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ABSTRACT

The problems of tritium permecation th- »ugh uani leading
of the TFTR vacuum vessel wall structural components are
considured. & general analvtical sclution to +the *irec
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retained after 1000 shots if the walls were at 20°C.
Maintaining the temperature of the walls above 100°C greatly
lessens the problem. The 595 Ci in the wall would be reduced

to ~ 10 Ci if the wall were heated to 250°C for about 60 hours.



I. INTRODUCTION

Because hydrogen isotopes are soluable in most metals,
the intended use of tritium in the Tokamak Fusion Test
Reactorl(TFTR) has necéssitated careful scrutiny of the
mechanisms by which tritium can either be lost from the vacuum
vessel by permeation or retained in the vessel walls. The
amount of tritium lost by permeation impacts the design of
the tritium handling system, since a means for collecting
the permeated tritium outside the vessel may be required.
Similarly, the amount of tritium retained in the wall and
liner components affects the operating scenario, because
the total on-site tritium inventory is limited. It is also
critical in determining the procedure‘for disassembly,

i.e., how much time must be spent in desorbing the tritium
so that the components can be safely handled.

In TFTR there are two important sources of tritium for
which permeation and retention in the vacuum vessel coméonents
must be considerea. The first sovrce is the gaseous molecular
tritium which is introduced into the vacuum vessel for tritium
operations. In this case the walls would be subjected to
a partial pressure of tritium of the order of 10 °T. Some
tritium will be adsorbed on the surface and subsequently
dissqciate and dissolve in the metal. As will be seen, the
density of such dissolved tritium depends critically on wall
temperature and increases as (pressure)l/z. The dissolvnd

tritium will then diffuse at a rate which increases rapidly



with temperature. For thin wall elements such diffusion will
transport the tritium to the outside surface where it then
reassociates and desorbs. For thicker wall elements the

amount transported to the ocutside surface is negligible, *
however a certain amount will remain in these elements after
a tritium operation is terminated. This retained inventory

will} continue to diffuse with most of the tritium going to

the inside (vacuum) surface and a small fraction moving

farther into the metal at rates which increase with temperature.

.The second source is the cnarge exchange neutral tritium
flux:which'is incident upon the vessel walls with a most
probéble energy of ~ 300 eV. These energetic tritons are
implanted directly in the walls to a depth of ~ 600 R. For
this source the adsorption, dissociation, and dissolution
steps {which occurred for the gaseous tritium source) afe
bypassed.

Under certain assumptions, which will be described
subsequently, the behavior of the tritium density distribution
in a solid is governed by a diffusion equation referred to
as Fick's second law.2 Although the literature contains

"numerous solutions to this equation,zm4 no one source includes
the analysis required for all types of tritium diffusion

. problems encountered in TFTR. Therefore, for comnleteness,

we derive in Sec. II a general analytical solution which
utilizés boundary conditions to account for the gaseous
tritium source, an initial condition to account for cases

where tritium is initially found in the material, and an
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inhomogeneous term appropriate for the energetic charge
exchange source.
In Sec. III formulae for the total retained inventory
as a function of time and the total amount of tritium lost
from the vessel are derived from the gene;al solution.
These guantities are then evaluated for specific vacuum
vessel elements in Sec. IV for various modes of operation
inciuding discharge éleaning, normal pulsing, and outgassing.
One assumption that will be made in this work is that eachof
the wall components is free from an oxide layer. In fact,
a few hundred angsfrom thick oxide coating has been inferred
experimentally on PLT by Dylla and Cohen.5 The diffusion
coefficient for tritium in an oxide is quite different than
that in a metal, as are the details of dissolution (there is
no dissociative step). The problem of such a composite wall
involvas a nonlinear matching céndition, and the time-dependent
analytical solution has not yet been found. Although the

6,7 we find that at

steady state solution has been obtained,
all but the highest temperatures, steady state is not reached
in the time‘of typical operations. A number of authors have
experimentally investigated the effect of oxides on permea-

tion.B_l2

Though their conclusions are rather diverse,

certain common elements do emerge. An oxide free from cracks
or chemical reduction does. reduce the rate of permeation over
that for a clean metal. The chemical stability of most oxides

is not certain; however, and thermal stresses often open

cracks which allow some of the diffusing species to bypass
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the oxide. The clearest fact is that the effect of an oxide
depends critically on its thickness, composition, and
integrity, all of which can change, and all of which are
unknown a priori. Therefore, alihough it is recognized

that some components may h%ve oxide layers, no attempt has
been made to include its effecks in the present calculations.
Tritium loss rates thus obtained are therefore upper limits,
which for the purpose of estimating the amount of tritium
lost from the vessel will be desirably conservative.

For estimating the amount retained the oxide would tend
to agcrevate the situation by slowing down -the back diffusion.
However, as we will see, the particular component for which
the retention is most severe (and permeation is not a problem)
is also one which is subjected to the energetic charge exchange
bombardment, and it ié possible that much or all of the oxide
layer will be sputtered away. Thus, in neglecting the effect
of oxides for this case, realistic retention estimates may
5till be made.

In addition to excluding the effects of oxides, the

present calculations also exclude the effects of blistering13

and/or lattice damage14 which may occur as a result of the
kombardment of a solid by energetic particles. When lattice
damage occurs, trapping sites are produced. These sites
usually have activatioﬁ enerdgies greater than that for
interstitial diffusion so that the retention problem can be

more severe. Fortunately, asis demonstrated in Sec. V, the

energy spectrum, flux, and fluence of the charge exchange

1
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particles are such that neither blistering nor lattice
damage due to the charge exchange flux should be a problem.
The unabsorbed fraction cof the 120 keV neutral deuterium
beams used to provide auxiliary heating in TFTR can be
expected to produce some lattice damage and blistering,
héwever, and Sec. V includes a discussion of how this might

affect the tritium problem.



II. GENERAL SOLUTION FOR THE TRANSPORT OF TRITIUM

IN NON-REACTIVE METALS

Although the transport of tritium in non-reactive metals

includes a number of distinctstepsz’l5

{e.g. adsorption, dissociation,

dissolution, interstitial diffusion, etc.) depending upon the

source of tritium, for the cases encountered in TFTR, interstitial

diffusion is the rate determining step. Consequently we may

assume that all of the other processes are in their respective

equilibiia and deal with them in terms of boundary conditions.

