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I. INTRODUCTION

A series of integral experiments are being performed at the Oak Ridge
National Laboratory to provide experimental verification of the nuclear
data and radiation transport methods that are being used in the nuclear

design caiculations for fusion reactors.]’2

In this paper, measured and
calculated neutron and gamma-ray energy spectra resulting from the trans-
port of A14 MeV neutrons through a 0.30-m-thick 1ithium hydride (LiH)

and through 0.05 m of lead (Pb) followed by 0.30 m of LiH are compared

as a function of detector location. Also reported are comparisons of

the measured and calculated neutron energy spectra as a function of
detector location behind a 0.80-m-thick assembly comprised of stainless
steel type-304 (SS-304) and borated polyethylene (BP). The spatial
dependence of the gamma-ray energy deposition rate in the S$S-304-BP
assembly measured using calcium-flouride (manganese activated) thermo-

luminescent dosimeters (TLDs) is compared with calculated data obtained

using radiation transport methods.

The LiH and Pb-LiH assembiies simulate blanket compositions and
configurations and the 0.80-m-thick SS-304-BP assembly represents a
thick shield configuration. In a previous paper,1 measured and calculated
neutron and gamma-ray spectra were compared for SS-304-BP slab configu-
rations up to 0.56-m-thick and the work reported here for the SS-304-BP
assembly is a continuation of that study and is of interest in deter-
mining the effectiveness of the calculational methods in determining

transport of ~14 MeV neutrons in a thick shield.
The experimental and calculational procedures are described in

Section I1 and the measured and calculated data are presented and discussed

in Section III.



II. EXPERIMENTAL AND CALCULATIONAL PROCEDURES

The experimental facility for performing the integral measurements
is shown in an artist's rendition in Fig. 1. The important components
include an electrostatic generator, a tritium-target source can assembly,
a concrete test slab support structure, the neutron-gamma-ray detection
system, and a thermal neutron shield. The details of the experimental
and calculational procedures used to obtain the neutron and gamma-ray
spectra have been described in detail in Refs. 1-3, so only a brief dis-
cussion of these procedures is given here.

A. Experimental Procedures

The experiments are carried out using ~14 MeV neutrons having a
source strength of m108 n/s produced in the interactions of 250 keV
deuterons with 4 mg/cm2 of tritium saturated in a titanium target. The

neutrons are produced via the

D+T-n+ %He + 17.6 Mev (1)

reaction. The target is enclosed in a cylindrical, re-entrant iron can
which has the functions of shaping the neutron spectrum incident on the
test slabs and of reflecting neutrons emitted in the backward direction
towards the test slabs. The iron source can was carefully designed to
modify the D-T neutron source distribution emanating from the can to
ma.e it characteristic of that incident on the first wall of a fusion
reactor‘.3 The target, iron can, and the test slabs are supported by
the concrete test slab support structure. The concrete forming the
structure is sufficiently thick to act as an envirgnmental shield and

minimize the radiation background level in the vicinity of the detector.
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Artist's rendition of the experimental facility.
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The experiment test slabs (1.52x1.52 mz) are jnserted in the cavity in
the concrete structure. (In some cases, however, the test slabs

have a cross-sectional area that is larger than the cross-sectional area
of the cavity. These slabs are mounted outside of the cavity against
the face of the concrete structure.)

The neutron and gamma-ray energy spectra are measured at various
positions relative to the deuteron-tritium target axis and as a functior.
of the test slab composition and thickness using a 0.047 m diameter by
0.047 m high NE-213 1iquid scintillator mounted on a RCA 8850 photo-
multiplier tube. Neutron and gamma ray events in the detector are
separated using pulse-shape discrimination methods and are stored in
separate memory locations in a ND-812 pulse-height analyzer computer.
The neutron and gamma ray pulse-height data were normalized to the
absolute neutron yield from the target which was determined using asso-
ciated particle counting methods. The uncertainty in the neutron source

strength has been determined to be * 3%.4

The pulse-height data were obtained for neutrons with energies
above 850 keV and for gamma rays with energies above 750 keV. The
neutron and gamma ray pulse-height data were unfolded using the FERD5
computer program to produce the energy spectra. The neutron response
matrix used to unfold the spectra was obtained from measurements using
the pulsed neutron beam from the Oak Ridge Linear Accelerctor] and the
gamma ray response matrix was generated using gamma ray sources of known
energies. The total response of the NE-213 detector is known to within
5%. Gain calibrations were determined to be reproducible to within 2%.4

