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The global recombination rate coefficient for hydrogen has bzen mezasured for the 1SX-B tokamak vaccum vessel for vanous
surface conditions. The measurements were perfortned by observing the rate of Gecrease of gas pressure in the vessel during 2
glow discharge. The parameters of the glow discharge and the complete experimental method are described. Previously
published apalytic and numencal models are used for data analvsis. The effects of surface contamination on the results are
described. For “unclean” wall conditions ok, =1.8x10"% cm*/atom-s a1 296 K and increases 10 ok, = 4.4x10°%#
cm*/atoms-s for “clean” condition: and semains constant unti} subsequent exposure 10 air,

1. Introduction

The hvdrogen isotopes deuterium and 1intium are
used as fue] for magneucally confined reaciors. lm-
portant areas of concern in dealing with the inieraction
of hvdrogen with the reactor wall and ip-vessel compo-
nengs[c.g., limjleis)in fueling. recvcling. and hvdrogen
inveniory in the solid maierials. The retention of hydro-
pen in the walls is mainly effecied by its surface recom-
bination rate at the wall and diffusion in the solid bulk
of the wall. As has been shown previously [1.2] the
effecuve parameier is ok, /D where o is the surface
roughi:ss factor. k, is the surface recombination rate
and D is the bulk diffusion coefficient.

Laboratory measurements bave been made of ok,
and D. The results for ok, for sitainless steel are found
to vary by up to four orders of magnitude at any
particular temperature [3] depending on. with decreas-
ing uncertainty, surface conditon, specific type of
maternial, and technigue of measurement used. Reported
values of k, are in actuality ok . Experimental measure-
ments of g have shown increases above the peometrical
area of up to a factor of 20 depending on surface
conditoning. e.g., mechanical polishing and electro-
polishing. The sesults for D for stainiess steel have been
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measured but have ar uncertainty of perhaps 2 facior of
2 [4]. Uncenainues quoted by individual expenmenters
are much less. usually of the order = 20%. Since many
of the mezsurements are sensitive 1o surface effects 1t is
not 100 surpnising that significant difierences are ob-
served 1n the measured diffusion coefficient.

" A prewious paper [2] details both 2 simple analviic
approach and a numerical model or obtaining results of
ok,/D from the experimental measurements. In adds-
tion it bists values for all pertinent phvsical parameters
of the experimenial system. The present experimental
meihod allows determination of the global recombina-
tion coefficient for the vacuum vessel actually used for
plasma studies and does not 1ely on laboratory simula-
tors [1,5). The remainder of this paper descmibes the
experimential method, presents the experunenial results,
details the numernical modeliing resuhis for one set of
experimental data and finally discusses the implications

of the results.

2. Experimental method

The object is to measure the time evolution of the H,
nummber density in the vacuum vessel duning a glow
discharge and correlate this with ok /D, and is accom-
plished by measunng the time evolution of the pressure.
The experimental method is 10 pump the vacuum charmn-
ber 1o its Jowest ultimate pressure, usually 2 X__l_‘07. Torr,
then close off all diagnostic ports and pumping ports so
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that there is no pumping. The wall outgassing rate is
then determined by measuring the pressure rise as a
function of time; typical outgassing rates are 5 x 10~1°
Torr/cn?’ s. During some of these studies an RGA was
used to determine the time evolution of the desorbed
gas composition; the major components were: mass 2,
= 80%; mass 18, = 18%; mass 28, = 1%; and mass 15
and 44, = 0.2%. Following this measurement H, gas is
admitted to a pressure of about 25 mTorr and a glow
discharge struck by applying a DC voltage between the
‘torus wall ané a rectangular stainless steel electrode
with surface arca of 0.055 m? inserted vertically into the
central volume of the torus, shown schematicaily in fig.
1. Current versus voltage scans were made to determine
the type of glow discharge, see fig. 2. As suspected the
glow obtained was an “abnormal” glow discharge [6).
The gas is only ionized to a few percent and the
discharge current is sustained by ions accelerated across
the dark space hitting the wall with the concomidant
emission of secondary electrons which are in turn accel-
erated from the all across the dark space and into the
glow region.