The concentration of the diffusing species in the metal can be

found under these conditions fromFick's second l&ﬂz which'is a

diffusion equation to which we will add a suitable source term

to account for implanted tritium. This can be written for the

one dimensional case appropriate to the TFTR vacuum vessel walls

as

dn(x,t)  25(x,t)
+ =5 (x,t) ,
it X

where n(x,t) is the tritium concentration at the point x
time t , S{x,t) is a tritium source function, and j(x,t)

the diffusional flux given by Fick's first law:?

an(x,t)
j(x,t} = -D ‘

Ix -

(1)

at

is

(2)

e e e



with D the diffusion coefficient (diffusivity), assumed
to be independent of x and t . The surfaces of the

metal are at x=0 and x=d. In order to obéain unique solutions
to Eg. {1) we require a set of initial and boundary conditions.

For an initial concentration in the metal no(x) we have that
n(x, 0 = nO(X) ‘ (3)

and we can write the boundary conditions

n(o,t)

nr(t) ; (4)

nid,t)

n2(t) ; ) (5)

where nl(t) and nz(t) are the respective surface concentrations.
Under the previously mentioned equilibrium assumptions, these

concentrations are given by Sievert'slaw2 which relates surface

concentration n to gas pressure P and solubility S

s as

s - (6)
The exponent k is 1/2 for dissociative diffusion (the case
of hydrogen isotopes in metals) and 1 for non-dissociative

diffusion.

To solve Eq. (1) subject to the conditions of Egs. {3) -
{5), we first find the Green's function G(x,tlxo,to) which

satisfies the equation
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2
aG(x,tlxo,to) h 3G (%, t]x ,t )
2

= 8(x-x)8(t-t ), (7
t ax ° o

subject to the homogeneous boundary condition
G(0,t|x0,to) = G(d,tlxo,to) =0, (8)
and the usual causality requirement

Gx,tlx ,£)=0 t < t_. (9)
o O @]

The solution te Eg. {1} is then given by 16
a £t
n(x,t) =fdxofdtoG(x,tIxO,to)S(xo.to)
[e} [e}
et
3G (x, t|x t) BG(x,t]x k)
Dfdton (ty)————| - n_(t)}———= | (10)
2
axo on
o) x =0 x =d
o o

fdxo ng (x,) G(x,t]xy, 0) .
0 .

where the integration limit t+ is understood to mean

t+ €
lim f .. The first term on the right side of Eq. (10Q) is the

€*+0

particular solution to 2g. (1) for the source function S(x,t), while
the second term gives that part of the solution to the homogeneous
e,quation satisfying the boundary conditions Egs. (4) and (5), and the

third tern gives that part satisfying the initial condition Eq. (3).



The Green's function which satisfies Bgs. (7) - (9) is

2 o0
G(x,tixo,to) =U(t - to)—- z: exp [~ mzo: (t—to)]sin (mkx) sin (mkxo) , (11) ,
m=1

+

where o = sz,/dz s k =n/d , and,

D t < t,
Ule-t)) = (12)
1 t> g,

Substituting Eg. (11) into Eg. {10) and assuming that nl(to) and

nz(to) are independent of time, we get that

d t
n(x,t) =fdx0 dr, G(x,tlx t)sx ,t) +
[&] []
+
&, t z
T m=lm(n2COS rmr-nl) sin (mkx)f dtOU(t—to) exp[-m“a (t- to)]
o)
2 — d
, 2
+ - Z sin (mkx) exp(-m“o t) dx_n_(x } sin (mkx) . (13)
3 m=1 [s I o] (o] o
o

The integration in the second t-*m of Eq. (13) can be performed

by parts:
+
t
at_ U(t-t ) 2q (& . 2
o o ex¥p [-m7a (t-t )] = —— [l-exp(-n°a t)] ,  (14)

o na



Then simplifying the first term in this expression, we can

finally write that

ni{x,t) = ny(x,t)

' X
+ n + (n,-n.) —
1 2 1 a

@
. 2 n, cos m7m - n

+ — ————————= sin (mkx) exp(—mza t)
T m=1 m
2 o - d
: 2
+ — Z sin (mkx) exp (-m“qy t)fdx n_(x jsin (mkx ) , (15)
d n=1 A O O o] o] -

with the particular solution np(x,t) given by

d " ) ,
n,(x,t) =f dxof dat U(t-to) g Z_: exp[-m“g (t - tc” sin (mkx) -
8 1 m=1

o o

. ) {16)
*sin (mkxo) S(xo,to) .

For S(xo’to) = 0, Eq. {(15) for n{x,t) agrees with the solution to

the homogeneous equation given by Perkins.
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ITI. GENERAL FORMULAE .

In addressing the tritium problem we are primarily interested
in two quantities. The first is the total amount of tritium,
NT(t) . contained in a particular vacuum vessel component at
time t given by

d
NT(t) = A j. n(x,t)dx , (17)
)

where A and & are respectively the area and thickness of the
component and n({x,t) is the tritium concentration. The second
quantity of interest is the total amount of tritium released

through the vessel in time ¢t , JT(t) , given by
t
Jplt) =2 j. jld,t*ryac’ , (18)
o

where j(d,t') is the flux of tritium at the outside wall
(x = d) given by Eqg. (2):
dn(x,t)

ja,t') = -D ——7;——- . (19)
x

with D the diffusivity.

The tritium concentraiion n(x,t} in Eg.(17) and (18) is
given by Eg. (15) . ThisAgeneral solution consists of: (a) terms
which depend upon the inside (x-= o) and outside (x = d) boundary
conditions, n, and n, respectivgly: (b) terms wﬁich depend upon

the ~~urce function s(xo,to) ;: and (c¢) terms which depend upon
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the ‘initial condition no(xo). In order to see clearly the effects
of each part of the general solution on the expressions for NT(t)

and  Jn,(t) we will evaluate Egs. (17) and {i8) for each of

the three cases individually.  Since the equations are linear, the
complete solution will just be the sum of the relevant individual

solutions.

