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A diffusion analysis computer code HRF-1 was develcped and the re-
emission rate was computed for various diffusion constants. The
computed re-emission rate was fitted to the experimental data and the
effective diffusion constant was obtained neglecting the trapping and
recombination process. The effective diffusion constant in high
temperature was smaller than the diffusion constant obtained in ihe
other experiments suggesting the hydrcgen transport in stainless steel
in high temperature is recombination Timited. On the other hand, the
offective diffusion constant in low temperature was larger than the
diffusion constant extrapolated from the high temperature result,
suggesting that a tunneling effect in Tow temperature is a major
hydrogen transport process. In addition to the above analysis, the
recombination constant in high temperature was computed as a function of

the material temperature.
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1. Introduction

In nuclear fusion reactors, hydrogen isotopes such as deuterium and
tritium are implanted into the first wall and the other wall structures
cuch as diverter and limiter. Most of isotopes are diffused to the
front surface and released to plasma. Some fractions of hydrogen
isotopes implanted into material are trapped by the defects in material,
Some of the isotopes pass through the wall material into ceolant.
Hydrogern recycling process between plasma and the first wall is an
important one from the view point of the fuel recycling. In addition,
if the excess tritium pefmeates into coolant, it causes problems for
nuclear safety. Many works have been carried out con the hydrogen
isotope behavior in the first wall candidate materials. 1In the previous
report, the experimental data on the hydrogen recycling were
collected [1]. The purpose of this work is to obtain the physical
parameters such as a diffusion constant and a recombination constant
from the analysis of the previously collected experimental data on the
hydrogen isotope re-emission in stainless steel.

A diffusion analysis computer code HRF-1 (Hydrogen Recycling
Analysis Code-1 for Fusion Reactor materials) was developed by one of
the authors (K.F.) {21. It is known that the transport of hydrogen
jsotopes is diffusion limited or recombination 1imited depending on the
material temperature [3]. To clarify which is the dominant process in
austenitic stainless steel, the re- emission rate was computed. The
computed re-emission rate was fitted to the experimental data and the
effective diffusion constant was obtained neglecting the trapping and
recombination process. The effective diffusion constant was compared to
the diffusion constant obtained in the other experiments. It can be
seen that the hydrogen transport is recombination limited when the
computed effective diffusion constant is Targer than the experimentally
obtained diffusion constant and if not so, the hydrogen transport is
diffusion limited. Based on the result that the hydrogen transport is
recombination 1imited in high temperature, the recombination constant in
high temperature was computed as a function of the material temperature.

The computational method is given in Chap. 2 and the computed
results are shown in Chap. 3.
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2. Computaticnal Method

The experimental data was analyzed by the use of the diffusion
analysis computer code HRF-1. The diffusion equation is denoted as

?
ac 3 C
— = G+ D% - R+ + R,,
at BXZ T D
om _
g Ry, (2.1)
where

D : diffusion constant (cm2 s'l)

¢ : concentration of hydrogen isotope {atom cm's),
m : concentration of hydrogen isotope trapped in defects
(atom cm"3),
G : depth profile of the hydrogen isotope implantation rate
{atom cm_3 s-l),
Ry : trappint rate (atom cm“3 s-l),
Ry @ detrapping rate {atom en™ s"l).
The re-emission rate from the front surface depends on the transport
process of hydrogen isotopes. In the diffusion-limited case, the re-

emission rate is given by

. %

j= - Dax, (2.2)
where

j : re-emission rate (atom ™2 S_I),

¢y ¢ surface concentration of hydrogen isctope
{atom cm'3).

In the re~-combination Timited case

J = ch . (2.3)

K : recombination constant (cm4 s_l).

The depth profile of the hydrogen isotope implantation rate G was
computed by TRIM code [4]. The diffusion equation was solved
numerically by the Crank-Nicolson's method {51 given in Appendix.
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3. Results and discussion

3.1 Experimental Data

The experimental data analyzed were the hydrogen isctope re-
emission data in stainless steel reported in the literatures with the
index numbers REOL1 [6], REO2 {71, REO6 [8], REO7 (9], REOS [10] in the
previous report [11. The implanted ions were hydrogen in RECI, REO9Y
experiments and deuterium in REQZ, REC6, REG7 experiments. The target
temperature were 330K, 198K, 180K in REOL experiment, 77K in REQ2
experiment, 373K, 323K, 308K in REO6 experiment, 338K 368K, 308K in RED7
experiment, and 100K, 160K, 220K, 275K, 285K, 605K in REQY experiment,

3.2 Effective Diffusion Constant : D

In the computation of the effective diffusion constant, the surface
recombination process was neglected and onty the diffusion transport was
analyzed. The results are shown in Figs. 1-3 for REOLl, in Figs. 4-7 for
REO2, in Figs. 8-10 for RED6, in Figs. 11-15 for REG7, and in Figs.
16-21 for REQ9., In the figures are shown the re-emission curves for the
following four cases with the symbols from 1 to 4:

1 : experimental data,

2 : computed re-emission rate for the diffusion constant larger

than that in the case "3",

3 : computed re-emission rate which coincides with that obtained
experimentally at the time when the re-emission rate equals
half to the incident flux,

4 : computed re-emission rate for the diffusion constant smaller

than those in the case "3".
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3.3 Re-emission Rate Computed with the Experimentally
Obtained Diffusion Constant : J

