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I. INTRODUCTION 
The tritium plasma of the Engineering Test Facility (ETF) 

fusion reactor will be heated and ignited by the injection 
of neutral deuterium. Since the deuterons must be injected 
through straight ducts into the plasma, the neutron and secondary 
gamma radiation produced as a result of the D-T reactions will 
stream directly into the neutral beam injectors and lead to 
adverse effects in vital components. The radiation leaking 
through the injection ports will be comprised of ^14 MeV 
neutrons (from the D-T reactions) plus a low energy neutron 
and secondary gamma ray distribution that results from the inter-
actions of the energetic neutrons with the plasma liner and 
the primary shielding about the torus. This paper summarizes 
the results of t-.io-dimensional radiation transport calculations 
that were carried out to estimate the effects on the injector 
components of radiation streaming through the injector duct. 

The analysis was performed using the current ETF plasma 
dimensions, shielding configuration and composition, and operating 
scenario.^ The neutral beam injectors were assumed to be the 
same as those proposed for use with the Tokamak Fusion Test 
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Reactor (TFTR) but appropriately modified to couple with the 
injector duct configuration of the ETF. The components of the 
injector, i.e., bending magnet, calorimeter, baffles, and 
cryocondensation pumping panels remained the same as those des-
cribed in Ref. 2. The analysis summarized here attempts, to account 
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for the spectral distribution of radiation streaming through 
the injector duct and to estimate the nuclear heating in the 
cryogenic pumping panel, the radiation damage to the ion 
gun insulators, and the radial distribution of the total 
dose equivalent rate in the injector duct shield. 

The details of the calculational model of the ETF, 
injector duct, and the neutral beam injector are described 
in Section II. Also discussed in this section are the cal-
culational procedures used to obtain the neutron and gamma 
ray spectral distributions used in the radiation transport 
codes. The results are presented and discussed in Section III. 

II. CALCULATIONAL PROCEDURES 
The two-dimensional analysis carried out to estimate the 

nuclear heat loads in the cryopanels and radiation damage in 
the ion gun insulators of the ETF neutral beam injectors and 
the dose equivalent rate as a function of position in the 
injector duct shield were performed in two calculational steps. 
These steps consisted of constructing energy dependent radiation 
sources and performing two-dimensional radiation transport cal-
culations. The construction of the source term was required to 

approximate the magnitude and spectral distribution of the 
radiation entering the injectors. Two-dimensional radiation 
transport calculations employing first-flight estimation 

i 

techniques using the radiation source data as input yielded 
estimates of the radiation environment in the reactor. 
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A. Calculational Models 
The calculational models used to carry out the 

radiation transport analysis are shown in Fig. 1. The one-
dimensional model in Fig. la was employed to construct the 
radiation source term. In this model, the 14 MeV D-T neutron 
source (i.e., the plasma region) and the primary shield sur-
rounding the plasma were modeled as infinite cylinders with 
symmetry about the toroidal axis of the ETF. The two-dimen-
sional model shown in Fig. lb represents the plasma region, 
outboard primary shield, injector duct shield, and the shielded 
neutral beam injector and its components in r-z geometry with 
cylindrical symmetry about the axis of injection. The com-
ponents inside the injectors are shown in the inset in Fig. 1. 
Descriptions of these components and the procedures used to 
incorporate them into the two-dimensional injector model are 
given in Ref. 2. 

B. Source Term Preparation 
The radiation environment within the injector and 

duct shielding depends upon the spatial, angular, and spectral 
distributions of the radiation entering the injector duct. 

This radiation is comprised of particles that enter the injector 
duct at the first wall and either stream directly into the 
injector or undergo collisions in the duct shield and then 
scatter into the injector. To approximate the radiation source, 
the plasma was divided into two regions. The first region was 
taken to be the volume of the plasma which is viewed from a 
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Fig. 1. Schematic representation of calculational 
models. 
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point on the duct centerline at the injector entrance. 
Particles that originate in this volume can stream directly 
into the injector without undergoing collisions in the injec-
tor duct shield. The remaining plasma volume was taken to 
be the second source region. Particles originating in this 
volume undergo collisions in the primary torus shield or the 
injector duct shield before entering the injector. 