1
o

A. Case I: no(xo) = S(xo.to)
This case with n; and/or n, non-zero. applies to cases
where the walls are subjected to gaseous tritium at some partial

pressure. The resultant surface concentration will be given by

2 . . .
[Eg. (6)]1, however for conciseness, wve will continue

Sievert's Law
to use the symbols ny and n, . The expression for n(x,t) for

Case I is, from Eg. (15)

X

ni(x,t) = n, + (n, - n,) —-
1 2 1 d
2« ny(-1"-n; )
+ - 22 - = sin (mkx) exp (-m~at) ., (20)
T o1 m :

where k = /4 and o= nzD/d2 with d the thickness of

the wall and D the diffusivity. From Eg. (17}, we get that

w

exp [~(2m + 1) %at]

8
N (t) = N 1l - - E : ’
T ® 2 2
™ =0 (2m + 1)
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where

(22)

and ng f ny + n, is the total surface concentration. Taking
the limit of NT(t) as t+» (steady state) we see that the
quantity N_ is the total amount of.tritium contained in the
wall when steady-state is reached. This can also be seen from
Eq. (20) where as t =+ , the tritium distribution becomes linear,
going from ny at the inside surface (x=0) to n, at outside
surface (x=d). Thus the average density is (nl + n2)/2 = ns/2
and since the product Ad is the wall volume, the same interpretation
follows. In Fig. 1 is plotted the normalized quantity NT(t)/Nm as
a function of at.

Using Egs. (18)- (20) , we get the following expression

for the total amount of tritium released from the outside surface of

the wall:
2 & (=1« )
Iplt) = I {t + — z 5~ [1-exp(-m“at)}} , {23)
— m
where ) . :
Joo= JcoA ! (24)

#nd the steady state flux jm is given by

n.D
. .M
Jo ™ _E— - | (25)
We have assumed n,=0 since we will need this auantity only for this case.
Using Sievert's law [Eq. (6)] explicitly we get the familiar form2
K pt/? .
iy = ' (26) ™

d
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where the permeability K is defi'edas K=8D. In Fig. 2 ve show
Jp(t) /(7 /a) as a function of at.

_ B. Case IX: n; = n, = no(x) =0 .

We turn now to the solution for a non-zero source function.

From Eg. (15) and (16) we have that.

+

'x,t) = ¢ dax - dt (t-t)) ji %E ex [-mza(t-t )1-
naXy - o jﬁ oV o 4 & p o)
o o m=1
- sin (mkx) sin (mkxo) [ (xo,to) . . (27)

The appropriate TFTR source function can be written as a prcduct of

a spatial part X(xo) and a temporal part fr(fo). If we now define

d
l r ‘. .
X = :; J dx  sin (mkx )8, (x.) (28)
o .
and
+ .

e : (t-¢)S,(t ) exp mPe(t-t_)]
T = - fdt U{t-t )s (t ) exp m"e(t - (29)

m 1-—egp(-m2at) © o2 © o

o'
where we have chosen the definitions for later convenience,

Eq. (27)may be written as
o
2 Sm 2 .
ni(x,t) = — z — sin mkx [1 - exp(~m~at)] , (30)
a o1

vhere S =XT . Using Eg. (17)we have

m
1 2 s X
N_(t) = N' 1-— \/— —Z"—‘-i-l——j exp [~ (Zm+ 1)20tt] ' (31)
T =, R, “~ {(2m+ 1):
. 1 m=0
where
N =0l 8, (32)

b s T AR e o P
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and B &
"1
n' = — — , (33)
ST
with
o
S
Ry = » —mL (34)
n=p (4m +1) .
" From Eq. (18) we f£ind that
Tplt) = 3L [t + — » ———" (1 - exp(-ne)] , (35)
uR2 m=1 m
where
Iy = e 8 s (3¢)
and 24
h ) :
with
® (_1)m+lsm
R, = Z —_— - (38)
m=1 :

Egs. (31) and (35) are written in a way to suggest a formal
similarity to the analogous formulae [Egs. (21) ard (23)] for the
boundary value case. For t + o . the quantity né is +*he
effective surface concentration associated with tl. source
S‘xo’to) . The total accumulation in the metal at

t > « due to the ene;getic implantation described by S(xo,to)
is equivalent to that for a surface concentration given by né

in Eg. (33). One important difference, however, is that né is
inversely proportional to D .17 Since D increases with tempera-

ture, the maximum total accumulation for an implanted distribution

decreases with temperature, whereas the maximum total accumulation

v
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for the boundary value case is proportional to n which is

given by Sievert's law and which increases with

temperature. i, ©f Eg. (37) is the -eguivalent steady

state flux. Unlike the steady state flux for the boundary

value case which is proportionél to the product of salubility

and diffusivity, j! is independent of diffusivity and therefore

of temwperature.l’ For finite t, there is no covious formal

similarity between the implantation case and the boundary con-

dition case because the terms in the‘sums are weighted differently.
The spatial part of the source function X(xo) has

been derived by Cohen and Marmar18 who calculated the

energetic deposition profile of the charge exchange tritium

atoms for the high power pulse case. The calculation

assames an ion temperature of 3 keV and peak plasma

density of 1014cm—3 . The calculated distribution

is shown in Fig. 3. In Fig. 4 1is shown a +triangular

distribution which will be used to approximate the

calculated distributicn in Fig. 3. In the triangular distribution

the peak (S ) occurs at x = b and x = ¢ is the end of range.

Values of Sp, b andc for the high po&er pulse case are listed

in the insert for this figure. The deposition profile for dis-

charge cleaning depends upon the type of cleaning. Wewill consider

only agressive discharge cleaning, since it represents a

worst case for the tritium problem. We will utilize a triangu~

lar distribuation with the parametérs listed in Fig. 4. The

assumptions involved in calculating these paraneters are that

fhe incident flux is 3 ¥ 10150m_25ecﬁl, the backscatter probability

e A T o



_19_
is .9, and the mean energy of t-z neutrals (or ions) is ~ 30 eV.

The time factor T (to) is shown graphically in Fig. 5. For
convenience we take T(to) to be dimensionless and include the
rate in S_ . With suitable choices for 81 and T it can be used for
both the normal pulsed case and discharge cleaning. If we consider
a sequence of N pulses and evaluate Eq. (29) for times longer than

the duration of the sequence [t> (N-1)7t +At] we have that

2 N-1 nT + AT
m o — 2 |
T, = ; f dto U(t-t?o) exp (-m"a(t t,
1 - exp(-m“at) n=0
nt
N-1
exp(-—mzat) 2 - 2
= 5 [exp (m©aAT) - 1] z exp (m~ant) . (39)
1 -expl(~-m~at) n-0

Performing the summation in Eg. (392) we get that

exp(-mzat) 2 exp (mzaNT)-l
T = 5 {exp(m©aA1)-1] — . (40)
m 1 - exp(-m-at) exp{m~at)-1

The‘instantaneous values of NT(t) and JT(t) will show variations
on short time scales during each pulse. What we are actually
interested in is some average of these quantities, We can acomplish
this and realize a simplification in the preceeding equation by
letting + = N1 in Eé. (40). Strictly speaking, t becomes a
discrete variable, however we will treat it as continuous since,

for large N the increment is small. The resulting expressions
will then be smoothed functions. The general solution can be

easily obtained by using n(x, Nt} in the initial value case

described in Section III C in order to obtain results for
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arbitrary values of t .

