a cluster in each quadrant. The
reflected 'T'-shape moderator shown in Figs. 10a and 11 makes
reasonable use of the existing flight path arrangement, and pro-
vides for a number of concurrent thermal neutron beam experiments.
For similar moderators, the thermal neutron beam fluxes from the
various "legs" of the 'T'-shape moderator are essentially the
same. This is in contrast to the reflected-wing geometry with
multiple moderators where factors of two in thermal neutron beam
fluxes between the "upstream" and "downstream” moderators can be
expected.21 With the 'T'-shape configuration, the flight paths
view the moderators in offset geometry. The premoderator-moder-—
ator concept allows each moderator to be optimized (as illustrated
in Fig. 10b) for a particular class of instruments using thermal
neutron beams.

We have recently installed a prototype reflected 'T'-shape
moderator in the WNR high-current target area. The reflector is
a composite of polyethylene and beryllium; cadmium is used as the
neutron decoupler. We presently have a development program to
optimize the reflected 'T'-shape moderator and reflector. We will
replace the prototype 'T'-shape configuration with an "optimized"
version when our studies are complete.

We have made some preliminary neutronic measurements with a
reflected 'T'-shape moderator. The configuration studied is
illustrated in Figs. 10a and 11. In the experiments, we are using
three targets (lead, tungsten, and depleted uranium). Each target
is 4.45-cm diam by 24.13-cm long. The first 5 cm of each target
has a tapered reentrant hole (2.54-cm diam to 1.42-cm diam). With
the exception of the reentrant hole, the targets are solid.

For handling convenience, each target is encapsulated in a stain-
less steel tube. In addition, the depleted uranium target has a

- 217 -



0.076~cm~thick cadmium layer between the target and stainless
steel canister. The purpose of the cadmium is to offer some
neutronic decoupling between the moderator-reflector and the
target. Calculated neutronics of the bare-targets are shown in
Table V1. Note for the uranium target that the low-energy (< 20
MeV) neutron enhancement via (n,f)- and (n,xn)-type reactions

is ~ 14%.

The low-density polyethylene premoderator was poisoned with
0.076-cm of cadmium and backed with a 1.27-cm-thick high-density
polyethylene moderator. The beryllium reflector was roughly cubic
with ~ 61-cm-long sides, and was decoupled from the polyethylene
by 0.076-cm of cadmium.

We constructed an experimental setup to specifically measure
thermal and epithermal neutron beam fluxes and spectra; we will be
adding the capability of measuring neutron pulse widths in the
near future. We have made the following changes in experiment
parameters and looked at the effects on thermal neutron beam
fluxes and spectra:

evaried the target material (lead, tungsten, and
depleted uranium),

e changed the premoderator material (polyethylene,
water, and titanium hydride),

ealtered the poison (cadmium and gadolinium)
between the premoderator and moderator,

evaried the moderator thickness,
eused reentrant-type moderators,

esremoved the moderator and its decoupler, and
looked at the premoderator itself,

e changed the shadow-bar material (polyethylene,
beryllium, copper, and tungsten), and

evaried the size of the reflector.

The data are being analyzed. Absolute thermal neutron beam fluxes
and spectra will be reported. Results comparing the effects of
using different types of targets are shown in Table VII. The cal-
culated neutronic enhancement for depleted uranium (relative to
lead and tungsten) is somewhat lower than that measured using
thermal neutron beam fluxes. This may indicate a deficiency in
the code package used (our present version of HETC does not
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account for uranium fission), or illustrate that energy neutronic
decoupling is needed between the uranium target and the moder-
ator-reflector.

Results of moderator variation are presented in Table VIII.
We found gadolinium (0.0025-cm-thick) to be superior to cadmium
(0.076-cm thick) as a poison material at a given depth. A marked
increase in moderation is found as the depth of poisoning is
increased. However, thermal neutron beam fluxes alone are not
sufficient to assess target-moderator-reflector performance;
thermal neutron pulse widths are also important. The thermal and
epithermal neutronic performance is degraded by increasing the
premoderator thickness. (An optimization of material and
thickness for the 'T'-shape premoderator and reflector will be the
subject of a future study.) For the 'T'-geometry, mini-reentrant
moderators produced no enhancement of the thermal neutron flux,
although a significant lowering of the neutron temperature was
observed. Our results for reentrant-type moderators disagree with
measurements made by others.22 However, the criteria used in
all three measurements (geometric coupling, conservation of
moderator thickness or mass, etc.) differed. 1In particular, our
results may be very dependent upon which "leg” of the 'T'~shape
moderator is viewed. We will continue to study thermal neutron
beam fluxes, spectra, and pulse widths from reentrant-type
moderators.

