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Neutron and gamma-ray energy spectra from the reactions
of M.4-MeV neutrons in blanket and shield materials and from
the streaming of these neutrons through a cylindrical duct
(L/D ^2) have been measured and calculated. These data are
being obtained in a series of integral experiments to verify
the radiation-transport methods and nuclear data that are
being used in nuclear design calculations for fusion reactors.
Tho experimental procedures rmd analytic methods uned to ob-
tain the calculated data are reviewed. Comparisons botwoon
measured and calculated data for ths experiments that have
been performed to date are summarised.

I. INTRODUCTION

The nuclear performance of the blanket and shield in a fusion reactor will
have a significant impact on the performance, operating conditions, and cost of
the reactor. It is necessary, therefore, to have experimental verification of
the nuclear data and radiation transport methods that are being used in the
nuclear design calculations for these reactors. A program of integral experi-
ments has been underway at the Oak Ridge National Laboratory to provide the
measured data for this verification. The program consists of a sequence of care-
fully designed experiments that measure neutron and gamma-ray energy that result
from the reactions of "^14-MeV neutrons in materials proposed for use in the
blankets and shields of fusion reactors. The experiments are of two types: (1)
measurements of the attenuation of neutrons and gamma rays in bulk materials,
and (2) measurements of the streaming of these neutrons through ducts having
geometric properties similar to the penetrations that will be found in the blan-
ket-shield assembly (e.g., vacuum pumping ports, rf wave guides, neutral beam
ducts, etc.).

The experiments are complemented by an analytic program that provides veri-
fication of the1" calculational methods and nuclear data by making extensive com-
parisons between the measured spectra and those obtained from calculations. The
calculated data are obtained using the most current cross-section data and radia-
tion transport codes that are widely used in the fusion community for the
nuclear analysis of fusion reactors.

This paper reviews the experiments that hpve been carried out to date and
summarizes the comparisons between the measured and calculated neutron and
gamma-ray energy spectra as a function of detector location for the various ex-
perimental geometries. The experimental facility and details of the measure-
ment procedures are described in Section II. The calculational procedures are
discussed in Section III. The measured and calculated neutron and gamma-ray
energy spectra for several of the attentuation and streaming geometries are com-
pared and discussed in Section IV.
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II. EXPERIMENTAL FACILITY AND PROCEDURES

The experimental facility for performing the integral measurements is shown
in an artist's drawing in Fig. 1. The principal components are identified in
the figure. Deuterons accelerated by the electrostatic generator to a kinetic
energy of 250 keV are focused onto a 4-mg/cm2-thick titanium-tritide target.
The deuterons react with the tritium to produce neutrons via the

D + T + D + B + 17.6 MeV (1)

fusion reaction. The target is enclosed in a cylindrical, re-entrant iron that
was carefully designed to shape the neutron spectrum exiting the can and to re-
flect neutrons emitted in the backward direction. The neutron spectrum at the
mouth of the can and incident on the experiment materials or ducts has the same
characteristics as the neutron spectrum incident on the first wall of a fusion
reactor.'

_-..»- T n e i r o n source can is housed in a •
concrete support structure that acts
both as an experiment support and a
shield. The concrete is sufficiently
thick' in nil directions perpendicular to
the beam axis to minimize the neutron
loakago and reduce the scattered neutron
background levels at the detector.

For all of the experiments per-
formed to date, the neutron and gamma-
ray energy spectra were measured using
an NE-213 liquid scintillator (0.066 kg)
mounted on an RCA 8850 photomultiplier
tube. The active volume of the detector
is 7.9x10"5 m3. Neutron and gamma-ray
events in the detector were separated

using pulse-shape discrimination methods and stored in separate memory locations
in an ND-812 pulse-height analyzer/computer. The pulse-height data were perma-
nently stored on a PaP-10 disk for subsequent analysis. The neutron and gamma-
ray pulse-height data were normalized to the absolute neutron yield from the
target determined using associated particle counting methods.