Letting t = Nt , Eq. (40) becomes

exp(mZaAr)€l

T = f41)
m exp(mzar)-l

Tm is shown normalized by t/AT as a function of mzon' in Fig. 6.

For At=r-, T = 1 fo'r all values of m‘zon . This is the continuous-
flux case. For the TFTR situation, At/1 £ .1 . 1Inthis éase Tm
cuts off sharply for mlat 2 10 . If the sums RlandRz[Eﬁ-(3M and (38)]
are cut off at n1=(10/at)l/2 the resulting fracticnal errors are

less than 10_3 using standard analysis.19 For m < (1/m1)1/2, we

see that Tm is approximately equal to the duty factor
At/T . For all of the m components such that m < (l/ar)l/z,
no appreciable changes take place between successive machine

pulses so that it is equivalent to the steady state case with a

time~averaged flux.
The behavior of X is somewhat more complicated. Performing

the integratiog’in Eg. (28) we find that

5 d c mmb mrc\

X = —E= —sin{—]-sin {— }], {42)

m 2 2 .
#°m” ¢~b |b d a/l

where b, c, 4 are the distances to the peak of the distribution,

the end of range, and the outside surface respectively as shown

in Fig. 4. Using the ratio of b to ¢ of 1/5, X is graphed

i fig. 7, normalized by the factor d/(spc) .

SO —
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There is an initial linear "ehavior up to m{b/d) ~ .1

given by

mn c{c+b)

X = (a3)

S — — .
m P d2

For larger values of m the function is oscillatory, bounded
-2
by an envelope which scales as ~ (mb/d) .

In situations where

10y/2 a
I < ’ (44)
aT 10b

'3

the cut-off due to T~ occurs in the linear region of X
and the sum can be simplified considéréblylby using Eg.(43) for Xm .
Another useful aprrouximation can be used when the’sums involve
sufficient additicnai inverse powers of m to cause the series

to converge in the linear region of o {m<d/10 b) and in the
constant region of fﬂn {m < (l/ar)l/z). In such cases the sum

reduces to a sum over inverse powers of m . A detailed analysis

of the remainder is necessary to determine when such an approximation

may be made.

C. Case III: ny = n2 = S(xo,to) =0

After a given distribution of tritium is established within
some vacuum vessel element (due tc either tritium gas in contact
with the surface or energetic implantation) it is of interest
to determine the subsequent evolution of the tritium aiter the
source is terminated. This outgassing mode requires the.initial

value formalism which is given by Eq. 15) as
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.. 4
sin{mkx) exp (-mza t) fdxo no(xo) sin(mkxo) , (45)
1 . o]

ni(x,t) =

b1 s

2
dm

i

where no(xo) is the distribution at -t = 0 . We will be interested
in tﬁo forms of no(xo) . ForAthe.bbundary value case, we will
consider the subsequent evolution oniy after the

distribution has reached stéady—state so that from Eq. (20)

we get that
. p:4
n_(x,) = nl(l-=Ji). (46)

In this case Eq. (45) becomes

. 2 2
n(x,t) =; 2

m=1

=]

—Lsin(mkx)exp(—mzat) . (47;
m

In a straightforward manner we get from Egq. (17) that

——— expl-(2m + 1)%at] , (28)

(=]

Fv1 8

8

N (t) = N_ —

T 2 < me1y?
where t = 0 corresponds to the time when the tritium source

. was terminated. Note that NL(0) = N, so that it matches

Eq;(21)(the latter at t+~) . This function is plotted in Fig., 8.

From Eq.(18) we get that

2 —-
Jplt) = J, — 21
o

m=1 .

m+l
- [l-exP(—m at)] . (49)

e o s s,
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Since 2
@ m+ 1
{=1) n
‘C.__~_5___ = —, (50)
- m 12

m=1

we find that in the limit toe ,

Io(tre) = T | (51)
3
- Thus, if we begin with a steady state distribution, it will evolve
such that 1/3 of the total accumulation will leave the puter su;face
and [since fromEqg. (4%} NT(w) =0] 2/3 will return to. the vacuum.
For the source function case, if the socurce is on for time
ty and o is the rate appropriate to the wall temperature during

that time, then from Eq. (30) we have

: w0 . L2

2 - Sm[l-exp(-m asts)
n{x,t) =— :z 5

a ™

5 m=1

sin mkx exp(—mzoct) , {52)

where we have allowed for differeht wall températures during and
after the source 'being on by using the two rates oy and o .
Note that t=0 corresponds to the time t_ .

From Egs. (17) and (12 we find that

o

' 2
4 Ad z SZm+l fl- expl=(2m + 1} asts])

NT(t) =— — 3 exp [-(‘Zrﬁ-l—l)z;tt]. (53) -
T 85 g (2m+ 1} :
and
2 ad -1)"* 15 (1-exp(-na_t )] g
I (t) =— — 2 : 3 _ [1-expl-m°at)]. (54)

T o mo _ .

s m=1
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iv. SPECIFIC RESULTS

The TFTR vacuum vessel is constructed in ten segments
with each segment including thin (~ 1.1 mm) corrugated bellows
sections (for high electrical resistivity) and thick (~ 1.3 cm)
plate sections. A complete description of the vessel can
be found in Ref. 1. The insides of the bellows sactions are
covered by protective plates and thus shielded from bombardment
by the energetic charge exchange particles and the unabsorbed
fraction of the 120 keV neutral beams used for heating in
TFTR. Protective plates also shield portions of the solid
plate sections. from the unabsorbed portion of the 120 keVv
beams. The problem of tritium permeation and retention will
be considered for each of these three vacuum vessel components.
Table I lists the relevant physical parameters for them. At
present neither the material nor size of the protective plates
has been specified. For the presenuc calculation we will assume
that they will be fabricated out of molybdenum. The other
parameters listed for the protective plates in Table I represent
the current best estimates.