The energy resolution of the detector was shown to vary as
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= 1/2
Ry = [300 + 800/€,]" (2)
for neutrons of energy EN and as

- 1/2
RY {170 + 288/Ey]

for gamma rays of energy EY' RN and RY are the full width of half-
maximum (in percent) of the detector response to neutrons nr gamma rays.

B. Calculational Procedures

The calculated neutron and gamma ray energy spectra were obtained
using two-dimensional radiation transport methods. The experimental con-
figuration was represented in r-z geometry with cylindrical symmetry about
the deuteron beam axis. The calculational models used to estimate the
transport of ~14 MeV neutrons through the LiH and Pb plus LiH slabs and
through the SS-304-BP assembly are shown in Figs. 2 and 3, respectively.
The geometry shown in Fig. 2 is represented using 42 radial and 92 axial
mesh intervals. The cross-sectional dimensions of the LiH and Pb slabs
were larger than those of the cavity in the concrete structure so they
were, by necessity, positioned on the face of the structure as shown in
Fig. 2. The geometry in Fig. 3 was represented using 42 radial and
91 axial mesh intervals. In this measurement, the SS-304 and BP were
positioned inside of the cavity. Also shown in the figure are the loca-
tions of the TLDs that were used to measure the gamma-ray energy deposi-
tion rates in the test slab assembly.

The sequence of radiation transport calculations used to obtain the
neutron and gamma ray energy spectra and the photon energy deposition
rates is shown in Fig. 4 and is very similar to that described in Ref. 1.

6

The sequence is initiated using the GRTUNCL code” to obtain the uncollided

neutron flux and first collision source distributions at all spatial mesh
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intervals in the calculational geometry. The source term for the GRTUNCL
code was obtained by calculating the angle-energy dependence of the
neutrons emitted from the reactions of 250 keV deuterons in the tritium
target and weighting the neutron emission probabilities by appropriate
solid angle factors to account for the anisotropy of the neutron source
in the GRTUNCL code. The calculational procedure used to obtain the
angle-energy dependence of the emitted neutrons is described in detail

in Ref. 3. The first collision source data from GRTUNCL is input to the
two-dimensional discrete ordinates code DOT.7 This code calculates the
collided flux distributions using the first collision data as a spatially
distributed source. These calculations were completed using an 512
angular quadrature. A final scattering source tape is generated in DOT
and is employed to carry out a last-flight transport calculation using

the FALSTF code®

to obtain the neutron and gamma-ray energy-dependent
flux at each detector center location. The output from FALSTF is com-
bined with the uncollided flux data from GRTUNCL to yield the total flux
at each detector location. These total fluxes are processed to obtain
the neutron and gamma-ray energy spectra by smoothing the flux per unit
energy in each multigroup energy interval with an energy-dependent
Gaussian response function having a width determined by Eq. (2) for
neutrons, and Eq. (3) for gamma rays. Performing the calculations in the
sequence shown in Fig. 4 assures that ray effects from the D-T neutron

source are eliminated, as well as those from intense last collision

sources from neutron reactions with experimental components.
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The radiation transport calculations incorporated a 53-neutron,
21-gamma-ray energy group library obtained by collapsing the 171-neutron,
36~gamma-ray VITAMIN C data library (ENDF/B-IV).9 The VITAMIN C library
was created as a general purpose cross section data set for the analysis
of fusion neutronics problems. The fine-group library was collapsed using
the ANISN]0 code by representing the experimantal components in spherical
geometry and using the neutron emission probabiiities as the weighting
functions. The energy boundaries of the 53-neutron library, were based
in part on those used in the DLC-47 11'br‘ar_y,n but expanded at high ener-
gies so that the D-T neutron source could be more accurately represented
in the transport calculations. The angular dependence of the cross sections
for all nuclei was approximated using a P3 Legendre expansion. The composi-

tion of the materials used in the calculations is given in Table I.