The radiation originating in the viewed volume of the 
plasma was approximated using a point source located at the 
intersection of the plasma and injector duct centerlines. 
The radiation originating from the remainder of the plasma 
volume was approximated using a ring source located at a radial 
distance of 1.03 m from the intersection of the plasma and 
injector duct centerlines. For large duct length to duct 
diameter ratios (L/D), the point source gives rise to radiation 
levels at the injector entrance that closely approximate the 
levels due to the viewed plasma volume provided the magnitude 
and spectral shape of the point source are properly chosen. 
The validity of using a ring source depends on the proper 
choice of its location as well as its magnitude and spectral 
shape. Locating the ring source at 1.03 m from the duct cen-
terline represents a conservative location. Since most of the 
unviewed volume of the plasma is at radial distances greater 
than 1.03 m, the selection of this location enhances the proba-
bility that particles originating in the unviewed plasma region 
will enter the injector. 

The magnitude of the uncollided 14 MeV neutron component 
of the point source was obtained by considering the ratio of 
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the viewed plasma volume to the total plasma volume. If Q 
is the total source strength of 14 MeV neutrons in the plasma 
of the ETF, the uncollided 14 MeV neutron component can be 
approximated by 

Sp(14 MeV) = VsQ/Vt (1) 

where Vg and V^ are the viewed and total plasma volumes, 
respectively. The total volume of the plasma, V^, was taken 
to be 227 m^ and the total source strength was calculated to 

2 0 
be 4.04x10 n/s based on a total plasma power of 1140 MW 
and 17.6 MeV per D-T reaction. The viewed plasma volume, 
shown in Fig. la by the cross-hatched area, was estimated to 19 
be 3% of the total plasma volume which yields 1.21x10 n/s 
as the 14 MeV uncollided component of the point source. 

The magnitude of the uncollided 14 MeV neutron component 
of the ring source was obtained by conserving the total neutron 

2 wall loading of 2.4 MW/m at the center of the entrance to the 
2 injector duct. The neutron wall loading of 2.4 MW/m represents 

18 2 
an uncollided or net 14 MeV neutron current of 1.06x10 n/m -s. 
The net 14 MeV neutron current due to the point source at the 
center of the injector duct entrance is given by 

Jp (14 MeV) = Sp (14 MeW4iraJ (2) 

where a is the minor radius of the reactor. As shown in m 
Fig. 1, a was taken to be 2.0 m. Using these values 

° m 

the uncollided current due to the point source is 
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17 2 2.41x10 n/m «s. The uncollided current from the ring 
source is the difference between the point source current 

17 2 and the total net current or 8.19x10 n/m *s. 

If SR (14 MeV) is the magnitude of the uncollided 14 MeV 
neutron component of the ring source, the uncollided current 
at the center of the injector duct entrance due to this source 
can be obtained from 

J R (14 MeV) = (cos0)SR(14 MeV)/4irX2 (3) 

where X is tne distance between the ring source location and 
the ccnter of the injector duct entrance, and 0 is the angle 
between the first wall normal and the direction of particles 
emanating from the ring source and passing through the center 
of the injector duct entrance. For the ring source radius of 
1.03 m and the minor radius of 2.0 m, X is 2.25 m and 0 is 
27.3°. Rewriting Eq. (3) as 

SR(14 MeV) = 4wX2JR(14 MeV)/cosO ^ 

and using these values of X and 0 yields a value for S R (14 MeV) 
of 5.86x10^ n/s. The total uncollided neutron source is 

19 

then 7.07x10 n/s which corresponds to 17.5% of the total 
plasma source. 

To obtain the spectral shape of both the point and ring 
sources, a one-dimensional discrete ordinates calculation was 
performed using ANISN.-5 The model used in this calculation is 
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denoted in Fig. la. The 14 MeV neutron source in the plasma 
was assumed to vary radially as 1.0-(r/R) where R is the 
radius of the plasma which was taken to be 1.7 m. The primary 
shield surrounding the plasma is 1.2-m-thick and comprised of 
65 v/o stainless steel type 316 and 35 v/o H^O with 6 w/o 

natural boron in the water. 
The one-dimensional calculation was carried out sing 35 

neutron and 21 gamma ray energy groups and an S ^ angular 
quadrature set containing 48 discrete angular segments. The 
output data from this calculation consisted of the first energy 
group net current at the first wall, J^, the outward directed 
group dependent currents at the first wall, J*, and the group 

o 
and angular dependent scalar fluxes, The subscripts g 
and d denote the group and angular segment, respectively. J^ 
represents the uncollided 14 MeV neutron current which may be 
normalized to the neutron wall loading (2.4 MW/m ). Based on 
this normalization, the magnitudes obtained for J* and cj)̂  
are acceptable within the limits of a one-dimensional model. 