In Table II are.listed the values for the permeability
K , diffusivity D, and solubility § which are reguired to
evaluate the formulae in Sec. III for the specific TFTR vacuum

vessel components. Each of the coefficients is presented in

‘an Arrenhius form: A exp {(~B/RT) with temperature T (°K),

pre~exponential factor A (Ko, Do, and Sq for K, §, and D |
respectively), and activation energy B(QK' Op« and Og for X, S,

and D respectively). For the plate sections the 304 L SS

2, 23, 24

values22 will be used, while the Mo values
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will be used for the protective plates. In each of these
cases, the solubility pre~exponential factor and activation
energy was derived from the experimentally determined K and

20 K for

D . For the bellows the experimentally determined
Inconel 625 will be used. The other coefficients for Inconel
625 have not yet been measured, however, so that the solubility

1

of single crystal nickelz will be used with the permeability

of Inconel 62520 to determine D for the bellows. The value

of D which results from the calculation is within a factor

of 2 of those measured for Ni-Fe alloys with 50% (by weight)
Ni,25 which is the same percentage of Ni that is in Inconel

625. This will not affect the steady state permeation rate
since it depends only upon K, although the time to reach steady
state does depend upon D . Ail of the data in Table II are
for hydrogen permeation. WNo attempt has been made to correct

for the tritium mass difference.

We will be interested in two basic scenarios. The first is
discharge cleaning for which we will assume that the vessel is

3T for the duration of

filled with tritium at a pressure of 10
the run. The length of a typical run will be assumed to be
72 hours. The characteristics of the charge exchange flux are

given in Figs. 4 and 5. The second situation of interest is

the normal pulsed operation. Here the torus will be filled by
a pulsed gas valve prior to each discharge so that the time averaged
background tritium pressure will be small, and this source can
be ignored. The major source of tritium will be the charge exchange

flux, the parameters of which are shown in Figs. 4 and 5. The
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preseat plans allow for 1000 h-.gh power tritium discharges per

year, and it is anticipated that these will occur in ten 100 shot runs.

&. Bellows
Since the bellows are shielded from the energetic tritium
charge exchange flux, we nccd to consider only the background trxitium at

3 T which is present during discharge cleaning.

a partial pressure ~lQ—
Using the valueslof..D and S in Table IT and Eg. (21), the total trapped
inventory as a function of time is plotted in Fig. 9 for T = 20°C,
150°C, and 250°C with a partial pressure of 10_3T. It is obvious
from Fig. 9 that the wall loading of the bellows is an insignificant
problem at 20°C where the loading after 1000 -hrs. is only ~ 1 Ci

At the two elevated temperatures {(150° C and 150°C) the respective
steady state accumulations are 22 Ci and 43 Ci attained

in times between 10 and 100 hours. While considerably larger

than at room temperature, these accumulations are still relativelf
small. In the highest temperature case, after the tritium pressure
goes io zero, if the walls remain at 250°C for ~ 7 hours, the

total accumulation will fall to below 1 Ci as can be determined

from Fig. 8. 1In this case ~ 14 Ci will permeate to the outer
surface and~28 Ci will return to the vacuum. A similar reduction

to < 1 Ci will occur for the 150° C case if the walls remain

at that temperature for ~ 50 hours following discharge cleaning.

To determine the quantity which. permeates ﬁhe bellows
‘during discharge cleaning, we use Ed. (23) for the same cases
as considered previously. The results are shown in Fig. 10,
Steady state permeation (i.e. JT « t) is reached in 250 hrs.
at 150°C and 25 hrs. at 250°C. After 72 hrs. at 250°C the

total quantity-leaving the vessel is 1953, ci

T i
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B. Plate Sections

In the casc of the stainless steel plate sections we will
separately consider discharge cleaning where a background pressure
of tritium plus a charge exchange flux are both present and also
normal pulsed operation, where the background tritium is an
insignificant source but where the energetic charge exchange is
important. In both cases, however, the plate sections are
sufficiently thick sd that the total flux through.the wall is
insignificant. 1In the case of discharge cleaning at.250°C
with a tritium pressure of 10~3T, after 5000 hours, the total
gquantity of tritium which wou;d permeate the plate sections
is ~ .05 Ci. 7To estimate an upper limit on the outflux due to
the energetic charge exchange, we use the result of Cohen
and Marmar18 which is that when steady state is reached, the
ratio of the flux through the outer wall to that through the
inrzr wall is egual to the distance of the tritium from the
inner wall divided by the distance to the outer wall. If we
aseume all of the tritium penetrated to the 600 i end of range,
then the fraction of the incoming flux which diffuses to the
outer wall (in steady state) is ~ 5 x 107%/1.27 = 4.7 x 1076,
The total flux during the pulse through the plate section

area is ~ 103%em %sec™ % 9.5 ¥ 10%cm? x 1 sec ¥ 1021

pulse_l. Multiplying this by the cutflux fraction and con-

particles

‘verting to Curies we get ~ 10“3 Cci pulse-l, an insignificant
amount, especially considering that even at 250°C steady state

would not be reached for ~ 100 days.
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For discharge cleaning w.th a tritium partial pressure of

3T, the total wall loading of the plate sections given by

10°
Eg. (21) is plotted in Fig. 11. Because of the thickness of
fhe plate sections; steady state is not reached during typical
discharge cleaning runs.

We must aiso consider the wall loading from the charge
exchange flux during discharge cleaning. To do this we
resort to Eq. (31l). We note, however, that an integral'quantity
like NT(t) has three inverse powers of the summation-index and
will, therefore, converge faster than the corresponding sum
for the diétribution function. The linear approximation in
Eg. (43) holds up to m ~ 4/10b which, for the discharge cleaning
is ~ 106. For all of the temperatur=s we will consider, the
linear region of X {m < 106) lies within the constant region
of T, where m < {l/ar)l/2 with T = 3 sec. Hence, if thesums in
Egs. (31) and (34) converge rapidly encugh so that we can truncate the
series at m = 4/10b then the summation is considerably simplified.
The linear approximation for xm and constant approximation for
T yield sums involving l/m2 which are similar to those encountered
ir the boundary condition case where the tritium source was a gas a£
some pressuwre [Eg.(21}]. Detailed errorfanalyseSIQOf the truncated
series in Eqs. (31) and (34} show that the error decreases with time. In
particular, for time t such that t ~ 6t , the error intro-

duced by truncating the series is 10%. For t ~ 600t the error

1%. One remaining simplification is to use the infinite

is
sums in Eqg. (21). This introduces an error equal to or less
than that introduced by the truncation, i.e., a total error