A sample of the raw time-of-flight data obtained with our
BF; detector (nominally 13% efficient for neutrons of energy
0.025 eV) is shown in Fig. 12. The data are shown as neutron
spectra, ¢(E), in Fig. 13. The Maxwellian temperature is ~ 380
%K. fThe data in Figs. 12 and 13 are for the tungsten target, a
low-density polyethylene moderator, and a 1.27-cm-thick high-
density polyethylene moderator decoupled by a 0.076-cm layer of
cadmium,lthe beryllium reflector was a cube with sides ~ 61-cm
long.

FUTURE PLANS
We will continue our measurements of neutron production and
neutron production cross sections using other target materials and

angles. Fertile-to-fissile conversion yields will be measured
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this fiscal year. We will measure thermal neutron beam fluxes,
spectra, and pulse widths in a continuing study of target-
moderator-reflector configurations, these studies will include the
effects of changing decoupler materials between the target-moder-
ator-reflector. We will measure thin~target neutron production

using bath technigues, and plan to measure neutron spectra from
We will measure cold moderator neutron beam
We could also measure heutron

thick bare-targets.
fluxes, spectra, and pulse widths.
production and fertile-to-fissile conversion yields insi@e massive
( ~2000 kg) thorium and uranium targets. Energy deposition in

spallation targets and cold moderators is another area where we

could make relevent measurements.
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TARGET DENSITY DIAMETER  LENGTH  ENRICHMENT
MATERIAL (a/em®) {cm) (cm) (wt%)
we 18.26 445 24.13 —
b 1131 9.85 40.65 _—
v 184 10.01 40.65 0.198
Th 1.38 18.28° 4065 _—
v 19.04 20.09° 40.65 . 0251
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TABLE IV
CALCULATED NEUTRONICS OF CLUSTERED AND SOLID BARE-TARGETS

Th V]
Solid Target® Clustered Target Solid Target® Clustered Target
18.28<m diam 19-Rod Array 20.09-cm diam 37-Rod Array
(n/p) {n/p) (n/p) {n/p}
LOW-ENERGY (< 20 MeV) SPALLATION 21.39+0.27 20.98+0.27 25.06+0.33 24.2010.33
NEUTRON PRODUCTIONP
NEUTRON LEAKAGE (< 20 MeV)°® 22.05+0.26 21.74+0.26 30.42+0.38 29.55+0.37
NEUTRON LEAKAGE {> 20 MeV) 0.97+0.02 1.0540.02 0.71£0.02 0.7910.02
TOTAL NEUTRON LEAKAGE 23.0240.26 22.7910.26 31.13+0.38 30.3440.37
NEUTRON CAPTURE (<20 MeV)d 1.5110.02 1.3210.02 4.44+0.06 3.72+0.06
TOTAL NEUTRON PRODUCTION 24.53:0.26 24.1110.26 35.57+0.39 34.06+0.38
NEUTRON INDUCED FISSIONS 0.6010.01 0.57:0.01 4.43+0.07 3.72+0.06

[< 20 MeV1 (fiss/p)

350lid targets had an effective diameter D = d+/n where d is the diameter of an individual rod in a clustered target, and n is
the number of clustered rods.

bE p ion neutrons pr

d inside the target; fission competition with evap ion was not included in HETC.
Cincludes net effects of {n,f}- and {n,xn)-type reactions occuring during the transport of low-energy spallation neutrons,

9Neutron capture occuring in a target during the transport of low-energy spallation neutrons.

TABLE il
CALCULATED NEUTRONICS FOR FERFICON BARE-TARGETS

Solid Targets® Clustered Targets®
w Pb u Th u
4.45-cm diam 9.85-cm diam 10.01-cm diam 19-Rod Arrayb 37-Rod Aﬂay"
{n/p) {n/p} {n/p} {n/p} (n/p)
LOW-ENERGY (< 20 MeV} SPALLATION 13.15£0.16 16.12+0.20 21.37:0.27 20.9810.27 24.20+0.33
NEUTRON PRODUCTIONY
NEUTRON LEAKAGE (< 20 MeV)® 13.4740.17 16.55+0.20 25.8410.32 21.74+0.26 29.55+0.37
NEUTRON LEAKAGE (> 20 MeV) 1.18+0.02 1.17:0.02 1.05+0.02 1.05+0.02 0.79+0.02
TOTAL NEUTRON LEAKAGE 14.6510.17 17.7210.20 26.89+0.32 22.79+0.26 30.3410.37
NEUTRON CAPTURE (< 20 MeV)f 0.15510.002 0.009+0.0002 1.0510.02 1.32+0.02 3.72+0.06
TOTAL NEUTRON PRODUCTION 14.81£0.17 17.73+0.20 27.9410.32 24.11+0.26 34.06:0.38