Using the data given above, the spectral shape of the 
point source may be obtained from the energy and angle depen-
dent fluxes. Sincc the point source represents the source of 
particles which may stream through the injector duct, only 
that fraction of the current directed into the solid angle 
defined by the L/D of the duct can be attributed to the point 
source. For the S ^ quadrature set employed here, this solid 
angle, is contained within the 48th angular segment. The group 



9 

dependent outward directed currents within this angular segment 
are given by 

Jg,48 = y48<|)g,48^48 (5) 

where y^g and u>̂ g are the direction cosine and quadrature weight, 
respectively, of the 48th angular segment. Since w^g represents 
a much larger solid angle than that defined by the L/D ratio 
of the injector duct, these currents are much larger than the 
actual outward directed currents from the point source. How-
ever, the first group outward directed current from the point 
source can be approximated by the product of (J^/J^) and the 
uncollided current given by Eq. (2). Thus, if the current 
within the solid angle defined by is assumed to be constant 
within this solid angle, the fraction of J^ ^g due to the point 
source may be estimated from 

f = J*Jp(14 M e V j / J ^ ^ g . (6) 

If it is further assumed that this fraction remains constant 
for all groups, the outward group dependent currents from the 
point source are fJ* ^g and the point source spectrum is given 
by 

t 

SF,g = f J g , 4 8 V 1 4 MeV)/JpC14 MeV). ( ? ) 

The outward directed currents due to the ring source are simply 
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the difference between the group dependent outward directed 
net currents, J* and the outward directed currents due to the 

o 
point source, fJ* 4 g. Thus, the ring source spectrum may be 
obtained from 

S P , g = [ J g " f J g , 4 8 l V 1 4 MeV)/J R(14 MeV). (8) 

The uncollided source to current ratios, Sp(14 MeV)/Jp(14 MeV) 
and Sr(14 MeV)/J^(14 MeV) take into account the locations of 
the point and ring sources relative to the first wall. 

The point and ring source spectra obtained using Eqs. ('7) 
and (.8) are presented in Tables I and II, respectively. These 
spectra are properly normalized. The total number of particles 
emitted from the point source is 1.64xl01^ particles/s. Of 
this number approximately 74% are 14 MeV neutrons, 18% are 
lower energy neutrons, and 8% are gamma rays. For the ring 

2 0 

source, the total source strength is 1.57x10 particle/s 
where approximately 37% are 14 MeV neutrons, 44% are lower 
energy neutrons, and 19% are gamma rays. 

C. Radiation Transport 
The radiation transport calculations were performed 4 

using the two-dimensional discrete ordmates code DOT IV. 
These calculations were carried out using the two-dimensional 
calculatlonal model shown in Fig. lb and a relatively low 
.'or'der Sg angular quadrature set. Since this quadrature set is 
Snotlcapable of treating radd'ation streaming, particuarly through 



Table I. Neutron Point and Ring Source Spectra 

Uroup 
No. 

Neutron 
Lower 

Energy (eV) 
Point 
Source 

Ring 
Source 

Group 
No. 