Usually the glow discharge was started with ap-
proximately 25 mTorr of H, in the vessel. At this
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Fig. 1. Schematic of experimental set-up.
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Fig. 2. Plot of ;Iollagc versus current for glow discharge in the
ISX-B tokamak vacuum vessel.

pressure and down to about 15 mTosr the glow was
visually observed to be uniform and steady; below 15
mTorr the glow became somewhat unsteady and usually
the glow discharge was purposely terminated above this
pressure. At an applied voltage of 550 V the current was
steady and constant down 1o about 2 mTorr; below 2
mTorr the glow discharge became tenuous and ex-
tinguished at about 0.5 mTorr. At 550 V a pressure of at
least 15 mTorr was required to initiate a glow discharge.

During many of the discharges the background gas
composition was monitored using a residual gas analyzer
(RGA) with a highly attenuated flow. For “clean” con-
ditions only small changes were observed in the major
impuritia@féﬂ., H,0 and CQ, while for “unclean”
conditions large fractions of CH, were observed to be
formed. Since the formation of CH, depletes the num-
ber of H, molecules in the vacuum vessel the pressure
would be expected to decrease. This is discussed in
detail in the next section.

3. Results

Fig. 3 presents the data for a typical “clean” vacuum
vessel. The definition of clean used here is two fold, i.e.,
(1) the tokamak had been low power discharged cleaned
[7) for at least five days at eight hours per day following
a previous opening 10 air and (2) the ‘mpurity levels, as
measured by the attenuated flow RGA, remained insig-
nificant during the initiation and steady state portions

of the glow discharge.
The initial rate of pressure decrease, AP/Az. can be
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correlated divectly with the incident flux since at initia-
tion of the glow discharge and for a short time after-
ward, depending on th: implantation depth and diffu-
sion coefficient, there is no outgoing flux due to recom-
bination, only that due to reflection. The relation be-
tween AP/Ar and the flux is given by

Var 1
FE=N—
L4 LA A’ 1-(RH°+RH‘)’

where Njis Loschmidt’s number, ¥ the chamber volume
‘and A the wall area exposed to the glow discharge. R,,.
and RD" are the effective reflection coefficients for H3
incident on the surface with the emissicn of H® and H"
respectively. Since the energy of the reflected particles is
always lower than the energy of the incident HY and
H™ particles the reflected H* particles return to the wall
whereas the H® particles can move freely across the
cathode drop. For energies less than 1 keV, which is the
case here, Ry+/Ry. <1 and we need only be con-

- cerned with the fate of the reflifected H® particles. It

appears probable that the reflected HE particles collide
mainly with the background gas particles, H,, and slow
down until they adsorb on the wall [8). If this is true
then the effective Ry. is much smaller than the mea-
sured and calculated reflections coefficients. For the
energy range of incident particles used in this experi-
ment, i.c. up ‘o about 500 ¢V, only calcrlated reflection
coefficients are avzilable. Data from Oen and Robinson
{9] indicate that R is siowly decreasing with increasing
energy and a value between 0.2 and 0.5 is appropriate
for the actual reflection coefficient, while a value of
< 0.1 is more probably appropriate for the effective
reflection coefficient.

As a consistency check the flux determined by the
initial pressure drop was compared with that de-
termined by the discharge current. In order to directly
compare the two, assumptions must be made concern-
ing the average charge per particle, f, of the particles
hitting the wall, and the secondary electron coefficient,
v, for incident Hy and H™ on hydrogen covered stain-
less steel surfaces. The flux as determined from the
discharge current is given by

1
F=2p i @)
where / is the current. Previous measurements of the ion
energy distributions for hydrogen glow discharges have
shown that H3 is the dominant jon at =~ 85% while H*
was found at a level of = 15% therefore an appropriate
value for fis 1.85 [10). Adsorbed layers have been found
to significantly influence yp monolavers of gas atoms
have been found to sometimes increase and sometimes
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decrease the yield at low ion energy. Most reproducible
measurements of vy have been made for clean (flash
heated) surfaces or “gas-covered” (probably oxygen and
nitrogen) surfaces. Previous results for incident hydro-
gen found that y was independent of the substrate for
“gas-covered” surfaces of Cu [11), Ag [12), Au [11] and
stainless steel [13]. In addition Ray and Barnett found
that y(H™, E)~ y(H®; E) for E> 100 ¢V [11]. Values
of v for H and H* on a H, gas-covered stainless steel
surface are difficult to predict, but indications are the y
may be fairly low, i.e. less than 0.05, because of the low
clectron density in the adsorbed hydrogen layer [14).
Eqgs. (1) and (2) contain both measured and esti-
mated quantities, i.e., /, R(Rye + Ry+) and y. In order
10 quantize these estimated quantities we pote that
F, = F, and using egs. (1) and (2) defined a quantity

