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When the 1700 MeV protons strike the materials 
of the Accelerator Production of Tritium target, 
hundreds of different kinds of isotopes (spallation 
products) of varying energies are produced. Because 
the spallation products are born with kinetic energy, 
they can be born in one material and be deposited in 
another. In this paper, we present our estimates of the 
spallation product contamination of the 'He gas and 
heavy-water coolant streams. 

11. METHODOLOGY 

Whenever a proton is involved in a spallation 
reaction, the Los Alamos High Energy Transport Code 
System' (LCS) can be used to compute the weight 
(probability) of product isotopes and their recoil 
energy. Starting with this information, the HTAPE' 
tally-code is modified by adding tube geometry and 
isotope range information to compute the probability 
that a spallation isotope will reach the 'He gas stream. 
The concept can be represented with the following 
equation: 

I .  INTRODUCTION 

Helium-3 ('He) gas is circulated throughout the 
Accelerator Production of Tritium (AFT) targethlanket 
(T/B) module to capture neutrons and convert 'He to 
tritium. Unfortunately, proton-induced spallation 
reactions in the walls of the A16061 distribution tubes 
could contaminate the 3He gas with unwanted 
spallation products. We have developed a 
methodology to compute the spallation products 
reaching the 3He gas stream. The result is a list of 
spallation product species that reach the 'He gas and 
the rate (atoms/s) at which each species reaches the 3He 
gas at full power operation of the APT. These results 
should be useful for designing and sizing the tritium 
recovery system (traps, gloveboxes, etc.). 

Heavy water that is circulated throughout the APT 
target to remove heat from the tungsten rods and 
stainless steel piping is also subjected to spallation 
product contamination. The same methodology is used 
to compute the spallation products deposited in the 
heavy water. This information should be useful for 
designing the clean-up system for the target coolant. 

where WG is the weight of the spallation product 
reaching the gas stream, WB is the weight of the born 
spallation product, PR is the probability that the 
spallation product is born within range of the gas 
stream, and PG is the probability that the spallation 
product born within range of the gas stream actually 
reaches the gas stream. 

W B  is the normal spallation product weight that 
is calculated, binned, and tallied with LCS. In the 
current scheme, WG is the new spallation product 
weight that can be binned and tallied according to cell, 
material, (z,n>, z, or n just as was previously done 
with WB. Now the resulting tallies represent the 
amount of spallation products reaching the 3He gas 
stream. 

To calculate PR, it is assumed that spallation 
product generation is spatially uniform throughout the 
alumininum. (This allows us to model tube regions 
homogeneously and get good statistics from shorter 



runs by using large regions. Modeling individual 
tubes would be much more difficult and would require 
much longer runs and files to acheive adequate 
statistics.) With this assumption, PR is computed in 
the following manner: 

I. 

P R = I C * S L / A A  , (2) 

where IC is the inner circumference of the 'He tube in 
the unit cell, SL is the stopping length of the 
spallation product in AI, and AA is the total 
aluminum area in the unit-cell cross section. 

IC and AA are determined from the tube 
dimensions, square tube pitch, and composition 
proposed for the various regions of the T/B. Table 1 
contains the calculations of IC and AA for the various 
regions of the T/B that contain 3He. Material (or cell) 
specific IC and AA information is entered at the correct 
time by keying on the medium (or cell) identifier 
accompanying every spallation product record. 