The pulse-height data were obtained for neutrons with energies above >B50
keV and for gamma rays with energies >750 keV. The dynamic range of the neutron
pulse-height distribution and the nonlinearity of the light output from the
scintillator limits the detection of neutrons to those with energies >850 keV.
The gamma-ray pulse-height was biased for energies >750 keV even though a some-
what broader energy range can be achieved since the response of NE-213 to pho-
tons is linear. The neutron and gamma-ray pulse-height data were converted to
energy spectra using spectral unfolding methods with response matrices obtained
using the pulsed neutron beam from the Oak Ridge Linear Accelerator for neutrons
and with gamma-ray sources of known energies for gamma rays.2 The energy reso-
lution for neutrons, RN, and gamma rays. By, varies with energy as

R = (300 + 800/EN)
1/2 (2)

and

Fig. 1. Experimental Facility.

(170 + 288/E ) (3)

where Ej, and E Y are the neutron and gamma-ray energies, respectively. A more
complete description of the experimental procedures may be found in Ref. 2.



III. CALCULATIONAL PROCEDURES

Discrete ordinates and Monte Carlo radiation transport methods have been
used to obtain calculi ed neutron and gamma-ray energy spectra for comparison
with the measured data. In all cases, the experimental configuration shown in
Fig. 1 was modeled in two dimensions (r-a geometry) with cylindrical symmetry
about the deuteron beam-target axis. The validity of using two-dimensional
modeling for both types of measurements was verified by detailed analytic study.
The model used for analysis of the attenuation experiments is shown in Fig. 2.
For the analysis of the streaming experiments, the slabs of shield or blanket
materials are replaced by a concrete assembly containing an iron duct.

The neutrons produced in the DT reactions in the titanium-tritide target
have an angle-energy dependence that roust be accounted for in the calculations
to assure that the calculated and measured neutron and gamma-ray spectra are
compared to the same neutron source. The probability for neutron emission into
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Fig. 2. Calculational Model for Streaming Experi-
merits.

any solid angle about the neutron source is proportional to the deuteron stop-
ping power in the target and angular differential cross section for the reaction.
The angle-energy dependence for neutron emission from the reaction of 250 keV
deuterons in the target is shown in Table 1. This distribution was taken into
account in both the discrete ordinates and the Monte Carlo calculations.

The discrete ordinates calculations were carried out using the DOT 3.5
code3 with a 53-neutron, 21-gamma-ray ENDF/B-IV cross-section library obtained
by collapsing the 171-neutron, 36-gamma-ray VITAMIN C data library."* The angu-
lar dependence of the cross sections for all nuclei was approximated using a P3
Legendre expansion. These calculations were performed using a network of codes
that take into account uncollided flux and first-collision distributions as in-
put to the DOT 3.5 code and then processing the final scattering source data to
perform a last-flight transport calculation to obtain the neutron and gamma-ray
energy dependent flux at each detector location.

The Monte Carlo calculations were carried out using the MCNP code.5 This
is a general-purpose, continuous energy, generalized geometry, coupled neutron-
photon Monte Carlo transport code. Pointwise, ENDF/P-V crossTsection data are
treated in detail in energy grids that are specifically tailored for each iso-
tope in the cross-section library. The angular distributions for elastic and
inelastic scattering are also described in a fine grid of incident neutron
energies and linear interpolation methods are used to obtain the angular distri-
bution of scattered neutrons versus incoming neutron energy. The angular dis-
tribution of the outgoing particle is then sampled in a continuous fashion.

The MCNP calculations were performed using the options for sampling from
the neutron source in angle and energy. The source neutrons were angularly
biased by specifying the probability for neutron emission into cones of fixed
size and orientation with respect to the beam-target axis. The neutron energy



distribution was obtained by sampling from unit normalized cumulative distribu-
tion functions determined from the probability distribution given in Table 1.

The angle-energy dependence of the source neutrons was treated in essen-
tially the same manner in both the discrete ordinates and the Monte Carlo calcu-
lations. The neutron and gamma-ray flux at the detector for each experiment
geometry considered was binned into energy intervals corresponding to the energy
boundaries of the multigroup cross-section library used in the DOT 3.5 calcula-
tions. The discrete ordinates calculation was run until the flux converged to
^10"* for all neutron and gamma-ray energy groups. The Monte Carlo calculations
were carried out using a sufficient neutron source sample size to obtain ±5%
standard deviation in the neutron flux above 10 MeV.

The neutron energy spectra obtained from the calculation were smoothed by
convoluting the neutron flux per unit energy with an energy-dependent Gaussian
response function having a width determined from Eq. (2). The gamma-ray flux
data were similarly smoothed using Eq. (3). The calculated data are normalized
to one source neutron and are compared directly with the measured spectra. That
is, there is no normalisation between the measured and calculated results.