AP e
B= MY (3a)

which contains only constants and d.u-ectly measured

quanuucs Also

p=1=R; (3v)

1+y

_ where both R and y can only be estimated with rather .

large uncertainties and would be expected to be depen-
dent on surface conditions. As noted previously f can be
estimated with a rather small uncertainty and would be
expected 10 be independent of surface conditions. Ex-
perimentally it is observed that 8, as determined by eq.
(3a), varies from 0.5 for uncleaned surfaces to about 1.8
for cleaned surfaces. This implies that for clean condi-
tons (1~ R)/(1+ v) is almost unity and both R and
are small and the incident flux can be determined
uniquely using either eq. (1) or (2), while for unclean
conditions (1 — R)/(1 + v) is about 0.3 and cither R or
v or both increase significantly and no unique flux can
be obtained directly, only estimated.

As the glow discharge progresses in time the pressure
decreases because some oi the implanted particles dif-
fuse away from the surface and into the bulk. The
remainder of the particles diffuse to the surface and
recombine to form H, and desorb to the gas phase. This
decrease is easily seen in fig. 3 untii the discharge is
terminated at 40 min at which time the pressure rises
because the incident flux has been reduced to zero while
the previously implanted hydrogen continues to diffuse
both into the bulk and to the surface where it recom-

— bines and desorbs. Aa analytic model 2] has been

presented which describes the discharge-on portion of
the pressure vs. time curve 10 within about 5% when

__ compared with a complete numerical treatment which
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Fxg 3 Typical plot of pressurs versus time response curve for a
clean vacuum vessel. Open circles az2 experimental points;
solid curve is oblainedby using numerical model using ok, /D
=1.9x107® cm? as determined from analytic approach.

includes implantation, diffusion, and recombination {2].
The results of the analytic model predict that

s a(Toy A7V 1/K 4y e, ©)

wherc k is the measured s]opc of the pressures. the
square root of time, e.g. see fig. 4. We estimate the
uncertainty in the wall area exposed to the glow dis-
charge to be less than +10%, in the chamber volume to
be +5%,in the slope (X) to be +5% and in the
deposited flux to be +10% for “clear” conditions.
These combined uncertainties result in an uncertainty in
ok, /D of +25% for “clean” conditions and +40% for
“unclean” conditions. An analytic formulation h2s not
been found to adequately model the recovery (dis-
charge-off) phenomena but the numerical treatment does
provide reasonable agreement, +10%, witt: the experi-
mental results. Further analysis of this recovery phe-

—— ™ nomena is unders study.

For an “unclean” vacuum vessel, the initial phass of
_ the pressure versus time response does not behave the

9
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Fig. 4. Plot of the change in pressure versus square root of time.
Open circles are experimental points of fig. 3 and solid line is
best fit to linear portion. The value of ok, /D is determined
from the analytic approach.

_same as for a “clean” vacuum vessel. An example of

results for such a condition is shown in fig. 5. An RGA
with an attenuated flow ratc was used to measure the
impurities as a function of time. On initiation of tne
glow discharge masses 16 and 28 were observed 1c
increase significantly while other masses increased only
slightly Almost all of the: mass 16 signal iz due 10 CH,,
as determ.aed by comparing the magnitudes of the mass
12, 14, 15 signals to the mass 16 signal and the mass 28
signal is almost all due to CG as determined by compar-
ing the mass 28 to the mass 14 and 12 signals. This rise
in CH, partial pressure consponds both in time and
magnitude to the initial drop in pressure, see fig. 5. The
plateau level in the pressure versus time curve following
the increase in both the CH, and CO concentration is
probably iudicative of the complete consumption of all
sxposed physisorbed carbon and oxygea followed by
migration ¢ these impurities to parts of the vacuum
vessel inaccessible to the glow discharge and their sub-
sequent adsorption.