III. DISCUSSION OF RESULTS
A. LiH and Pb+LiH Assemblies

The measured and calculated differential neutron energy spectra
behind the LiH and Pb plus LiH slabs as a function of detector location
are compared in Figs. 5 and 6, respectively. In Fig. 5, the spectra are
compared for the cases when the detector is on (r = 0.0) and off (r = 0.46 m)
the axis of symmetry at z = 2.38 m and in Fig. 6 the spectra are compared
when the detector is on the axis at z = 2.70 m. The source-to-detector
distance along the z-axis is obtained by subtracting 0.57 m from the given
z values. The solid curves are the measured spectra and the points are
the calculated data. The measured data were obtained by unfolding the

‘ ‘bu1se-height data and for some of the spectra in Figs. 5 and 6, as well
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Table I. Composition of Materials?

Element Composition (Atom/cmebarn)
Lithium b
Hydride Lead $S-304 BP Concrete Air Iron

H 6.21-2 7.13-2 7.86-3
Li-6 4.61-3
Li-7 5.75-2

B-10 4.87-4

B-11 1.97-3

C 3.41-2

N 3.64-5
0 3.54-3 4.39-2 9.74-6
Na 1.05-3

Mg 1.40-4

Al 2.39-2

Si 1.58-2

K 6.90-4

Ca 2.92-3

Cr 1.77-2

Mn 1.77-3

Fe 6.02-2 3.10-4 8.48-2
Ni 7.83-3

Pb 3.34-2

aLead, air, and iron compositions are theoretical. A1l others are within
+5% of compositions determined from chemical assays. No impurity concen-
trations are included in SS-304 composition.

bBP = Borated Polyethylene.
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as those given below, two curves are shown. The two curves indicate a
68% confidence interval in the unfolded spectra. The calculated data
were obtained by smoothing the flux per unit energy in each multigroup
energy interval with an energy-dependent Gaussian response function
having a width defined by Eq. (2). It is not kinematically possible for
250 keV deuterons to produce neutrons with energies above 15.1 MeV. The
indication of more energetic neutrons in the spectra is a manifestation
of the Gaussian response of the rautron detector used to smooth the data.

The calculated and measured neutron energy spectra are in reasonably
good agreement for both the LiH and Pb plus LiH slab assemblies at all
detector locations. At neutron energies below 6 MeV, the calculated
data are lower than the measured data with differences ranging from
~n10% to nearly a factor of two depending on the neutron energy. This
systematic behavior prevails at all detector locations and whether or
not the lead is present in the assembly. When the lead is included, the
principal effect is a reduction in the magnitude of the neutron flux
per unit energy by nearly a factor of two at all neutron energies. The
shapes of the calculated and measured spectra do, however, remain the
same.

The integrated neutron energy spectra, obtained by integrating the
spectra in Figs. 5 and 6, are shown in Figs. 7 and 8, respectively. The
measured and calculated data are in good agreement for both the LiH and
Pb plus LiH slab configurations and at all detector locations. The cal-
culated integral data agree with the measured integrated spectra within

5% to A.20% except at neutron energies above 15 MeV where the difference

is due to the Gaussian smoothing of the data rather than cross section

or neutron transport effects.
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The measured and calculated differential and integral gamma-ray
energy spectra as a function of detector location behind the LiH and Pb

plus LiH slabs are compared in Figs. 9-12.