NEUTRON INDUCED FISSIONS
[< 20 MeV} (fiss/p}

2.34:0.04 0.570.01 3.7210.06

a H .
Proton energy is 800 MeV; the W target was 24.13-cm long, and the first 5 cm had a tapered reentrant hole {2.54-cm diam to 1.42-cm diam};
all other targets were 40.65-cm long.

bindividual rod diameter was 4.1928 cm.
CIndividual rod diameter was 3.3035 cm.

c‘E\«aporation neutrons produced inside the target; fission cc with ton was not included in HETC,

L] .
Includes net effects of (n,f)- and (n,xn}type reactions occuring during transport of low-energy spallation neutrons.

f P .
Neutron capture occuring in a target during transport of the low-energy spallation neutrons
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TABLE VI
CALCULATED NEUTRONICS FOR BARE (REENTRANT) TARGETS?

; ; Pb w U
c4c® =5 M2 {n/p) (n/p) (n/p)
-4 - 2 g e —— —
,2 - LOW-ENERGY (< 20 MeV) SPALLATION 11.340.16 13.25+0.16 16.88+0.23
NEUTRON PRODUCTION®
g NEUTRON LEAKAGE (< 20 MeV)® 11.52+0.16 13.5910.16 19.16+0.27
B33 s | _FF NEUTRON LEAKAGE (> 20 MeV) 1.10:0.02 1.18:0.02 1.2120.02
a N o g alead —— -
6 - Imor
x X X %X X |x BImb> TOTAL NEUTRON LEAKAGE 12.62:0.16 14.77+0.16 20.3710.27
2 essyjgxge
: g 3 3 8 X = s NEUTRON CAPTURE (< 20 MeV)® 0.00210.00003 0.16+0.002 0.22+0.003
o a o Zm =
@
; TOTAL NEUTRON PRODUCTION 12.62+0.16 14.93+0.16 20.59+0.27
g —--TZT=T=--T-C-Z=S==-C-SC-TC-C-SSSS-SSSS-SC--S=-=S=STITZZT-TZ==c=c
9T 4 NEUTRON INDUCED FISSIONS = ————— —————— 1.0120.02
r n .302 |7 [< 20 MeV] {fiss/p)
® 3 sdz0 |=
g B 95Zc |2 |g3
£ & ga3% 18 BT *Targets were 24.13-cm long; the first 5 cm had a tapered reentrant hole (2.54-cm diam to 1.42-cm diam);
= = m S5 2 == uniform proton beam spot (1.5-cm diam).
3=
g ;z> bg P i produced inside the target; fission P with evap ion was not included
oz =42 in HETC.
Y o :
N - I &" 2> oy € includes net effects of (n,f)- and (n,xn) -type reactions occuring during transport of low-energy spallation
@ w 5 w o Oyxmae 20 > )
© = won |gmS§ ~rr® neutrons.
Sa3m onh
§ g o 8 l':"; 9Neutron capture occuring in a target during transport of the low-energy spallation neutrons.
82"
[}
[} ;;gg
r ®
2oz S TABLE Vi
3 3 s b4 o ol RELATIVE PERFORMANCE OF SPALLATION TARGETS
R a9 P C
R A ::;g 5 Ratio of - Ratio of Ratio of
5 5 ioN 3 b Target Calcutated Spallati Calculated Low-Energy Measured Thermal
E m g Material® Neutron Production® Neutron Leakage® Neutron Beam Flux?
-
= 2 Pb 1.00 1.00 1.00
-
gnz o 8 w 117 1.18 1.25
239 z 2 u 1.49 1.66 2.13
20
EREERHEE
i 1w | [gB58 =
zu-"’ 8 ; g *Targets were 24.13-cm long; the first 5 cm had a tapered reentrant hole (2.54-cm diam to
g 20 . 1.42-cm diam); 1.5 diam uniform p beam spot d; 800-MeV incident p
®Low-energy (< 20 MeV) evaporation neutrons produced inside a bare target; fission com-
QuF ition with evaporation was not included in HETC.
PN 4
3 Om
) | 8! 3 = zZy €1 aakage neutrons (< 20 MeV); includes net effects of (n,f}- and (n,xn)-type reactions occuring
11 b= | {gmSS during transport of low-energy spallation neutrons.
. 2oxm
A 2 =) 4o7 shape polyethyl o flected by beryllium; the uranium target was decoupled
from the polyethylens moderstor by 0.076 cm of cadmium.
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TABLE VIt
SUMMARY OF MODERATOR SPECTRAL MEASUREMENTS

ALL DATA TAKEN WITH A TUNGSTEN TARGET AND A T' SHAPED PREMODERATOR SUR.
ROUNDED BY A 46 cm CUBE BERYLLIUM REFLECTOR AND DECOUPLED BY 0.076 cm
OF CADMIUM.

