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ABSTRACT 

Integral experiments that measure the transport of M 4 MeV neutrons 

through a 0.30-m-diameter duct having a length-to-diameter ratio of 

2.83 that is partially plugged with a 0.15 m diameter, 0.51 m long 

shield comprised of alternating layers of stainless steel type 304 and 

borated polyethylene have been carried out at the Oak Ridge National 

Laboratory. Measured and calculated neutron and gamma ray energy spectra 

are compared at several locations relative to the mouth of the duct. The 

measured spectra were obtained using an NE-213 liquid scintillator 

detector with pulse shape discrimination methods used to simultaneously 

resolve neutron and gamma ray events. The calculated spectra were ob-

tained using a computer code network that incorporates two radiation 

transport methods: discrete ordinates (with P3 multigroup cross sections) 

and Monte Carlo (with continuous point cross sections). The two radiation 

transport methods are required to account for neutrons that singly scatter 

from the duct to the detectors. The calculated and measured neutron 

energy spectra above 850 keV agree within 5 to 50% depending on detector 

location and neutron energy. The calculated and measured gamma ray energy 

spectra above 750 keV are also in favorable agreement, ^5 to 50%, 

depending on detector location and gamma ray energy. 

iii 
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I. INTRODUCTION 

Radiation streaming is one of the more serious problems to be resolved 

in the nuclear design of fusion reactors. It has been suggested that one 

of the means for reducing the effects of radiation streaming through neutral 

beam injection ducts, vacuum pumping ports, and other penetrations in the 

reactor shield is to fully, or partially, plug the duct during the plasma 

burn cycle. The radiation streaming directly from the plasma would, there-

fore, be significantly attenuated and its effect on critical components 

in the vicinity of the duct would be correspondingly reduced. 

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 analysis of radiation 
1 2 

streaming in fusion reactors. ' In this paper, measured and calculated 

neutron and gamma ray energy spectra resulting from the streaming of 

M.4 MeV neutrons through a partially plugged duct are compared at various 

detector locations. In Ref. 1, measured and calculated neutron and gamma 

ray energy spectra resulting from ̂ 14 MeV neutrons streaming through a 
• * 

0.30-m-diameter iron duct having a length-to-diameter (L/D) ratio of 2.83 

were compared as a function of detector location relative to the mouth 

of the duct. The work reported here is an extension of that work but, in 

this case, the duct is plugged with a 0.15-m-diameter, 0.51-m long shield 

comprised of layers of stainless steel type 304 and borated polyethylene. 

The purpose of this study was to assess the effect of the plug in reducing 

the radiation streaming directly through the duct and to test the analytic 

methods and nuclear data for predicting the radiation that scatters from 

the duct liner and in the concrete support structure-shield that surrounds 
the duct. 
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The descriptions of the experimental facility, calculational methods, 

and nuclear data are given in Section II. The measured and calculated 

gamma ray energy spectra are compared and discussed in Section III. 

II. EXPERIMENTAL AND CALCULATIONAL PROCEDURES 

The experimental and calculational procedures used to obtain the 

data reported here are the same as those described in Ref. 1, so only a 

brief description of the procedures is given here. The two-dimensional 

representation of the experimental configuration is shown in Fig. 1. 

Deuterons are accelerated using an electrostatic generator to a kinetic 

energy of 250 keV and directed along the axis of cylindrical symmetry 
2 

onto a 4 mg/cm thick titanium-tritide target where M4-MeV neutrons 
g 

(10 /s) are produced via the 

D + T n + 4He + 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 leaking from the 

mouth of the can making it characteristic of the D-T spectrum on the 
3 

first wall of a fusion reactor. The target, iron source can, and the 

duct are enclosed in a concrete shield-support structure. The concrete 

forming the structure is sufficiently thick to act as a biological shield 

and to minimize the background radiation level in the vicinity of the 

detectors due to neutron reactions and scattering in the experiment room 

walls. The iron duct, which forms an extension of the source can, has 

an inner diameter of 0.30 m, a wall thickness of 0.075 m, and is enclosed 

in a 0.78-m-thick concrete block. The entire assembly is mounted in a 
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cavity in the concrete shield-support structure. The iron duct extends 