Of 20% for t ~ 6 T ond 2% for t ~ 600 1 . These approxi-

mate results are plotted in Fig. 12 from ¢ = 6 1 . At the
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lowest temperature ({20°C) t‘'e wall loading from the charge
exchange flux greatly exceeds that from the background
filling gas. It also dominates the loading of the bellows.
At 150°C, however, the diffusivity is high enough to reduce
the amount of charge e#cﬁange tritium retained while the
greater solubility increases the loading from the filling
gas, so that the background gas source dominates over the
charge exchange source at this temperature. At the highest
temperature (250°Ci the chgrge exchange loading is negligible
while after 72 hours the filling gas loading of the plate
section is almost double that of the bellows.

For normal pulsed operation we will consider in detail
various outgassing modes in addition to calculating the
quantity retained. For the latter we will use Eq. (31) with
approximations analogous tothose made for discharge cleaning.
For outgassing calculations we will use Eqg. (53). A number
of typical scenarios are depicted in Fig. 13. It is assumed
that the device is pulsed for 1 second every 300 seconds
with a tritium charge exchange flux resulting in the
deposition profile approximated in Fig. 4. All guantities
relating to the implant operations are time averaged in the
sense that their values just prior to each discharge is
plotted and connected smoothly to those values for the
previous and succeeding pulzazs. [See discussion following
Eq. (40)7. The total retained quantities for 20°C and
250°C walls are plotted along with outgassing modes at
20°C and 250°C for 100, 1000, and 10,000 discharges.

As was observed@ for discharge cleaning, the total

retained quantity is greater at 20°C than at 250°C (Que to
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the lcwer diffusivity at 20°C) and in each case increases

1/2

as t in the region of interest.

As an example of a typical outgas mode, consider the
250°C case after 100 discharges at 20°C. Initially upon
increasing the temperature from 20°C to 250°C there is a very
rapid (almost exponential} decrease in NT(t). This occurs
because the exponential factor in the sum in Eg. (31)

{exp [-(2m + l)2at]} becomes "operative" for a large number
of terms since «af(T = 250°C) >> of{T = 20°C) . Once these
higher m components are attenuated, the outgas mode

enters into a second phase (at ~ 3ﬁ hrs. for the case
being considered) where NT(t) is proportional to t_l/z.
This slow fall-off continues until ot ~ 1 (t ~ 2000 hrs.)
when all the coﬁponent (m > 0) are strongly attenuated by the
exp [~-{2m +1l)at] factor. At this point NT(t) decreases
exponentially to very small values. For the 250°C outgassing
after 1000 or 10,000 discharges at 20°C, the middle t +/2

region is barely existent or non-existent. For all the 20°C
outgassing modes after 20°C implants, there is no initial
rapid attenuation because o is not changed discontinuously.

Also the final exponential fall occurs well after lG5 hours.

If the outgassing temperature is greater than or equal
to the implant temperature, then the valpe of NT(t) during
and after the ¢"1/2 region is independent of the initial wall
temperature. This can be seen clearly in the 250°C outgas ‘
mode after 100 discharges by compafihé the results for the 20°C

and 250°C implants.
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After 1000 consecutive discharges with 20°C walls, the
total retained quantity would be 595 Ci. After ~ 63 hours
at 250°C this would be reduced to 10 Ci and after ~ 450 hours
it would be reducedtol Ci. If thewalls hadbeen at 250°C, the
total amount after 1000 discharges wouldbe ~ 6 Ci ., Of course it is
not likely that the device would be operated for 1000 consecutive
discharges with 1 = 300 sec . The results, assuming that
the 1000 discharges are spread over one year, are plotted in
Fig. 14. Here 1 = 3 x 104sec . The factor of 100 decrease
in the duty factor results in a factor of 10 decrease in NT ,
compared to the T = 300 sec case for the same number of discharges.

1/2 behavior.

This follows from the NT(t) proportional to t
The subsequent 250°C outgas appears to be more rapid, however
this is due to the fact that the outgas modes are plotted
on the same logarithmic time scale as the implantations.

One other case of interest would be ten - 100 discharge

runs with the walls at 20°C, T = 300 sec and one month

between the runs. For 100 discharges at 20°C we have from

Fig. 13 an initial retained inventory of ~ 200 Ci . After
one month this becomes ~ 14 Ci . After n months at 20°C
the retained quantity would be ~ 14 n"1/2 ci ., since 14 ci

is small compared to the 200 Ci build up over a 100 discharge
run, the total retained after the ten runs would be approximately

. 0 i
given by the sum: Nj ~ 14 > n . The result is ~ 70 Ci.
n=1



=32~

This is not appreciably different fromthe 59.5 Ci which would

be retained after 1000 shots with © = 3 x 10%sec (Fig. 14).

C. Protective Plates

The Mo protective plates have ~ 10% the area of the stain-
less steel plate sections, a greater diffusivity, and a much
smaller solubility. As a conseguency, the eguilibrium loading
at 250°C from a 10-3T pressure of tritium is less than 10 mCi .
Also, because of the increased diffusivity, the loading from
the high power pulsing after 1000 shots at 20°C is ~ 3 Ci
Hence, the amount of tritium contained in the protective plate
sections is negligible. If tungsten were used instead of Mo,

the total amount would be even less in all cases.26
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V. SUMMARY AND DISCUSSION

The results of Section IV are summarized in Table III for
the casés.of a 72 hour discharge cleaning run with a tritium pressurec
of 10'-'3T and normal pulsed sequences of 1000 discharges with 300
seconds - and 3 x 104 seconds between discharges. Tritium
permeation through the bellows is significant during discharge
cleaning if the walls reach temperatures above 150°C. 1In
particular, after 72 hours of discharge cleaning witb the
bellows at 250°C, the total quantity lost w&uld be 195 .Ci .

If a non-aggyressive type discharge cleaning is employed
such that the wall temperature stays close to 20°C, however,
less than 1 p Ci would be lost.

Permeation throuch the bellows during normal pulsed
operation is not significant because of the low'dhty cycle of
the filling gas. Also, permeation through the plate sections
is not a problem in any mode of operation because of its thick-
ness and the relatively small permeability of stainless steel.

