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GENERATION AND DIFFUSION OF TRITIUM 
AND HELIUM-4 IN SOLID BREEDERS 

FOR FUSION REACTORS 

Abstract 

Several mathematical node Is, based on spherl'^.l geometry, were developed 
i to describe generation, accumulation, and release <:f He and T, in solid 

breeders for fusion reactors. The applicability o\ these models was extended 
to include a collection of particles that have a log-normal distribution. An 
assessment of the models focused attention on the fact that there is a paucity 
of data on the diffusion coefficients and solubilities of hydrogen isotopes and 
helium-'t in solid breeders. 

13 3 
For generation rates greater than 10 atoms/cm *s, the limiting concen

trations of helium-4 and tritium may exceed their solubilities in solid breeders, 
and bubbles could form. These bubbles could be accomodated by swelling without 
rupturing. In some cases the forces imparted by trapped gases may be sufficient 
to rupture the sphere. In other cases new exit paths for these gases, such as 
grain boundary separations, cracks, or fissures, co-;"d be formed. 

Introduction 

Some conceptual designs of fusion reactors have selected solid breeders 
such c.3 lithium oxide (Li„0) as blanket materials. ' Since there are no nat
ural sources of tritium (T,), all fusion reactors must breed their own tritium. 
In order to establish methods for recovering T,, it is of considerable importance 
to evaluate transport properties of T, and He in solid breeders and structural 
materials. 

In lithium-containing compounds the only nuclear reactions that produce 
"tritium with a high enough cross section to be useful are Li(n,a)T and 
7 1 2 
Li(n,n',a)T. ' These two neutron--induced reactions have rates that are about 
a factor of 10 greater than other possible gas producing nuclear reactions. 

Seki has suggested that trapped He in Li,0 could cause swelling. 
Hickman has also stated that prolonged exposure of solid breeders to neutrons 
may induce swelling and internal void formation that could act as permanent 
sinks for much larger amounts of tritium than presently expected. 
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The obje^'iv?- of th i s study was to es tabl ish ir.aiherj.it u a 1 formulations 
that would provide a method for describing the time-dependent .ucuir.ula t ion and 
release cf He and T 0 ii s-.vlid breeders. 

Theorertical Considerations 

GENERATION AND ACCUMULATION OF HEL1UM-4 AND TRITIl'M IN A SI'llKRI-

The differential equations that describe heat conduction in a solid 
sphere with a homogenous heat source were derived by Carslaw and Jaeger.*' By 
assuming that the accumulation and release of neutron-induced gases, such as Ho 
and T,, are analogous processes, it is a simple matter to obtain transport equa
tions for these gases in the soli-'. 

For a sphere with radius a, the moles of gas retained (0) at time t, for 
t>0, with zero initial concentration in the sphere and at the sphere surface is 
described by : 

4 i r V -
45D 

90 
4 I exp (-n2D7T 2t/a 2) (1) 

where D(cm*"/s) is the diffusion coefficient of the gas in the solid, and 
An(moles/cm ps) is the generation rate of the gas. At long times (t •* M ) 

5 Eq. (1) becomes Q=4TTA a /45D, and the average concentration becomes c 
3 ') (moles/cm ) = Ana~/15D. 

Equation (1) shows that the limiting quantity that accumulates in the 
sphere is proportional to the gas generation rate A and to a . If diffusion 
is the only process by which the generated gases He and T., can exit from the 

3 3" solid, then for generation rates greater than 10 atoms/cm -s the solubilities 
of these gases in solids will probably be exceeded and bubbles could form. 

In some cases the forces imparted by trapped gases may be sufficient to 
rupture the sphere. In other cases new exit paths for the gases, such as grain 
boundary separations, cracks, or fissu:es could be formed. If the forces 
imparted by the trapped gases are small, the trapped gases will be accomodated 
by swelling without rupturing. 

19 3 For generation rates less than 10 atoms/cm *s, the solubilities are 
not exceeded. For some applications this condition may be desirable for tem
porarily storing T, in the solid. 



Kqu.ition (!) and others that follow can be applied not only to processes 
with a continuous generation rate, but also to a process with a pulsed high-
frequency gas generation. 

RELEASE OF GASES 

During exposure to neutrons not only are gases generated in lithi'im con-
4 taining solids, but they are also released to the surrounding gasa;;. For He or 

T,, the amount released as a function of time can be derived by balancing the 
amounts of gas involved. That is, the gas quantity releases = gas tiuantity 
generated - gas quantity retained by the solid. Therefore, the quanitity 
released Q„(moles) can be expressed as 

i r a V A5D 1 90 
" _4 

V z 
- n = 

i ? 2 't 
-r exp (-n D- t/a ) (2) 

At long time (t * •>'), the quantity generated equals the quantity release.!; i.e., 

"o1- (J) 

At early exposure times most of the gases generated ace retained by the 
rsolid and the release rate increases according to the formulation 

dO _R 
dt 3 TTa A 0 I b exp <-n*"ir Dt/a'") f4) 

A sphere size, temperature, and generation rate could be selected such 
that the limiting quantity, 4TTA-a /45D, retained by the solid could be achieved 
in a short time and any additional gas generated would go directly to the gas 
phass. Equation (3) expresses the moles released, Q_, as a function of time at 
constant temperature under these conditions. 