0.85 m from the target and has an L/D ratio of 2.83 (measured from the 

target). Shown in the duct is the 0.15-m-diameter, 0.51-m-long shield 

plug consisting of layers of stainless steel type 304 and borated poly-

ethylene. The dimensions and orientation of the materials in the shield 

plug are given in the inset in Fig. 1. The dimensions of the duct and 

the shield plug are known to better than 1%. 

The neutron and gamma ray energy spectra were measured and calculated 

at the four detector locations shown in Fig. 1. The coordinates of the 

detector locations are given in Table I. The detector is a 0.047-m-diameter 

by 0.047-m-high NE-213 liquid scintillator mounted on an RCA 8850 photo-

multiplier tube. Neutron and gamma ray events in the detector were sepa-

rated using pulse-shape discrimination methods and stored in separate 

memory locations in a PDP-11 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 associated particle 

counting methods. The uncertainty in the neutron source strength was 
4 determined to be ±3%. 

The pulse-height data were obtained for neutrons with energies above 

850 keV and for gamma rays with energies above 750 keV. The pulse-height 

data were unfolded using the computer code FERD5 to produce energy spectra 

using a neutron response matrix obtained from measurements using the 

pulsed neutron beam from the Oak Ridge Electron Linear Accelerator. 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% 
4 

and the gain calibrations are reproducible within 2-s. The energy 
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Table I. DETECTOR COORDINATES 

Detector Coordinates* 
Cm) 

Detector 
Number r z 

1 0.0 2.08 

2 0.0 2.38 

3 0.0 2.70 

4 0.79 2.08 

aIn the experiment, the detectors were specified in a right-hand 
coordinate system with the z-axis corresponding to the deuteron 
beam axis and the x-axis parallel to the experiment room floor. 
The off-axis detector location was positioned on the positive 
x-axis. 
The detector locations are known to within 1%. 
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resolution of the detector varies as 
1/2 

Rj, = (300 + 800/EN) (2) 

for neutrons of energy E N (MeV) and as 'N 
1/2 

Ry = (170 + 288 /E y ) (3) 

for gamma rays of energy E^ (MeV). R^ and Ry are the full width at half 

maximum (in of the detector response at E^ and E , respectively. 

Additional details describing the experimental facility, electronic 

instrumentation, and data processing may be found in Refs. 4 and 6. 

The sequence of radiation transport calculations that was used to 

obtain the calculated neutron and gamma ray energy spectra is shown in 

Fig. 2 and is the same as that used in obtaining the calculated data 

reported in Ref. 1. The calculational sequence incorporates both discrete 

ordinates (with multigroup formatted cross section data) and Monte Carlo 

(with continuous cross section data) radiation transport methods. The 

discrete ordinates radiation transport calculations are carried out using 

cross section data wherein the angular distributions of the neutron scat-

tering are fitted using a P^ Legendre expansion. Expanding the cross 

section data with a P 3 expansion does not allow foT accurate predictions 

of the neutrons that single scatter from the duct liner to the detectors 

particularly for neutrons with energies > 10 MeV. The continuous cross 

section data that are used with the Monte Carlo radiation transport code 

allow for approximations of the neutron scattering angular distributions 

using high order (£ » 7) Legendre coefficients which results in a more 

accurate treatment of the single scattering. The mathematical sequences 
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for msnipulating the neutron flux terms calculated in the radiation 

transport sequence are indicated in Fig. 2 and described in detail in 

Ref. 1. 

The discrete ordinates sequence, of calculations was carried out using 

a 53-neutron, 21-gamma-ray multigroup cross section library obtained by 

collapsing the 171-neutron, 36-gamma ray VITAMIN C data library7 (ENDF/B-IV). 