1t is known that there are two type hydrogen isotope transport
mechanisms. One is the diffusion-1imited transport and the other is the
recombination-Timited transport. It is important to determine which 1is
the dominant process. In this section, the only diffusion-1imited
transport was analyzed using the diffusion constant obtained by Lauthan
et al. [111, Braun et al. ({121, and Tison et al.[13}. The results are
shown in Figs. 22-24 for REQ1, in'Figs. 25-28 for REQ2, in Figs. 29-31
for REO6, in Figs. 32-36 for REO7, and in Figs. 37-42 for REGS. As is
seen in Fig. 23 and Figs. 37-39, the computed re-emission rate in Tow
temperature becomes quite smaller than the experimental re-emission
rate. In high temperature, the computed re-emission rate beccmes Targer
than the experimental data. These results show that the re-emission is
recombination 1imited in high temperature and diffusion Timited in low

temperature.

3.4 Recombination Constant : K

The recombination constant was computed in the high temperature
recombination-limited case. The diffusion constants used are those
obtained experimentally by Lauthan et al.{1l], Braun et al.f12], and
Tison et al.[13]. The recombination constant was obtained by fitting
the computed results to the experimental data. The results &re shown in
Figs. 43-51 for REO6 and Figs. 52-66 for REQ7.

3.5 Temperature Dependence of the Effective Diffusion

Constant and Recombination Constant

In Fig. 67, the temperature dependence of the effective diffusion
constant is shown. The adopted dada are those denoted as the symbal "3"
in Sec. 3.2. The computed resuits were fitted to the Arrenius eguation

E
D= Doexp(~4§f), (3.1)
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where
E : activation energy {kcal mo1_1),
R : gas constant (1.987><1O"3 kcal moi ~ K).
In Fig. 67, the slope, which indicates the activation energy in low

1

temperature, is smaller than that in the high temperature case. In high
temperature, D0=2.TX1O'6 em? 571 and E=4.1 keal m01'1, while
DO=4.4x10’13 en? 571 and E=0.16 kcal moi™l. The reduction of the
activation energy in low temperature is probably due tc the turneling
effect. That is, the hydrogen isctope penetrates the lattice petential
barrier instead of the thermal activation over the potential barrier.

In Figs. 68-70, the temperature dependence of the recombination
constnat 1s shown computed using the diffusion constant obtained by
Lauthan et al., Braun et al., and Tison dt al., respectively. In Fig.
71 are shown all of the data. The temperature dependence was fitted to
the equation

K

-0 £ o
K = T 1/2 exp(' RT ) (3.2)

which was derived from the reaction kinetics. The least square fit
shows K_=4.4x10"3, 6.5:1071%, 2.5x1071 (et 571 k1/2) and E-8.4, 7.3,
10.1 (kcal mo1'1) for the diffusicn constants cbtained experimentally by
lauthan et al., Braun et al., and Tison et al., respectively. The
fitting of the all data to (3.2) yields KO=5.1x10'14 (en® 7 k2
_ -1

E=7.9 kcal mol ~.

and
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4, Concluding Remarks

In the present analysis, the effective diffusion constant and the
recombination constant have been computed from the experimentally
obtained re-emission data of hydrogen isotopes in stainless steel. The
temperature dependence of the obtained parameters has been investigated.
The effective diffusion constant has the smaller activation energy is
Tow temperature compared to that in high temperature. It suggests that
hydrogen isotopes in stainless steel diffuse through the tunneling
effect in Tow temperature, In high temperature, the computed
re-emission constant was obtained using the experimentally obtaired

diffusion constant.
In this analysis, the trapping effect was neglected to reduce the

number of parameters. The trapping effect would be necessary to be

considered for more precise analysis.
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Appendix

In this appendix, the Crank-Nicloson's method[5] used to solve the
diffusion equation is described. The diffusion equation is denoted in

the form
8¢ _
5t - F(Csm)s
om _
maﬁ{_ G(C,m). (A'l)

Here, ¢ is the concentration of hydrogen isotope and m is that of
trapped hydrogen isotopes. By the replacement of the differential
operator in x coordinate in terms of the finite-difference, the
following ordinary differential equation is obtained

dc, o

- = fi(csm):

dt

dm, .

—— = g.{c.m), (A.2)

dt '
where Cs and m. are the quantities at i-th node and index i runs over
the integers from 1 to N. The vectors € and m mean E=(c1, Cps == cN)
and.m=(m1, Mys ===, mN), respectively.

In the Crank-Nicolson's computational sheme, the following time

difference is used

n+l n
dt At .
dm. m?+1 -l
i i
dt At s
1 -n =N -n+l  -n+1,|
fi — 5 {}T(C , M)+ fi(c , m ),
1 7 . - -n+ -n+
91' - A gi(cn: mﬂ} + g-i(cn 1: mn 1)} . (f-‘\_3)

Then, the following difference equations are obtained

C?+1 - c? 1 [ (=n =n _ntl -ntly
—L = =5 ifi(c DR A G
ntl  n .
S el S G R RCUL Al (A-4)

The above non-linear algebraic eguation is solved by the Newton-
Raphson's method.
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The transient c and m increase with the various time constants.

The variable time increments are taken according to the variation of ¢

and m.
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