IV. DISCUSSION OF RESULTS

*
A. flttonuntlon Experiments

Neutron and gammn-rny energy spectra have been measured and calculated as a
function of detector location behind laminated slabs of stainless steel typo 304
(SS-304) and borated polyethylene (BP). Spectra were obtained for slabs of
SS-304 ranging in thickness from 0 to 0.305-m and thereafter by increasing the
slab thickness by adding 0.05-m slabs of SS-304 and BP in various combinations
up to a thickness of 0.80 m. The compositions and thicknesses of these assemb-
lies were taken to be representative of the stainless steel plus hydrogeneous
material configurations that have been proposed for use in fusion reactor
shields. The thick stainless steel layer immediately behind the neutron source
slows down the 14-MeV neutrons to energies at which the hydrogeneous material
layers are effective in further moderating the neutrons. The BP was selected
for use in the experiments because it was available and because, from the point
of view of measurement and analysis, it would serve the same purpose neutroni-
cally as other candidate hydrogeneous shield materials such as water or boron
carbide.

The measured and calculated differential neutron energy spectra resulting
from M.4 MeV-neutron reactions in a 0.152-m-thick SS-304 slab and in a slab as-
sembly comprised of 0.457 m of SS-304 and 0.102 m of BP are shown in Fig. 3.
The source-to-detector distance is 1.54 m. In the figure, and in all other com-
parisons shown here, the solid curves are the measured spectra and the points
indicate calculated results. The two solid curves shown for the measured data
indicate a 69% confidence interval in the measured spectra. Shown in the figure
are calculated data obtained with discrete ordinates radiation transport methods
(solid circles), with the Monte Carlo code MCNP (open squares), and with the
Monte Carlo code SAM-CE (solid triangles).6'7 The spectrum calculated for the
0.152-m-thick SS-304 slab using MCNP is in good agreement with the measured spec-
trum at all neutron energies. At neutron energies above "vdl MeV, the spectrum
calculated with MCNP agrees more favorably with the measured results than do the
discrete ordinates results. Between ^8 and 'oil MeV, the MCNP spectrum is in
good agreement with the measured spectrum whereas the spectrum calculated using
discrete ordinates methods is higher than the measured neutron flux. Both the

Numerous experimental contigurations were studied so only representative
results are discussed here. Complete descriptions of the experiments and com-
parisons between measured and calculated results may be found in the refer-
ences.
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MCNP and the SAM-CE spectra agree with the measured spectrum at high energy
(1>8 MeV) , but at lower neutron energies, the SAM-CE results are lower than the
measured, discrete ordinates, and MCNP spectra.

The measured and calculated gamma-ray spectra for the slab configurations
described above are compared in Fig. 4. The calculated spectra were obtained
using discrete ordinates methods and the MCNP code. The spectra obtained using
both calculational procedures reproduce the measured spectra in magnitude but
not necessarily in shape. The coarse energy grid used to bin the data washes
out any line structure. The important point to note in the gamma-ray data is
that the gamma rays arise from the reactions of low-energy neutrons (<850 keV)
in the slab materials and although the neutron spectra are compared for energies
>850 keV the radiation transport calculations were completed for neutrons down
to thermal energies. Thus, some of the gamma rays appearing in the structure
in Fig. 4 are due to thermal-neutron capture reactions.

Measured and calculated differential neutron and gamma-ray spectra at two
detector locations behind slabs of Pb plus LiH and slabs of LiH aloi.e are com-
pared in Figs. 5 and 6.8 These materials are neutronically representative of
the breeding (LiH) and neutron-multiplying (Pb) materials that may be found in
the blanket of a reactor. 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 a source-
to-detector distance of 1.81 m. The calculated spectra were obtained using dis-
crete ordinates methods only.

The calculated and measured neutron energy spectra are in reasonably good
agreement for both the LiH and Pb plus LiH assemblies at both detector locations.
At low neutron energies (<6 MeV), the calculated data are lower than the mea-
sured data with differences ranging from M.0% to "̂ 50% depending on neutron



energy. This systematic behavior occurs
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 by nearly a factor
of two. The shapes of the calculated
and measured spectra do, however, remain
the same.