In this library, neutron scattering is approximated using a P3 Legendre 

series expansion. The energy boundaries of the broad-group library are 

given in Table II. The compositions of the materials used in the calcu-

lations are given in Table III. 

The sequence of discrete ordinates code, enclosed by the dashed lines 
o 

in Fig. 2, are initiated using the GRTUNCL code to obtain the first col-

lision source and uncollided neutron flux distribution at all spatial mesh 

intervals in the calculational geometry. The first collision source is q 

the input to the two-dimensional discrete ordinates code DOT which, in 

turn, calculates the collided flux distribution (using an S ^ angular 

quadrature). A final scattering source is calculated in DOT and is used 

to carry out a last-flight transport calculation in the FALSTF10 code to 

obtain the neutron and gamma ray energy-dependent flux at each detector 

location. The output from the FALSTF code is combined with the uncollided 

flux from GRTUNCL to yield the total flux at each detector location. 

To properly account for the single scattered neutron contribution 

to the response at the detectors, two additional calculational sequences 

are required. Shown on the left side of Fig. 2 is an additional FALSTF 

calculation which uses the first collision source term from GRTUNCL as 

the input. The output is the single-scattered neutron flux calculated 
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Table I I . 53-NEUTR0N, 21-GAMMA-RAY ENERGY RADIATION 
TRANSPORT CROSS SECTION GROUP STRUCTURE 

Neutron Neutron Gamma Ray Upper 
Group Upper Energy 

(eV) 
Group Upper Energy 

(eV) 
Group E.iergy 

(MeV) 

1 0.17333E + 08 28 0.60810E + 06 54 1 14.0 
2 0.15683E + 08 29 0.49787E + 06 55 2 12.0 
3 0.14918E + 08 30 0.36883E + 06 56 3 10.0 
4 0.14550E + 08 31 0.29850E + 06 57 4 8.0 
5 0.14191E + 08 32 0.29720E + 06 58 5 7.5 
6 0.13840E + 08 33 0.18316E + 06 59 6 7.0 
7 0.13499E + 08 34 0.11109E + 06 60 7 6.5 
8 0.12840E + 08 35 0.67379E + 05 61 8 6.0 
9 0.12214E + 08 36 0.40868E + 05 62 9 5.5 

10 0.11052E + 08 37 0.24788E + 05 63 10 5.U 
11 0.10000E + 08 38 0.23579E + 05 64 11 4.5 
12 0.90484E + 07 39 0.15034E + 05 65 12 4.0 
13 0.81873E + 07 40 0.9U88E + 04 66 13 3.5 
14 0.74082E + 07 41 0.55308E + 04 67 14 3.0 
15 0.60653E + 07 42 0.33546E + 04 68 15 2.5 
16 0.49659E + 07 43 0.20347E + 04 69 16 2.0 
17 0.40657E + 07 44 0.12341E + 04 70 17 1.50 
18 0.36788E + 07 45 0.74852E + 03 71 18 1.0 
19 0.27253E + 07 46 0.45400E + 03 72 19 0.60 
20 0.23653E + 07 47 0.27536E + 03 73 20 0.20 
21 0.23069E + 07 48 0.16702E + 03 74 21 0.10 
22 0.22313E + 07 49 0.10130E + 03 0.010 
23 0.16530E + 07 50 0.61442E + 02 
24 0.13534E + 07 51 0.37267E + 02 
25 0.86294E + 06 52 0.10677E + 02 
26 0.82085E + 06 53 0.41399E + 00 
27 0.74274E + 06 0.10000E - 04 
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Table III. COMPOSITION OF MATERIALS8, 