CONCENT. '.riON AT SPHERE CENTER 

Internal forces tending to rupture the solid are proportional to the sum 
of He and T„ concentrations at the sphere center. These concentrations can be 
described by the equation 
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\ cm / 6D 1 i + _:• L 
I- n=l 

(-1) i ) i ;,— exp i-l;n~"'""t/a~) 

It follows that the limiting concentration for each ga:> as t •• "• becomes 
,V,a2/6D. u 

Because in most fusion reactor application* it is easier to process T,; 

in the gas phase, it would be desirable to accumulate most of the He and T̂ , in 
the surrounding gas by allowing their limiting concentrations in the solid to 
be. achieved, thereby forcing any additional gases generated to go directly to 
the gas phase. A knowledge of the maximum deformation that the solid will 
undergo before rupturing is required to establish limiting concentrations, '."lie 
extent of deformation can only be experimentally determined. 

APPLICABILITY OF DIFFUSION MODEL 

L, The solubilities of T, or He in lithium-containing solids are not known, 
but they are expected to be low. It is not clear whether the accumulation or 
release of these gases can be described by Eqs. (1) and (2) after the solubility 
is exceeded and bubbles are formed. If no new exit paths are created as the 
solid deforms, then Eqs. (1) and (2) will probably describe the accumulation 
and release of gases. 

Accumulation of Tr i t ium in Solid by Absorption from 
Surrounding Gas and by Internal Breeding 

It is plausible to assume that negligible amounts of T„ are absorbed 
from the surrounding gas during early neutron exposures until limiting 
concentrations are achieved. In a contained system, after the limiting concen-
tration A a /6D is achieved through irradiation, the amount of T_ surrounding 
the solid is expected to be enough to allow transfer of T, from the surrounding 
gas to the solid. 

The in eraction between the two sources of T~ and Li ?0 can be assessed 
by assuming initial and boundary conditions that apply immediately following an 
initial neutron exposure. That is, set the conditions such that, for a new 
neutron exposure the starting concentration of Tn in the solid is the limiting 
concentration resulting from a previous neutron exposure. This constraint en 
the initial concentration can be described by the expression: 
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C(rj (a" -)/6D. (6) 

In ord-̂ r to continue the derivation, we assumed that transfer of T ? into 
and out of tue solid ran be described by the formulation 

— = h (cb - c s ) , 

where li is a proportionality constant with units of cm , c is the concentra
tion of T, at the sphere surface (r = a), and c, is the concentration of T, in 
the solid. The moles Q of T,, wnich come from T~ in the surrounding gas and 
from neutron-induced nuclear reactions, can be described by.' 

4, ^ A c a / 4TTA0a \ 

exp(-a Dt) 2 y ? 
n-l a l [a2«^ + ah(ah-l)] 

(7) 

where a is the n'-h nonzero positive root of n 

Act cot a'i = 1-ah, (8) 

S is the solubility of T„ in a solid breeder, V is volume of the sphere, and 
the remaining symbols mean the same as defined above. At long times (t •*• °°), 
the limiting amount 0 of T- retained by the sphere is 

Tna 

4lTA 0a 

45D Qoo + 

AlTA^a 

9hD (9) 

3ecause the value of h can only be experimentally determined, it is not yet 
possible to estimate Q for either He or T 0. v max 2 
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Particle Size Distribution 

IRREGULARLY SHAPED PARTICLES 

The analysis described above only applies to one sphere or to many 
spheres of the same size. For practical applications such .m ideal situation 
will not exist, but more likely will consist of a size distribution of irregu
larly shaped particles. 

For many regularly shaped particles the surface—to-volume- ratio varies 
as k/r, where k is a constant approximately equal to 3 and r is a dimension such. 
as radius or half-thickness. For small particles deviations from spherical 
shape could be adjusted by applying a surface-to-volume shape correction so 
that an irregularly shaped particle could be represented as having a regular 
shape such as a sphere. 

LOG-NORMAL DISTRIBUTION 

The log-normal distribution serves as an excellent model for particle 
o 

size distribution analysis. It provides a convenient method for describing a 
dispersed particulate system with only two parameters. 