A. 1.27 cm POLYETHYLENE MODERATOR: VARIATION OF POISON AND PREMODERATOR

MODERATOR T* (meV) J"‘ E¢(E) I:.~ I JESE) SUB - Cd®
1.27 cm potsoned 35 61 23 27 1.00
by Ga®
1 27 cm poisoned 33 37 22 17 0.64
by Cd*

1.27 cm possoned 34 52 20 28 0.83
by Gd with

additional 1.27 cm
of premoderator

8. POLYETHYLENE MODERATORS 2.54 cm THICK AND POISONED BY Gd?: MINI-
REENTRANT HOLE STUDY

MODERATOR T (meV) i EQE)y,  Ju/EGEN SUB - Cd
No holes 34 92 20 4.6 1.16
0.64 con deep 32 91 20 4.8 121
circutar holes'

1.27 em deep 30 81 21 39 1.20
circular holes

1.81 cm deop 30 62 23 27 1.09
cireular holes

1.91 cm deep 30 76 2 3.6 1.16
grooves®

C.. MODERATORS POISONED BY Gd® VARIATION OF POISON DEPTH

MODERATOR T(meV)  Jy,  E@lEly,, Iy /E@(Edi,,  SUB.Cd

0.64 cm polyethylene 42 45 25 1.8 0.89

1.27 cm polyethylene 35 81 3 27 1.00

1.91 cm polysthylena k3 B84 2 4.0 113

2.54 cm polyethylene 34 82 20 4.6 1.16
Premoderator only 33 237 26 9.1 2.59

No poison

*The apparent i T, and the i ity, 3y, are by a fitting

E
oniy g EXP LEm)
in the range 0 — 50 meV. See figure 20. Units are arbitrarily normalized to incident protons.

bThe 1ev lethergy is obtained by fitting in the range 1 — 10 eV. See figure 19. Units are arbitrarily
normatized ta incideat protons.

“Relative sub-cadmium fluxes normalized to the 1.27 cm, Gd poisoned moderstor.
90,0025 cm gadolinium foil

£0.076 cm cadmium shest

181 0.78 em diameter, straight sided holes. 40% of srea removed.

9Tapered grooves, 0.4 cm at base end top
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General layout of the WNR showing the two target
areas. The high-current target is located in a
vertical proton beam and is viewed by 11 hori-
zontal flight paths. The low-current target is
located in a horizontal proton beam and viewed
by 12 horizontal flight paths and one vertical
flight path.
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Fig. 3 Targets used in the LASL FERFICON experiments
(relative sizes are as indicated).
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Fig. 4a Unreflected hybrid slab-moderator used at the WNR
to produce neutrons with energies 1 eVSE< 100 keV.
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| Fig. 4b Several unreflected target~moderator configurations
| studied theoretically.
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Fig. 5a Unreflected hybrid slab-moderator initially used at the
WNR for thermal neutron production.
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Pig. Sb This figure depicts a reflected hybrid slab-moderator;
such a configuration is neutronically efficient.
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Fig. 6a This figure depicts a reflected wing-moderator.
A variation of this configuration is being adopted
at several pulsed spallation neutron sources
around the world.
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Fig. 6b This figure depicts a reflected °'T'-shape moderator.
A prototype of this configuration has been installed
in the WNR high-current target area.

Fig. 7 Section through a reflected wing-moderator.
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Preliminary measured 2200 m/s neutron surface flux
distribution from a reflected wing-moderator

(see Fig. 6a). The distribution shown lies along
the vertical center of the 9.7-cm by 9.7-cm
moderator surface.

Layout of the neutron flight paths in the WNR

high-current target area.
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Preliminary measured 2200 m/s neutron surface flux
distribution from a reflected wing-moderator (see fig.
6a). The distribution shown lies along the horizontal
center of the 9.7-cm by 9.7-cm moderator surface.
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Fig. 10a Section through a reflected 'T'-shape moderator
showing the location of various neutron flight
paths (in the WNR high~current target area)
relative to moderator surfaces.
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Fig. 10b Possible variation of a reflected 'T'~shape moderator
which “optimizes® various moderators for each
cluster of neutron flight paths.
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Fig. 1 Section through a reflected 'T'-shape moderator.
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Raw time-of-flight spectra obtained with a
BF3 detector.
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