The wall loading problem again depends critically upon
temperature. The bellows, during discharge cleaning, will
reach saturation for temperatures above 150°C. For 250°C
the total trapped inventory wouldbe 43 Ci while at 150°C it
is 22 ¢i. At 20°C; after 72 hours, only 250 mCi would be
trapped. At the elevated temperature where the internal tritium
distribution reaches steady-state a subsequent outgassing would
return 2/3'of the trapped inventory to the vacuum and 1/3
would leave the outer bellows surface. The time to reduce

the inventory to 1 Ci at 250°C is approximately 25 hours.
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The loadihg of the stainless steel plate sections during

discharge cleaning arises from two sources. The first is the

filling gas and, as in the bellows case, this increases with
wall temperature. Unlike the thin bellows, however, the plate
sections do not reach equilibrium in .the 72 hours of a

discharge cleaning run. The second tritium source is the

implantation of charge exchange neutrals. For this source

the greétest loading occurs at 20°C because the difquivity
is the lowegt and the tritium cannot diffuse away from Ehe
implant position very rapidly. Here, also, equilibrium is
not reached. After 72 hours the total locading of the platé
sections is high at both 20°C and 250°C being 63 Ci and 71 Ci
respectively. At 150°C the total is 16 Ci .

During normal pulsed operation, the salient problem is
the wall loading of the plate sections from the energetic
charge exchange flux. If one considers a 1000 pulse run
with 360 seconds between pulses, then if the walls were 20°C,
595 Ci would be retained. If the wall temperature after the
run were raised to 250°C, the total eccumulation would
decrease to ~ 10 Ci in 63 hours with virtually all of the
tritium returning to the vacuum vessel. If the 1000 shots
were spread over one year (T = 3 X 104sec) the retained
quantities are reduced by a factor of 10 over the values
for 1 = 300 sec.

It should be reiterated that all of. these results have

s

been derived assuming no oxide layer/én the metal surfaces.

¢

An oxide layer would be expected to‘slow the rate of permeation

and also increase the wall loading. As discussed in Section I,
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however, it is likely that sputtering will eliminate the oxide
layer from the plate sections. In the recent experiments of

27

Wilson and Baskes, type 316 stainless steel was bombarded

with deuterium at various energies, including 333 eV D+ at a
flux of 6.2 x l()lllcm"zsec"1 and fluences up to 3 x 1018cm-2
(equivalent to ~ 1000 TFTR pulses). They found that for samples
with clean surfaces, the observed reemission agreed with the
predictions of a simple diffusion calculation similar to

that presented here. For "as is" surfaces they did observe
some hold-up of the implanted deuterium.

The occurence of blistering due to the tritium charge-
exchange bombardment of the plate sections and protective
plates could cause deviations from the present predictions
for tritium retention. Since blistering causes large releases
of implanted gas, the deviations would tend to be salutary with
respect to the tritium retention problem though not necessarily
so from the point of view of plasma impurity contrel and
tritium recycling. 1In any case it is appropriate to examine
the possibility of blister formation. The onset of blistering
seems to be related to the density of implantad particles

13 Blister formation,

locally exceeding some solubility limit.
therefore, depends -upon the flux, fluence, and energy distri-
buticn of the implanted source, as well as parameters such as
temperature and diffusivity of the material. It has bheen

observed that for given implanted source characteristics, as the

temperature of the material is increased, the resulting

increased diffusivity reduces blister occurence. The TFTR
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tritium charge exchange flux is 3 x 10-°cm %sec™t with a
7 broad energy distribution peaked at ~ 300 eV. Unfortunately,
there are no data for blister formation due to hydrogen
isotope impléntation of Mo and SS at such low energies.

30 did observe blister formation in

Verbeek and Eckstein
Mo and SS due to a 15 kev D+ beam with the targets at room
temperature. The p* fluxes were apprcximately eJual to
those of the TFTR charge-exchange tritons. The onset for
blistering in both cases occurred near fluences of ~‘lOlecm"2
which would correspond to ~ 300 TFTR discharges. For a number
of reasons, however, the blister threshold in TFTR will
probably be greater than that observed by Verbeek and Eckstein.'
One reason is that the much broader energy distribution of the charge
exchange flux as compared with the mono-energetic 15 keV
beam means that the maximum implant density in the TFTR case
is much less. Furthermore, the shallower implantation in
the TFTR wall means that more implanted particles will escape
from. the surface, a feature which also reduces the maximum
density in the wall. |

In addition to blistering we must also consider the
possibility that lattice damage resulting from the tritium
charge exchange bombardment of the plate sections and pro-
tective plétes will cause trapping sites with activation
energies above those for interstitial diffusion,14 resulting
in increased t:itiﬁm retention. I'The data of Wilson

and Baskes27 for clean 316 SS samples would tend to indicate

that such trapping is not important. In addition to the

30

- e et o
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333 ev D* bombardment they also studied 1 keV p* bombardment
observing for clean surfaces si'.i.lar agreement between theory
and experimeni, so that even for the higher energy TFTR
charge exchange flux, latticeAdamage should not affect the
piwsent results.

Besides being subjected to the tritium charge-exchange
flux, the protective plates will alsc be bombarded by the
unabsorbed fraction of the neutral deuterium heating beams.
These energetic beam fluxes will cause lattipe damage  and
thus trapping sites. To estimate an upper limit on the
number of trapping sites produced we will assume 10% of the
120 keV beam component will be unabsorbed (with suitably
scaled fractions of the 60 keV and 40 keV components). The

total number of deuterium atoms striking the protective plates

per pulse will be: 4.3 x 1018 at 120 kev, 2.1 x 10%8 at
60 kev, and 1.2 x 1018 at 40 keVv. Extrapolating the results
14

of McCracken and Erents for the damage rate from deuterium

-1
bombardment of Mo we get ~ 1.8 defects ion “ at 120 keV,

1 af 40 keV.