The stopping length (or range), SL, of the 
spallation product depends upon the z, n, and recoil 
kinetic energy of the spallation product, and upon the 
material that the spallation product is passing through. 
Because spallation products rarely have enough energy 
to traverse the wall thickness of the aluminum tubes 
containing the 'He gas, only the production and 
slowing down of spallation products in aluminum need 
be considered. (It is assummed that spallation products 
from the coolant, lead, and tungsten do not reach the 
'He gas. Spallation products from these components 
are not added by skipping the appropriate struck- 
nucleus identifier that accompanies every spallation 
product record.) According to Ref 2, the stopping 
length of spallation product (z,n) in aluminum can be 
calculated from the following equation: 

SL(B) = (z + n) z** R(B) , (3) 

where B is the particle speed relative to the speed of 
light, SL(B) is the stopping length or range of a B 
speed spallation product in AI, z is the proton number 
of the spallation product, n is the neutron number of 
the spallation product, and R(B) is the range of a B 
speed alpha particle in aluminum. There is also an 
energydependent correction factor to account mainly 
for changes in the effective space charge. Because this 
factor is essentially not 1 only at low energies, and 
because there are probably other larger assumptions in 

this study, the methodology was simplified by 
assumming the factor to be 1 at all energies. 

0 is determined from the spallation product recoil 
kinetic energy, KE, according to the following 
equation: 

B = sqrt[ 1 - [RE/(RE + KE)]*] , (4) 

where 

RE = rest energy of spallation product 
= (z + n)(931.5016). (5) 

Reference 2 also has a table of alpha particle range 
in aluminum vs alpha particle kinetic energy. This 
table was particularized to an aluminum density of 
2.713 g/cc, and the energy variable was converted to B. 
The result is shown in Fig. 1. This modified table 
was used in a subroutine, developed for HTAPE, that 
searchs and linearly interpolates on 6 to obtain the 
required R(B) for each spallation product. In the future, 
this process can be speeded up by substituting a 
reasonable analytic function for the table. 

The last factor to be determined is PG. In any 
local region on the size-scale of tube wall thickness, it 
is assumed that spallation products are uniformly born 
throughout space and emerge isotropically in all 
directions. It is also assumed that escape of spallation 
products from the thin stopping length layer on the 
inner tube surface to the inner 'He gas can be 
approximated by escape of spallation products from a 
thin stopping length layer on a flat surface. Under 
these assumptions, it can be rigorously shown that 
25% of the spallation products that have a range of SL 
and that are born within SL distance of the 3He gas 
will reach the 'He gas. Intuitively this makes sense 
when it is noted that a spallation product born right on 
the inner tube surface has a 50% chance of reaching the 
inner 'He gas, while a SL spallation product born at a 
depth SL has a 0% chance of reaching the inner 3He 
gas. In summary, PCk0.25. 

The above methodology will be used on all 
spallation products except for the light, gaseous 
products 'H, 'H, 'H, 'He, and 4He. These are treated as 
projectiles by LAHET and they are transported about 
until they reach a low energy where they are consided 
stopped. Their depositions are computed with the 
HTAPE, type 14, gas production tally and the results 



are added to the total list of spallation product 
deposition. 

111. MODEL 

A simplized schematic of the T/B model used for 
the gas contamination calculations is shown in 
Figures 2 (end view) and 3 (top view). Some of the 
more important features of this model are as follows. 
A 1-m-thick shield has been added on all sides of the 
T/B. The plena have been moved up into a cavity in 
the top shield. The front shield has a rectangular 
tunnel running through it for the proton beam. The 
thickness of the 3He decoupling region has been 
increased to simulate three rows of 3He tubes. The 
aluminum wall that previously enclosed the 
decoupling region has been relocated between the 
decoupling region and the lead blanket. Low-power 
lead has replaced the void region that previously 
existed above the tungsten target. The beam footprint 
has been increased to 16 x 160 cm to lower the power 
densities generated by using a high-energy proton 
beam. The material compositions are shown in 
Table 2. 

The model used for the coolant Contamination 
calculations is not shown. It is a slightly more recent 
model with the main difference being that the number 
of ladders was increased to 13. 

IV. RESULTS 

The spallation product calculations were made 
with a 100-mA beam composed of 1700-MeV protons. 
For each main region of the T/B that contains 3He gas, 
Table 3 shows a list of spallation product isotopes that 
reach the 3He gas, and the rate (atoms/s) that each 
isotope reaches the 3He gas. 