Fig. 3 shows one set of experimental resuits for a
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Fig. 5. Plot of initial pressure for an *“ uncleaa™ vacuum system
and of residual pas analyzer signal for masses 16, 18, and 28
versus time.

“clean” vessel where the starting pressure was 26 mTorr..

The discharge was on for 40 min and then turned off.
The change in pressure versus the square root of time is
shown in fig. 4. The analytic approach [2}, which applies

only to the “discharge-on” condition, yields & value of .

ok,/D of 1.9%10™% cm? which when used in the
numerical model provides the solid line in fig. 3. The
calculated pressure response is lower than the experi-
men‘ally measured values indicating that a slightly
higher ok /D is appropriate. The results using 0k, /D ==
2.0 X 1071 cp1® are shown in fig. 6 where the agrezment
is quite good for the “discharge-on” condition. The
analytic approach is found to consistently undsrest:-
mate ok,/D by about 5% when compered with the
numerical approach. This difference is almost insignifi-
cant considering the uncertainties in 0 and D are rela-
tively large.

The pressure-time response when the glow Jischarge
is ternunated is dependent on the amount aud distri-
bution of hydrogen in the wall, D, and ¢k,. Experimen-

_ tally it is observed that the pressure change is linear
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Fig. 6. Plot of pressure versus time for data of fig. 3. Solid line

is the results of the numericsl model vsing ok, /D = 2.0x 10~
2

cm*.

with 7}/2 after a short, <1 min., delay.

Experiments were performed over a time period ex-
ceedingl2 months and resulted in measurements of
ok /D for surface conditions which varie; from air
cxposed to extensive combined discharge cleaning and
tokamak discharges. Titanium gertering is occasionrily
performed in ISX-B -vith the application of a few mono-
layers of titanium 10 approximately 70% of the wall area
[15]. For all mmeasurements reported here the titanium
{film was fully saturzted and is thought to influence the
results in only a minor w2y. Afier ~ prolonged exposure
10 air o/:,/D =~ 0.9 X 10~€ cm? and increased to 2.2 X
107 cm® as the walls were cleaned. These results are
shown on an Arrhenius plot in fig. 7 assuming d = 2.0 X
10~ ¢m?/s. The size of the symbtol represents the
scatter in the data and the uncertainties £~> shown by
the bars. Also shown are results of laboratory experi-
wents and theoretical calculations. For laboratery mea-
surements higher values of ok, were obtrined with
sputter-cleaned surfarss w~hiie oxide-covered surfaces
are gen~rally represented by the lower values of ok,.

-~
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Fig. 7. Arthenius plot of ok, for both laboratory experiments
and theory. Here D is taken as 2.0% 10712 cm?/s for the
present experimental data. See text for explanation of data
points and uncertainty linuts. References for data are:
Waelbroeck [16), Braun [17], Ali-Kban [81], Myers {19), Kerst
[20], Wilson [21, Wienhold [22), and Baskes [23]). Baskes theo-

retical approach uses the molecular sticking coefficient, a, as an .

input variable; results are shown for twé values.

These results indicate that the ISX vacuum chamber
has, for “clean” conditions, a stable surface oxide layer
as opposed to an oxide-free sputter-cleaned surface.

Although D, was not used extensively as the working .

gas, initial results for ok,/D were the same for both
gases even though the measured discharge current using
D, was approximately 20% less at the same applied
vohage

4. Couciusions
The major conclusions are:

(1) Surface chemistry effects can significantly affect the
results for “unclean” walls.

(2) The facror B varies significantly with surface cleanli- .

ness; from 0.5 for an air exposed surface to about
1.8 for a clean surface.

r e

;/ 7

{3) For the clean 1SX-B vacuum vesse] at room temper-
ature ok, /D = 2.2 X 10~ cm®.

(4) After an air exposure ok, /D increases with increas-
ing cleaniiness to 2.2 X 10~ cm?, thereafter it re-
mains constant with discharge cleaning and increas-
ing number of tokamak discharges.
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