0.9 defects ion > at 60 keV, and 0.6 defects ion
Although the damage will have a maximum near the end of

ranges of the three deutérium energy components, we will assume
(as a worst case) that it is spread uniformly over the ranges.
Then we can estimate the total number of defects produced in
the first 600 i where the tritium charge exchange neutrals

will be implanted by multiplying the defects ion™! by 600 A

divided by the deuterium range31 for each of the three components.
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If we then assume that one half of the traps produced are
.occupied by the deuterium itself and the remaining one half
trap the implanted tritiuﬁ, we find that .15 Ci/pulse would
be retained in the protective plates. .Assuming that the
rate of defect production remains linear, 150 Ci would be
retained after 1000 pulses. This figure is included in
Table III, although if 1s probably an overestimate for the
previously stated reasons that 10% unabsorbed beam is rather
high and the number of defects produced in the first 600 K
will likely be less than assumed. Of course the higher

4 will make

activation energy of these damage produced trapsl
thermal desQrption more difficult, so that to remove this
retained tritium might require either deuterium discharge
cleaning or high power pulses in deuterium.

Blister formation due to 120 keV, 60 keV, and 40 keV D’
bombardment of Mo has Eeen investigated by Kaminsky et al.29
They find extensive blistering at room temperature, but an
absence at 300°C. The dominant result of such blistering would be
increase .reemission of thevdeuterium, although an increase

in the reemission of tritium trapped in damage sites may

occur also.
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TABL™ I.

VACUUM VESSEL COMPONENT SPECIFICATIONS

" VACUUM
?
VESSEL MATERIAL AREA (cna®) THICKNESS (cm)
COMPONENT (a) (@)
BELLOWS INCONEL 625 1.5 x 10° 0.114
PLATE SECTIONS | SS 304LN 9.5 x 10° 1.27
PROTECTIVE PLEATES | Mo 1.3 x 10° 1.27
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TABLE II.

PERMEABILITIES, DIFFUSIVITIES, AND SOLUBILITIES FOR VACUUM 7ESSEL MATERIALS

() (b)
" 3., (a) (b) 3. (c) (b)
MATERIAL 107K Q. 107D o, S, Qg
Inconel
625 (e) 19.7 14.4 7.6 11.5 2.6 2.9
3041, ss (B 6 14.3 | 4.7 12.9 | 1.3 1.4
Mo (9? 24 - 21.5 | 4.8 9.0 | 5.0 12.5
{a) UNITS cm3(STP) sec”! cm ! atm™1/2
-1 -1-1 . : -
(For tritium, to convert to Ci sec Lom 1172 multiply by 9.36 x 10 2)

UNITS Kcalmolfl

h
o
Z-

(to convert to ev atom"l multiply by 4.34 x 10-2)

(c) UNITS cm’sec *

() UNITS cm>(STP) cm > atm™1/2

3,.-1/2 2

(For tritium, to convert toCicm ~T multiply by 9.36 x 10 <)

(e) Ko and O from Ref. 20 for inconel 625

SO and QS from Ref. 21 for single crystal Ni

DO and QD calculated from Ko’. So' Qk and QS

(f) Ref. 22

(g) Ref.2, 23, 24
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TABLE III

SUMMARY OF TRITIUM PERMEATION AND WALL LOADING

(All Quantities in Curies)

Discharge Cleaning - 72 Hours - Tritium Pressure = 10—3T
Vacuum Vessel Permeation Wall Loading
Element 20°C 150°C 250°C 20°C 150°¢ 2500¢
Bellows NEG 3 195 NEG 22 43
‘Plate Sectiobns:|NEG NEG NEG 63 16 71
Protective NA NA NA NEG NEG NEG
Plates

NORMAL PULSED OPERATION - 1000

(1 =

DISCHARGES T =300 SEC

3 x104sec shown in parenthesis)

Vacuum Vessel Permeation Wall Loading
Flement 20°C 150°C 250°C 20°C 150°C 250°C
Bellows NEG NEG NEG NEG NEG NEG
Plate Sections |NEG NEG NEG 595 (59.5) 25(2.5) 5(.5)

. *| * *
Protective NA NAa NA 150(150) |150(150) !150(150)
Plates
NEG = Negligible (< 1 Ci)
NA = Not applicable

* > s
Values are upper limits.

See discussion in Section V.



-45-

FIGURE C PTIONS

Fig. 1. (7B3075) Graph of the noramlized total trépped
tritium as a function of the dimensionless guantity ot where
a 1is the rate coefficient.

Fig. 2. (783504) Graph of the normalized total quantity
of tritium released from the outside wall of the vacuum vessel
as a function of the dimensionless quantity ot where o is
the rate coefficient.

Fig. 3. (783418) Implant distribution for charge-exchange
tritium calculated in Ref. 18.

Fig. 4. (783420) Triangular approximation to the imnlant
distribution in Fig. 3 which will be used in present calculations.

Fig. 5. (783417) Time behavior of implanted tritium for
high power pulse operation and discharge cleaning.

Fig. 6. (783416) Graph of T in Eg. 41 normalized by
1/A1 as a function of the dimensionless variable mzdt . I'lots
are shown for various At/t . 7t 1is the time between pulses,
and A1 1is the duration of the pulse. a is the rate constant
and m 1is the index of summation.

Fig. 7. (783419) Graph of X in Eq. 42 normalized by
d/(spc) as a function of mc/d . The constants are defined
in Fig. 4. .

Fig. 8. (783353) Graph of the normalized total guantity
of tritium contained in avacuumvessel component as a function
of at , where a is the rate constant and t is the time
after which the source of tritium has been terminated. It is
assumed that the trapped tritiuﬁ_at t =0 is in its steady .

state distribution.
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Fig. 9. (783203) Graph of the total amount of tritium
contained in the bellows during discharge cleaning with

tritium pressure of 1072

T at three wall temperatures.

Fig. 10. (783204) Graph of the total amount of tritium
leaving the bellows outer sﬁrface during discharge cleaning
with tritium pressure of 10_3T at three wall temperatures.

Fig. 11. (783227) Graph of the total guantity of tritium
contained in the plate sections during discharge cleaning with

a tritium pressure of 107>

T at three wall temperatures.

Fig. 12. (783225) Graph of the total guantity of tritium
contained in the plate sections during discharge cleaning due
to charge exchange implanted tritium at three wall temperatures.

Fig.‘l3. (783230) Graph of the total guantity of tritium

contained in the plate sections due to charge exchange implanted

tritiwn during a normal pulsed operation at two wall temperatures

plus various outgassing modes. The time between shots is 300
second.

Fig. 14. (783228B) Graph of the the total quantity‘of
tritium contained in the plate sections due to charge exchange
implanted tritium during normal pulsed operation at 20°C plus

two outgassing modes. The time between shots is 3 x 104 sec.
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