Composition (Atom/cm barn) 
Element 

Concrete SS-304 BPb Iron Air 

H 7.86-3° 7.13-2 

B-10 4.87-4 

B-ll 1.97-3 

C ' 3.41-2 

N 3.64-5 

0 4.39-2 3.54-3 9.74-6 

Na 1.05-3 

Mg 1.40-4 

Al 2.39-3 

Si 1.58-2 

K 6.90-4 

Ca 2.92-3 

Cr 1.77-2 

Mn 1.77-3 

Fe 3.10-4 6.02-2 8.48-2 

Ni 7.83-3 

aAir and iron compositions are theoretical. All others are within ±5% 
of compositions determined from chemical assays. No impurity concen-
trations are included in SS-304. 

bBP = Borated Polyethylene. 
c -3 Read as 7.86x10 . 
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using the P 3 expanded multigroup cross section data. 

A version of the Monte Carlo code MORSE11 was recently developed that 

carries out the transport of neutrons by sampling from cross section data 

that are continuous in energy rather than averaged over multigroup energy 

intervals. An important feature of this code, called PXMORSE,12 is that 

neutron scattering angles are obtained by sampling directly from the 

angular distributions that are represented using the Legendre coefficients 

given in the ENDF/B-IV data files. For example, the angular distributions 

for 14-MeV neutron elastic scattering in iron are estimated by sampling 

from an angular distribut ion that is approximated using a P._ Legendre 

expansion. The sequence of calculations that were carried out using the 

PXMORSE code are shown on the right-hand side of Fig. 3. The two-dimensional 

geometry of the experiment, shown in Fig. 1, was modeled for use in the 

Monte Carlo calculations using the Combinatorial Geometry Package described 

in Ref. 11. The neutron source was obtained by sampling from probability 

density functions constructed from the energy-angle distributions for 

neutrons produced in D-T reactions given in Table IV. This same neutron 

distribution was used as the source term in the discrete ordinate radiation 

transport sequence. Neutrons that reached the detectors with energies above 

10 MeV as the result of a single elastic or inelastic scattering were 

calculated using next-flight estimation techniques. The single scattered 

neutron flux at each detector location was binned in energy group:? having 

the same boundaries as the multigroup energy data used in the discrete 

ordinates calculations. Thus, the PXMORSE calculational sequence yields 

the single scattered neutron scalar flux in the energy group for the 

detector with the angular distributions for neutron scattering represented 
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Table IV. ANGLE-ENERGY DEPENDENCE OF NEUTRONS 
FROM THE T(D,n)4He REACTION 

Energy Interval 
(MeV) 0 o - 1 0 * 

Angular Interval 
10°-40° 40°-90° 90 -180c 

14.92-15.68 

14.55-14.92 

14.19-14.55 

13.80-14.19 

13.50-13.80 

12.84-13.50 

0.0016 

0.0042 

0.0006 

0.0114 

0.0866 

0.0164 

0.0697 

0.2460 

0.0750 0.2163 

0.2080 

0.0642 

0.0064 0.1144 0.3907 0.4885 
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by a Legendre polynomial of order I, where £ is defined by the coeffi-

cients in the ENDF/B-IV data files for neutron scattering at the energy 

at which the reaction occurs. 

Since the single scattered neutron flux impacts the calculated 

spectra predominantly above 10 MeV, the corrections to the scattering 

were made only at 10 MeV and above. 

The gamma ray energy spectra were calculated using only the discrete 

ordinates segment of the radiation transport calculational sequence. 

Gamma ray radiation is emitted nearly isotropically and can, therefore, 

be well approximated using a P^ Legendre expansion of the cross section 

data. 

III. DISCUSSION OF RESULTS 

The measured and calculated differential neutron energy spectra are 

compared in Fig. 3. The solid curves show the measured spectra and the 

points are the calculated results. Two curves are shown for each detector 

location. These represent a 68% confidence interval in the measured data 

and are introduced by the unfolding procedure to obtain energy spectra 

from the pulse-height data. 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 determined from 

Eq. (2). The error bars shown on the calculated points above 10 MeV cor-

respond to plus and minus one standard deviation in the calculated spectra 

arising from the statistical estimation of the single scattered neutron 

flux by the Monte Carlo code sequence shown in Fig. 2. Where error bars 

are not shown, the standard deviation is of the order of the size of the 
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points. The measured and calculated spectra are absolutely normalized to 

a source strength of one D-T neutron. For the purposes of displaying the 

data, however, some of the spectra have been multiplied by factors of 10"n, 

n = 1, 2, 3. The actual magnitude of these spectra is restored by multi-

plying by the appropriate factor of 10n. 