The calculated and measured differ-
ential gamma-ray spectra behind the LiH
slab are in excellent agreement for
gamma-ray energies up to 10 MeV. The
calculation reproduces the spectra in
magnitude and, within the limits of the
broad energy group structure, accounts
for the structure in the spectra as
well. However, for the Pb plus LiH
slabs, the agreement is loss favorable.
The spectra are in good agreement up to
""5 HoV but at higher energies the calcu-
lated data arc lower thnn the measured
data by about a factor of three. Ther-
mal-neutron capture in lead yields gamma
rays of 6.5 MoV (5%) and 7.2 MeV (95%).
These lints appear in the measured spec-
tra 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
thermal-neutron capture cross section or
the thermal-neutren transport in the
calculational raodel. The shape in the
spectra for the LiH case is well repro-
duced up to 10 MeV. The 7 MeV gamma ray
from neutron capture in Li as well as
th& 2.25 HeV photon from capture in
hydrogen are accounts for in both as-
semblies, which suggests that the ther-
mal-neutron flux is being calculated
correctly in LiH and that the capture
cross-section or photon multiplicity for
Pb may not be corxect in the ENDF/B-IV
data files.

B. Streaming Experiments

Neutron and gamma-ray energy spec-
tra from V14 MeV neutrons streaming
through a 0.30-m-diap>eter iron duct
having a length-to-diameter (L/D) ratio
of 2.8 have been measured and calcu-
lated.9"11 Spectra have been compared
at sixteen detector locations on and off
the duct axis and at various distances
from the mouth of the duct. The calcu-
lated spectra were obtained with dis-
crete ordinates methods, discrete ordi-
nates plus Monte Carlo, and by
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Monte Carlo methods only.

The spectra calculated using discrete ordinates methods and taking into ac-
count the uncollided, first collision, multiply collided, and last collision
contributions to the spectra were found to be in poor agreement with the mea-
sured spectra at neutron energies above 10 MeV at the off-axis detector loca-
tions. These calculations were performed with the DOT 3.5 code using multigroup
formatted cross-section data with neutron and gamma-ray angular scattering repre-
sented by a P3 Legendre polynomial expansion. The disagreement between the mea-
sured and calculated neutron spectra was found to be due to the inadequacy of
the P3 expansion in predicting the highly forward-peaked elastic and inelastic
single scattering of neutrons from the iron duct to the detector. Attempts were
made to improve the agreement by incorporating P7 angular distribution data, but
the improvement was only marginal at the expense of considerably longer computer
running time.

1̂ . resolve the problem, calculations were made using discrete ordinates
methods (with Pj data) to obtain the uncollided and multiply collided neutron
contributions to the flux at the detector and using a modified version of the
Monto Carlo code MORSE that incorporates continuous cross-section data to obtain
the single scattered neutron contribution to the detector response. In this ap-
proach, single scattering is calculated by sampling from transport cross-section
and angular scattering data thnt are continuous in energy rather than being
represented in discrete energy groups. The angular scattering is obtained using
the Legendre coefficients in the ENDF data files which, for example, predict
14 MeV neutron elastic scattering in iron us^ng a Pi2 expansion.

Finally, calculations of the neutron and gamma-ray energy spectra were also
performed using the MCNP code which incorporates continuous cross-section data
exclusively. Vhe calculated data obtained with MCNP validate the previously
described analytic procedures and the results obtained using the MCNP code are
verified by comparison with experiment.

Figure 7 shows the agreement achieved with the calculated and measured spec-
tra for neutron spectra from radiation streaming through an L/D = 2.83 iron duct
for detector locations on (r = 0.D m) and off (r = 0.59, 0.98 m) at a distance
measured from the target along the duct axis of 1.51 m. As in the case of the
comparisons for the bulk material experiments, the calculated results (shown by
the points) have been smoothed with a Gaussian function having width determined
using Eq. (2). The calculated data are ir ~iod agreement with each other and
also in good agreement with the measured spectra. For the spectra shown in
Fig. 7, as well as for other cases where the detector is on-axis, but at dif-
ferent distances from the neutron source, the MCNP data are in somewhat better
agreement with the measured data than those calculated using the combined dis-
crete ordinates/Monte Carlo approach. For the off-axis comparisons (r>0) the
spectra calculated by both analytic procedures are in good agreement with each
other and consistently reproduce the measured spectra. For the case of the de-
tector at r = 0.98 m shown ii. Fig. 7, the calculated results are consistent with
each other but do not agree well with the measurement. Some of the disagreement
may be due to the angular distributions for the elastic scattering data. The
MCNP code uses ENDF/B-V data whereas the discrete ordinates plus Monte Carlo
analysis used ENDF/B-IV data. The response above ^10 MeV is dominated by elas-
tic scattering from iron and for iron there is little difference between
ENDF/B-IV and -V data.