Neutron 
Lower 

Energy (eV) 
Point 
Source 

Ring 
Source 

1 1.35+7* 1.21+19 5.86+19 20 1.50+5 1.21+17 2.71+18 
2 1.22+7 3.06+16 8.56+17 21 8.65+4 1.34+17 3.00+18 
3 1.00+7 3.48+16 8.68+17 22 3.18+4 1.88+17 4.15+18 
4 8.19+6 3.18 + 16 8.50+17 23 1.50+4 1.19 + 17 2.60+18 
5 6.70+6 3.06+16 8.27+17 24 7.10+3 1.10+17 2.40+18 
6 5.49+6 3.20+16 8.50+17 25 3.36+3 1.04+17 2.31+18 
7 4.49+6 3.12+16 8.15+17 26 1.58+3 9.92+16 2.13+18 
8 3.68+6 4.24+16 1.07+18 27 4.54+2 1.48+17 3.24+18 
9 3.01+6 5.84+16 1.43+18 28 1.01+2 1.48+17 3.23+18 
10 2.47+6 7.94+16 1.92+18 29 2.26+1 1.05+17 2.29+18 
11 2.02+6 9.68+16 2.33+18 30 1.07+1 3.69+16 8.09+17 
12 I.65+6 1.09+17 2.60+18 31 5.04 2.56+16 5.58+17 
13 1.35+6 1.20+17 2.97+18 32 2.38 1.61+16 3.52+17 
14 1.11+6 1.28+17 3.38+18 33 1.13 9.12+15 2.00+17 
15 9.07+5 1.16+17 2.71+18 34 4.14-1 5.51+15 1.21+17 
16 7.43+5 1.33+17 3.09+18 35 1.00-4 2.17+15 4.74+17 
17 4.98+5 2.31+17 5.32+18 
18 3.34+5 1.76+17 3.99+18 
19 2.24+5 1.50+17 3.40+18 

3C 
Upper energy of Group 1 is 1.49+7 
Read as 1.49xl07 
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Table II. Gamma Ray Point and Ring Source Spectra 

Gamma 
Group Lower Point Ring 
No. Energy Source Source 

1 * 1.2 + 7 3.98+12 9.50+13 
2 1.0 + 7 2.80+14 6.69+15 
3 8.0+6 6.76+15 1.58+17 
4 7.5 + 6 4.81+15 1.10+17 
5 7.0+6 6.38+15 1.50+17 
6 6.5 + 6 8.37+15 2.03+17 
7 6.0 + 6 1.27+16 3.01+17 
8 5.5 + 6 7.98+15 1.89+17 
9 5.0 + 6 1.15+16 2.74+17 
10 4.5 + 6 1.61+16 3.85+17 
11 4.0 + 6 2.33+16 5.55+17 
12 3.5 + 6 3.20+16 7.62+17 
13 3.0+6 4.02+16 9.56+17 
14 2.5+6 6.41+16 1.45+18 
15 2.0 + 6 6.35+16 1.52+18 
16 1.5 + 6 1.02+17 2.43+18 
17 1.0 + 6 1.56+17 3.69+18 
18 4.0 + 5 6.06+17 1.31+19 
19 2.0 + 5 1.09+17 2.36+18 
20 1.0 + 5 7.93+14 1.57+17 
21 1.0 + 4 8.40+13 1.84+15 

* 

Upper energy of 
Read as 1.4xl07 

Group 1 is 1.4 + 7 
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ducts with large L/D's, the poiru and ring source spectra were 
input to GRTUNCL.5 This code performs a first flight estimation 
to obtain energy dependent uncollided flux and first collision 
source distributions throughout the calculational spatial mesh 
employed in the two-dimensional model. 

The first collision source distributions corresponding 
to the point and ring sources obtained from GRTUNCL were used 
as input to DOT. The DOT code completes the radiation trans-
port calculation and yields the collided flux distributions 
throughout the injector geometry. The total flux due to 
the point and ring sources is then obtained by adding the uncol-
lided flux distributions from GRTUNCL to the collided flux 
distributions from DOT. The nuclear heating rates, ion gun 
radiation damage, and biological dose rates in the injector 
shield were estimated by folding the total flux with the 
appropriate response functions. 

In both the one- and two-dimensional procedures, the 
radiation transport was performed using a 35-neutron and 21-

gamma-ray energy group transport library with the energy 
bounds listed in Tables I and II. These data were obtained 
by collapsing the 100-neutron, 21-gamma-ray energy group 
VITAMIN-C (ENDF/B-IV) data set.6 The angular dependence 
of the group-to-group transfer coefficients was treated using 
Pj Legendre expansions. The neutron and gamma ray kerma 

7 8 
factors were generated using the MACK and SMUG codes, 
respectively. The neutron flux-to-biological-dose conversion 
factors used in the calculations are those recommended by the 
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9 NCRP and the gamma-ray flux-to-biological-dose conversion 
factors are those due to Claiborne and Trubey.10 

III. DISCUSSION OF RESULTS 
The calculated instantaneous nuclear heating rates as 

a function of distance along the cryocondensation pumping 
panel in the ETF neutral beam injector are shown in Fig. 2. 
Two pairs of curves are plotted. The upper pair of curves 
show the total heating rate (due to neutrons plus gamma rays) 
and the lower pair of curves show the heating rate due to 
neutrons only. For each pair of curves, the upper curve shows 
the response due to the combined contributions of radiation 
from the point and ring sources and the lower curve is the 
heating rate due to the point source, only. The heating rates 
are normalized to a neutron loading on the first wall of 
2.4 MW/m and are based on the assumption that the cryopanels 
are composed of stainless steel type 316. 