The measured and calculated spectra are in reasonably good agreement 

at all neutron energies. For the detectors on axis (r = 0.0), the cal-

culated data are systematically lower than the measured data at neutron 

energies between 3 and 8 MeV, in good "agreement between 8 and 11 MeV, and 

then systematically higher than the measured data between 11 and 14 MeV. 

The calculated data exhibit a more rapid roll-off than the measured data 

at neutron energies above ^15 MeV. At the off-axis detector location 

(r = 0.79), the calculated and measured data are in very good agreement 

between 850 keV and ^14 MeV. At higher neutron energies, the calculated 

data are lower than the measured results. 

The measured and calculated integral neutron energy spectra are com-

pared in Fig. 4. .These data were obtained by integrating the spectra shown 

in Fig. 3. The data agree within ^20% over the neutron energy range from 

850 keV to 15 MeV at all detector locations. The deviation between the 

measured and calculated spectra at higher neutron energies can be attri-

buted to the smoothing of the data since it is not kinematically possible 

for the reactions of 250 keV deuterons with tritium to produce neutrons 

with energies above 15.1 keV. 

The effect on the neutron energy spectra at the various detector 

locations due to the presence of the plug in the duct is shown in Fig. 5. 

The curves show the ratio of the calculated neutron spectra obtained for 
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Fig. 4. Integrated neucron flux versus neutron energy for the 
detectors at r = 0.0 m and z = 2.08, 2.38, and 2.70 m and r = 0.79 m, 
z = 2.08 m. 
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the open duct (taken from Ref. 1) to the calculated neutron energy 

spectra with the plug present as a function of neutron energy. Partially 

plugging the duct results in a reduction in the neutron flux at the on-

axis (r = 0.0) detector locations of a factor of two between 850 keV and 

M O MeV. At 15 MeV, the neutron flux is reduced by a factor of 20 and is 

due primarily to the difference in the magnitude of the uncollided flux 

between the open and partially plugged duct. At the off-axis (r = 0.79 m) 

detector location, a factor of two reduction in the neutron flux is 

realized when the duct is partially plugged. 

The measured and calculated differential and integral gamma ray 

energy spectra are compared in Figs. 6 and 7, respectively. The data 

are compared for gamma rays having energies above 750 keV. The calcu-

lated data were obtained by smoothing the gamma ray flux in each multi-

group energy interval with an energy-dependent Gaussian response function 

having a width determined from Eq. (3). The measured and calculated data 

are in good agreement for gamma rays with energies up to ^9 MeV. The 

calculation reproduces the measurement in magnitude, but because of the 

rather broad group structure used in the calculations the peaks in the 

measured differential data are not well reproduced. The measured and 

calculated integral gamma ray spectra agree within ^20% up to 9 MeV. At 

higher gamma ray energies, the measured data are sparse and have rather 

large statistical uncertainties and the agreement is generally less 

favorable. 
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IV. SUMMARY 

The results obtained here indicate that radiation streaming through 

partially plugged cylindrical ducts can be calculated with reasonable ac-

curacy provided the energetic (> 10 MeV) neutron elastic and inelastic 

single scattering of neutrons is treated appropriately, i.e., by employing 

high order Legendre expansions of the neutron scattering cross sections. 

As in the case of the work reported in Ref. 1, this may require utiliza-

tion of transport codes that use continuous cross section data or by net-

working the codes that employ multigroup and continuous cross section data 

as was done here. 
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