The spallation products that are deposited in the 
heavy water coolant are a sum of the spallation 
products that are born in the heavy water, plus the 
spallation products that recoil from the stainless steel 
and tungsten to the heavy water, minus the spallation 
products that recoil from the heavy water to the 
stainless steel and tungsten. Although not shown, 
these recoil transfers of spallation products require 
geometry factors (similar to Table 1) for the many 
components of the target system (rods, rungs, rails, 
plena, connections). All of these transfers, 
culminating in the net spallation product deposition in 
the heavy water coolant, are shown in Table 4. To 

keep Table 4 short, starting with Ne (z=lO), all of the 
spallation products with the same Z-number were 
summed up. The total number of different isotopes 
produced was 980. 

V .  DISCUSSION 

This investigation has attempted to estimate the 
spallation product contamination of the 3He gas and 
heavy water coolant streams that occurs only by virtue 
of the recoil energy of the spallation products. It has 
not attempted to estimate the contamination that 
might occur as a result of some form of diffusion of 
the spallation products to the 3He gas and heavy water 
coolant streams. It also has not attempted to estimate 
the contamination that might occur as a result of pipe 
corrosion (piping material and entrained spallation 
products). 

The recoil contamination has been carefully 
described as the spallation products reaching the 3He 
gas. Spallation products that reach the gas with 
sufficient kinetic energy could conceiveably pass 
through the 3He gas and implant themselves in the 
opposite tube wall. Thus, the results of Table 3 are 
probably conservatively high estimates for the amount 
of spallation products that come to rest in the 3He gas. 
If design and sizing of the tritium recovery system 
turns out to be sufficiently sensitive to the amount of 
spallation product contamination, a rigorous treatment 
of spallation products that pass through the 3He gas 
can be developed. 

In the methodology of this study, recoil to the 
curved inner surfaces of the 3He tubes was 
approximated by recoil to a flat surface. This is 
probably a good approximation, but a more rigorous 
cylindrical treatment can also be developed. 

The methodology makes heavy use of the scaling 
relation and the alpha particle range-in-aluminum data, 
to estimate the range of every spallation product in AI. 
This greatly simplifies the programming and data 
requirements. The ion ranges from this technique were 
found to adequately match the ion ranges computed 
with the more rigorous TRIM code.3 

It is worth emphasizing that this investigation 
assumed that the tubes were composed of AL6061. 
This study can be repeated with other aluminum alloys 
(like A15052), and the results could be considerabley 
different because of the different aluminum 



compositions involved. The methodology can also be 
modified to accommodate attempts to reduce spallation 
product contamination of the 'He gas by coating the 
inner tube surfaces with various materials. 

Accoding to the results shown in Table 3, the 
relatively small "very high power lead" region 
produces approximately as many spallation products as 
either of the much larger "high power lead" or "low 
power lead" regions. The reason for this is that the 
number of tungsten ladders in the gas contamination 
model was based on using lo00 MeV protons. If an 
increased number of tungsten ladders would have been 
used to pro;;erly accommodate 1700 MeV protons, one 
would expect the spallation Rroduct production in the 
very high power lead region to significantly decrease. 

This methodology allows us to easily tally 
spallation product Contamination for any smaller 
region of interest. It is not necessary to use the large 
regions of Table 3. However, the large regions of 
Table 3 conveniently give the total spallation product 
contamination of the 'He gas for the entire T/B. 

The effect of varying tube diameter and pitch can 
be determined from a consideration of Table 1 and 
Eq. (2). For example: (1) if we double only the tube 
inner radius (without changing the pitch or A16061 
volume fraction), then the amount of spallation 
products in the 'He gas will double; (2) if we double 
only the pitch, then the amount of spallation products 
in the 3He gas will decrease by a factor of 4; and (3) if 
we keep the 'He and aluminum volumes constant but 
doubles the number of tubes, the contamination will 
increase by a factor of 42. 