The *irs of curves define a band in the anticipated 
heating rates from the radiation sources used in the calcula-
tion. The contribution to the heating from the ring source 
is probably somewhat high since the radius of the ring source 
was chosen to be only 1.03 m, centered about the injection 
axis. This location does not take into account that the 
largest fraction of the plasma source is at much larger radial 
distances, and thus enhances the probability of particles 
streaming through the injector duct. The response due to the 
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Fig. 2. Energy deposition rate (MW/m3) as a function 
of position along the neutral beam injector cryopanel. 
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point source is, on the other hand, somewhat lower than would 
be expected. The point source takes into account neutrons in 
the viewed volume of the plasma, i.e., the volume of the plasma 
viewed from a point at the center of the injector duct exit. 
Neutrons and gamma rays produced elsewhere in the plasma that 
could escape from the duct as the result of scattering in the 
plasma vacuum vessel or toroidal shield are not included. The 
point to note, however, is that the heating rate in the cryo-
panel lies somewhere between the two curves that define the band. 

The maximum instantaneous heating rates are small even 
2 * assuming a full 2.4 MW/m wall loading. The peak total heating 

rate due to the combined ring and point sources is 2x10 2 MW/m3 

-3 3 
and 9.2x10 MW/m for the point source only. The peak heating 
rates occur near the center of the cryopanel. The dip in the 
curves between ^1.00 and 1.7S m results from the shielding of 
the cryopanel by the calorimeter. The drop off in the curves 
at ^3.50 m is due to the shielding of the panel by the charged 
particle bending magnet. Radiation streaming through the opening 
in the bending magnet leads to the relatively flat response 
beyond ^3.50 m. 
* 
Ii" a duct shield plug is incorporated into the ETF injector 
design, the nuclear responses averaged over the injection 
time would be approximately 25% of the values reported here. 
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Averaging the total heating rate over the length of the 
cropanel yields 7.5xl0~5 MW/m3 for the radiation from the 
combined sources and 3.8x10 MW/m for the poirt source. 
The area of the cryopanels is 29.5 m and assuming the thick-
ness to be 1.0 mm yields values for the total heat load of 
221 V/ and 112 W, respectively. 

An additional limiting factor on the performance of the 
neutral beam injectors is the radiation damage to the elec-
trical insulators in the deuteron ion sources. The ion 
guns are operated at high electrical potentials O500 kV) 
so the integrity of the insulators must be maintained. The 
deuteron sources are in line-of-sight with the plasma so the 
radiation produced during a D-T burn streams directly to the 
sources. The energy deposition rate in the epoxy insulation 

- 2 3 
is 3.3x10 MW/m which corresponds to an instantaneous dose 
rate (p = 1.01 g/cm3) of 3238 rad/s. Based on this dose rate, 
the continuous operating time of the deuteron ion sources to 
reach several insulation damage thresholds have been calculatcd 
and are summarized in Table III. 

The instantaneous dose equivalent rate [due to neutrons 
and gamma rays) as a function of the neutral beam injector 
duct shield thickness is plotted in Fig. 3 for three loca-
tions along the duct axis. The dose equivalent rate is due 
to radiation from both the point and ring sources. The 
shield reduces the dose equivalent rate by orders of 
magnitude at all of the axial locations. The results obtained 
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of the duct shield thickness at three locations along the 
duct axis. 
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Table III. Operating Time at 1002 Duty Factor to Reach 
Damage Threshold as a Function of 
the Ion Source Insulation Radiation 
Damage Threshold 

Damage Threshold (Rad) lO8 109 1010 

Operating Time (Days) 0.36 3.6 36 

here are in reasonable agreement with the dose rate distri-
butions inferred from the neutron isoflux contours calculated 
by Urban et al.11 That is, if the isoflux values obtained 
by Urban et al. are folded with an average flux-to-dose con-
version value, the dose equivalent rate at the outer edge 
or the shield is ^107 mrem/hr which is consistent with the 
results obtained here. 
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