The calculated and measured differential and integral energy spectra
behind the LiH slabs are in excellent agreement for gamma ray energies
up to ~10 MeV. The calculation reproduces the spectra in magnitude, and
within the 1imits of the broad energy group structure, accounts for the
structure in the measured spectra as well. For the Pb plus LiH slabs,
however, the agreement among the calculated and measured data is less
favorable. The differential spectra are in good agreement up to 5 MeV,
but at higher energies the calculated data are lower than the measured
data by about a factor of three. Thermal neutron capture in lead yields
gamma rays of 6.5 MeV (5%) and 7.2 MeV (95%). These 1ines appear in the
measured spectra but are not accounted for in the calculated data. The
failure of the calculation to reproduce these gamma rays can be attributed
to either the therma] neutron capture cross section or the thermal neutron
transport in the calculational model. The shape in the spectra for
the LiH case is well produced up to 10 MeV. The 7 MeV gamma ray from
neutron capture in Li as well as the 2.25 MeV photon from capture in
hydrogen are accounted for in both assemblies which suggests that the
thermal neutron flux is being calculated correctly in LiH and that the
capture cross section or photon multiplicity may not be correct in the

ENDF/B-IV data files for Pb.
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B. SS5-304-BP Shield Assembly

The calculated and measured differential neutron energy spectra
at the two detector locations shown in Fig. 3 for the 0.80-m-thick
$S-304-BP slab assembly are compared in Fig. 13. The composition and
dimensions of the assembly are given in Table II.

The calculated and measured neutron energy spectra are in excellent
agreement above 5 MeV at both detector locations. However, at neutron
energies below 56 MeV, the calculated neutron flux per unit energy is
lower than the measured data by as much as a factor of three depending
on the detector location and neutron energy. Note that the measured
data are indicated by a dashed line below 5 MeV. This is done to indicate
that the data are very uncertain at these energies. Since the SS-304-BP
slab assembly is very thick, the low energy neutron spectrum was not well
defined since the flux leaking from the assembly is comparable with the
neutron flux leaking through the concrete support structure.

The comparisons of measured and calculated gamma-ray spectra also
revealed a very similar and more serious behavior and, for that reason,
are not shown here. Since these measurements were made, the experimental
facility has been reconstructed at a facility where the background levels
from radiation Teaking through the concrete are anticipated to be much
lower than in the facility used for these studies and the experiment will
be repeated to resolve the anomalies in the measured low energy neutron

and gamma ray data.



NEUTRON FLUX PER UNIT ENERGY

[(n/ecmZ/MeV)/DT NEUTRON]

i ORNL-DWG 81-15487
1o 8
| l | [ [ ] [ I

MEASURED
=13 ® CALCULATED

DETECTOR AT z =2.08 m

G Y S R N Y Y N B
O 2 4 6 8 10 12 14 16 18 20
NEUTRON ENERGY (MeV)

Fig. 13. Neutron flux per unit energy vs. neutron energy for the
0.80-m-thick SS-304-BP assembly for the detec“or at z = 2.08 m,
r=0.0and r = 0.46 m. (Note break in the o:dinate)

€¢



24

Table II. Theoretical Composition and Thickness of S$$-304-BP
Slab Assemblyd

Material Thickness
cm g/cm2
$5-304 5.08 39.97
$5-304 15.24° 119.93
55-304 15.24 119.93
BP 5.08 5.77
$5-304 5.08 39.97
BP 5.08 4.77
$5-304 5.08 39.97
BP 5.08 4.77
$5-304 5.08 39.97
BP 5.08 4.77
$5-304 5.08 39.97
$5-304 5.08 39.97
81.3 498.72

3The actual thickness of the slabs does not vary by more than #2%.
bThree 5.08-cm-thick slabs combined to form a single 15.24-cm-thick slab.
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The measured and calculated integral neutron energy spectra are
compared in Fig. 14. The data are in excellent agreement over the neutron
range from 3 to 15 MeV and agree to within better than a factor of two
between 850 keV and 3 MeV.

The calculated and measured gamma ray energy deposition rates
(MeV/g/min) as a function of the SS-304-BP slab thickness are compared in
Fig. 15. The measured data were obtained using calcium-flouride
(manganese activated) thermoluminescent detectors (TLDs) located in gaps
between the various slabs (see Fig. 3). The calculated data were obtained
by convoluting the gamma ray flux obtained from the radiation transport
calculations with the TLD response functions of Maerkelr‘.]2

The measured and calculated dose equivalent rates are in reasonably
good agreement at all detector locations. The calculated data are lower
than the measured data but are, in all cases, within a factor of two of

the measured data. The uncertainties in the measured data are estimated

to be =5%.
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