The results shown in Table 3 should be useful in 
designing and sizing the tritium separation facility 
(TSF) for the APT. The radioactivity of the spallation 
products and their daughter products could determine 
the amount of shielding and remote handling required 
at various stages of the TSF. The chemical and 
physical nature of the spallation products and their 
daughter products could determine the size and 
efficiency of various separation stages in the TSF. 
Spallation products and their daughters could determine 
the scale and type of waste stream disposal required at 
various stages of the TSF. 

The regional breakdown of spallation product 
generation shown in Table 3 allows us to quantify 
various possible system optimizations. For example, 

if we wanted to maximize reliability and minimize the 
amount of 'He and tritium at risk for a single failure, 
we might consider building an identical modular 
tritium separation system (TSS) for each major region 
of the T/B, based on the worst region of Table 3. 
Thus, if any TSS module were to malfunction, its gas 
stream could be easily diverted to any of the other 
modules. However, this may be expensive because 
most of the TSS modules would be over-built for the 
gas stream it would be processing. We could consider 
manifolding all of the 'He gas and building one TSS 
module based on the total spallation product 
production shown in Table 3. Such a module might 
prove simpler to construct, operate, and enjoy 
economies of scale. There are, of course, many other 
considerations. The point being made here is that 
Table 3 allows us to begin to quantify the tradeoffs 
among various system optimizations. 

VI. SUMMARY 

For a reasonable set of 'He distribution tube sizes 
and spacings for the various regions of the APT, we 
have calculated a list of >IO0 spallation product 
species that reach the 'He gas, and the rate (atom&) at 
which each species reaches the 'He gas at full power 
operation of the APT. A total of -3.4e13 spallation 
products per second reach the 'He gas during full power 
operation. These results should be useful in designing 
and sizing the tritium separation facility for the APT. 

We have also calculated the amount of spallation 
products that stop in the heavy water coolant of the 
APT. The total rate of spallation product deposition in 
the heavy water is -1.le18 atomds. The rate for each 
spallation product has also been calculated. For 
example, tritium is deposited in the heavy water at the 
rate of -2.3e16 atom&. After one year of APT 
operation, the tritium activity in the heavy water 
coolant would be -25,000 Ci, or -0.6 CiAiter. 
Knowledge of the spallation products deposited in the 
components of the APT target system should be useful 
in designing the components, the coolant clean-up 
system, radiation protection, and disposal. 
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Fig. 1. Continuous Slowing Down Approximation (CSDA) Range of alpha particles in 2.713 g/cc aluminum as a 
function of alpha particle speed. 
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Fig. 2. Cross-sectional end view (through a tungsten ladder) of the T/B model used to calculate the spallation 
products reaching the 3He gas stream. 
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Fig. 3. Cross-sectional top view of the T/B model used to calculate the spallation products reaching the 3He gas 
stream. 



TABLE 1 
TUBE GEOMETRY FACTORS 

Tube 
Square 
Pitch 
(cm) 

3.1750 
5.1816 
5.1816 
5.1816 
3.0480 

Region 
Very High Power Lead 
Lower Power Lead 
High Power Lead 
Heavy Water Hex 
DecouDling; Zone 

Total A1 AA, 
Volume Total A1 
Fraction Area In 
In The Unit Cell 
Homo- Cross 
geneous section 

0.0897 0.904 
0.1183 3.176 
0.0468 1.257 
0.1000 2.685 
0.1788 1.661 

Material (cm2) 
Material 

Tube 
Inner 

Radius 

I IC, 
Tube 
Inner 

Circum- 
ference 

TABLE 2 
MATERIAL COMPOSITIONS (~01%) 



TABLE 3 
SPALLATION PRODUCTS (ATOMS&) REACHING THE APT 3He GAS 

(100 mA of 1700 MeV Protons) 

PRODUCT 





. TABLE 4 
SPALLATION PRODUCTS (ATOMSB) IN THE APT D,O COOLANT 

(100 mA of 1700 MeV Protons, 13 Ladders) 
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