The Normal density function is defined by: 

dn _ 1. -x , ,,n. 
-j^-^-e — dx, (10) 

where x - (r - r)/a, r is particle radius, r is the arithmetic mean radius, c 
is the standard deviation and N is the total number of particles. It is recog-

Q 

nized that the majority of dispersed systems tend to follow a logarithmic var
iant of the normal density function. If Z is defined as Z = (Jiir - 2.nr.)/c 
where ~£nr = (En.Jtnr .)/En., by making the substitution 2ny = far (y 4 r), 7. 

becomes (Jlny/r-̂ )/a resulting in a working form of the log-normal distribution, 

— = -^- exp(-Z2/2) dZ (£n = log) . (11) 
\2TT 



2 - 2 The area of an individual sphere is A = 4!;(r.) = 4"(y) exp(-2cZ) and 
tihe total area of a powder can be expressed as: 

A V 2 n L e x p C ^ - 2crz)dZ, (12) 

which integrates to : 

A = /.:;N(y)2 exp(~2a 2 ) . (.13). 

Similarly, the to ta l voluri;-1 i s : 

4 fiN__ - 3 
3xET / 

(y) I exp(-30Z - ~ ) dZ, (14) 

which resu l t s in: 

V - -|nK ( y ) 3 e x p ( | a 2 ) . (15) 

The surface-to-volume ratio is uniquely defined with two parameters a and y as 
follows: A/V = 3/y exp(-5/2 c 2 ) . 

We can extend the analysis from one sphere to include all spheres by 
super..,iposing the log-normal distribution to Eqs. v.1), (5), or (6). For 
example, by combining Eqs. (1) and (9) the average concentration 5 in all 
spheres having a log-normal distribution can be described by the expression: 

. ,-.,2.. 2a2 ,+°° , „ AnCv) ** r _ I ( x + 2 a ) 2 A n(y) Ne f 1 
= — / e" 2 

5 210 J 

L n-l " 
1_ -n 2DH 2t/N(y) 2e 2a 2e- I<* + 2 a > ~ 
4 e dx. (16) 
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I 
A complete particle size-analysis would b\.- necessary to.determine the 

empirical parameters y and J „ : The_j2xpected behav&'r of spherical p.irtii>K'S 
should not bo large for nonspherical particles of comparable dinuinsiuns. Largo 
deviations from spherical geometry, which might occur from extreme-, 
irregularities, would be .̂ manifested as errors in the average dimension and 
would change the empirical"determination of the diffusion constant D. , 

^ Limitation^ of Models 

.= It is reasonable to question the "alidity "of:, the mathematical; models •> 
used ~£qr these assessments. Tt ̂ s.^unrealistic,tto believe that the initi.a] and 
boundary conditions used for obtfaUning the various solutions, rigidl y apply" to 
fusion reactors. These conditions and 'the'resulting equations arc? only 
intended to, represent approximate conditions in a fusion reactor, but are used 
because they simplify the problems sufficiently so that the appropriate 
differential equations can be.analytically solved. J 

'" Since long-time'' extrapolations^, from the models ate" not strongly 
^dependent on the geometry Ĵ ased as a frame of reference, the limiting valuer 
are useful, for any-'regular geometry. On the-other hand, the limiting values 
are strongly dependent on the initial conditions assumed. A better definition 

vof thevv'Onditions.r.in a fusion reactor are necessary to refine the mathematical 
descriptions and to allow a--more realistic represeritatior of rhe time 
dependence "and limiting values. ° ^ _ 

Conclusions and Reeominendations 

= An assessment of some.problems associated with tritium and he]ium-4 
generation and accunuiiatiojtj in solids as blanket materials can be made by using 
spherical geometry as a frame of reference for'Li„0 particles. The evaluation 
can be.convenientlv extended to;include a distribution of particles that can be 

: " ° •> i) 
adequately represented by a log-normal distribution. 

Perhaps the most useful part of the study is that it focuses attention 
on some areas where r.o experimental information is available. We can c-nly ' 
provide information of lasting value b/ experimentally determining the •• 
appropriate constants S e;nd D. The, following experiments are listed in order 
'i V i? - ' 
to delineate Lhose areas where experimental work .is sorely needed. 



• Determine solubility and diffusion constants for T ? and He and mix
tures of boch in solid breeders. 

• Determine the accumulation rates of T, and He in solid breeders 
when both gases are generated in the solid a= well ai. absorbed froir. 
the gas phase. This experiment would be done by exposing in the 
temperature range 1000-1300°K, a solid breeder to neutrons. 

• Determine the amount of deformatioti that a solid breeder can 
undergo before rupturing by exposing it to neutrons and allowing 
gas bubbles of T- and He to form. 

» Use techniques such as transmission electron microscopy and nuclear 
magnetic resonance to study bubble formation. 

• .Study the release mechanisms and how they are affected by deforma
tion of the solid. 

• Determine an optimum particle size that will provide effective gas 
release a;->d minimize the T, inventory. 
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