The differential measured and calculated gemma-ray energy spectra are com-
pared in Fig. 8 for the detector on (r = 0) and off (r = 0.59 m) the duct axis
at a source-to-detector distance of 1.51 m. The agreement between the measured
and calculated spectra is favorable. The calculation reproduces the measure-
ment in magnitude but not in shape. The multigroup energy intervals used in the
discrete ordinates plus Monte Carlo calculation and the energy bins used in the
MCNP calculation were too coarse to allow for representation of the structure
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in the spectra.

The agreement among the measured
and calculated neutron and gamma-ray
spectra are equally favorable for the
nine other detector locations studied.
The agreement achieved among the data
reinforce the requirement for incor- ,
porating accurately described angular
scattering data in the analysis of
streaming experiments.

Conclusions

The measurements and calcula-
tions carried out to date suggest
that both discrete ordinntcs and
Monte Carlo radiation transport
methods will provide sntisfactor pre-
dictions of transmitted neutron and
gamma-ray energy spectra from ̂ 1<J MeV
neutron reactions in a wide range of
blanket and shield mntcrinln. Satis-
factory agreement between measured
and calculated neutron energy spectra
have been achieved for SS-304 and
borated polyethylene slab assemblies
for thicknesses up to 0.80 m. Simi-
lar results havo been noted for
spectra behind assemblies containing
LiH and LiH plus Pb. Differences

between measured and calculated differential spectra range from M.0% to
depending on the bulk material composition and thickness, method of calculation/
and detector location. More favorable agreement is generally observed between
comparisons of integral data since these data are generally dominated by the
high energy portion of the spectrum (>8 MeV) which is large (compared to the
remainder of the spectrum above 850 keV). The gamma-ray differential spectra
measured behind these materials is in good agreement in magnitude, but the cal-
culations do not reproduce the structure that is apparent in the measured
spectra.

In an experiment where neutron and gamma-ray spectra were measured behind
a slab assembly containing SS-304, borated polyethylene, and Hevimet (a tungsten
alioy) favorable agreement was obtained for neutron energy spectra. However,
the calculated gamma-ray spectra were lower than the measured data by a factor
of "Vl0. This suggests that the gamma-ray production data (ENDF/B-IV) for tung-
sten may require further evaluation.

The spectra calculated for all of the attenuation experiments (except the
configuration with Hevimet) were obtained using both ENDF/B-IV and -V cross-
secticn data. No significant differences in the calculated spectra were ob-
served using these data.

The comparisons of measured and calculated neutron spectra from ^14 MeV
neutrons streaming through an L/D = 2.8 iron duct revealed that the use of
multigroup cross-section data with the angular scattering represented by a Pa
Legendre expansion were not adequate for predicting the neutron flux at off-
axis detector locations. The incorporation of Monte- Carlo methods to adequately
treat elastic and inelastic neutron scattering from the duct to the detector
proved to remedy the anomalies. The use of Monte Carlo methods that incorporate
continuous cross-section data with appropriate methods for sampling from

Fig. 7. Neutron Flux Per Unit Energy Versus
Neutron Energy for the Detector at a Distance Along
the Z-Axis of 1.51 m and at Radial Distances of 0.0,
0.59, and 0.98 m From the Axis.



continuous angular scattering data

yielded good agreement between mea-

surfcd and calculated neutron spectra

at all detector locations.

The apparent requirement for

representing the forward peaked neu-

tron elastic and inelastic single

scattering angular distributions with

high order Legendre polynomial expan-

sions may preclude the use of dis-

crete ordinates or Monte Carlo radia-

tion transport methods that require

multigroup cross-section data. Even

if it were possible to obtain the

cross-section data with high order

expansions of the angular distribu-

tions, the computer care storage and

running time requirements would be

prohibitive. The utilisation of

transport coders that use continuous

cross-section dnta or the networking

of transport codes that use both

multigroup and continuous cross

sections, as war- developed for this

study, mny represent the only feasi-

ble approach for analysis of radia-

tion streaming.
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