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Abstract

Kinetics and mechanisms were studied for the thermal release of hydrogen iso-
topes implanted into pyrolytic graphite. The kinetic measurements were carried out
with mass analyzed thermal desorption spectroscopy. The desorption spectra consisted
of three peaks, I, I, and III. The peak I obeyed the second order kinetics regarding
the amount of trapped hydrogen isotope atoms. The recombination factors were eval-
uated and compared with those by other investigators. The recombination factors

averaged over the sub-surface layer were determined as

ke(Hz) =(13.0x1071%)exp( —44. 0x103/RT)[cm*/sec-molec)
k(D) =(7.18x10"'?)exp( —44. 0x10%/RT)
ke(T3)=(5.26x10"19)exp(—44.0x103/RT)

The pseudo surface recombination factors were also determined as
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kK 2(H,) =(4.68x1073)exp( —44.0%x10%/RT) [ cm?/sec-molec)
ksK2(Dy)=(2.58x10"%)exp( —44. 0x10%/RT)
keK2(T,)=(1.89x10"3)exp( —44. 0x10%/RT)

It was concluded that the rate determining step for desorption forming the peak I was
the surface recombination reaction of hydrogen isotope atoms trapped on the normal

graphite lattice of the basal plane.
1 Introduction

Great attention has been paid to low-Z materials from the viewpoint of the appli-
cation of these materials to the first wall for controlled thermonuclear fusion devices.
Among those, graphite and/or carbon is considered to be the primary candidate
materials? because of its low-Z, refractory nature, and ease in fabrication. However,
there is a lack of systematic understanding of the wall processes such as wall bom-
bardment, trapping and release by/of the particles escaping from the plasma!’ . From
this viewpoint, we have studied trapping states and thermal release of hydrogen
isotopes implanted into pyrolytic graphite by means of XPS-SIMS, mass analyzed
thermal desorption spectroscopy, and Raman spectroscopy?-!V. We have found that
hydrogen isotopes are trapped in the graphite, at least, in two distinct states® and
they are desorbed from the graphite in three different kinetics, making three desorp-
tion peaks in the thermal desorption spectra*? . In addition, there is a considerable
kinetic isotope effect in the desorption processes?'19 .

In this paper, we will describe the mechanisms of desorption of hydrogen isotopes

forming the peak I and the recombination factors of three hydrogen isotopes.
2 Experimental

The sample used was a pyrolytic graphite (PG-A) purchased from Nihon Carbon
Co. The sample size was 0.3 X 10 X 20mm. It was attached by screws to a sample
holder made of stainless steel. The sample temperature was measured with a Pt/Pt-
Rh(13%) thermocouple spot-welded to the Ta-sheet attached to the sample.

Hydrogen and deuterium gas were purchased from Showa Denko Co., being
guaranteed as 99.999%(H,) and 99.9824(D,). Tritium gas in a glass ampoule (5 Ci) was
purchased from New England Nuclear Co. According to mass spectroscopic analysis,
the tritium gas contained such impurities as HT(=30%), CH;T(<0.01%), HDO(<
0.02%), HTO(<0.01%) and DTO(<0.05%). These gases were used without further
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purification.

An UHV system installed with XPS-SIMS optics was used for implantation and
subsequent thermal desorption measurements for the non-radioactive isotopes. Another
UHV apparatus was used for tritium implantation and desorption measurements.

After the implantation of hydrogen isotope lons, using conventional ion gun, into
the sample at room temperature, the sample was heated to 950°C to observe the
thermal desorption spectra of Hz, Dy or T,. The details of the apparatuses and pro-

cedures have been described elsewhere?:3:7,
3 Results

The thermal desorption spectra of hydrogen isotopes observed after the implan-
tation gradually changed with repeating implantation-desorption cycles, coming steady
and reproducible after the total implantation fluence exceeded 1 X10!®ions/cm?2. This
is a result of the modification of graphite surface due to accumulation of radiation
damage” . The thermal desorption spectra for D, from the modified graphite surface

are shown in Fig. 1. Those spectra were observed for the graphite implanted with the
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Fig. 1. Mass analyzed thermal desorption spectra of D, observed after deuterium ion
implantation into graphite at room temperature.

deuterium ions of 6. 7~20x107ions/cm? with a temperature ramp of 5C/min at

about 770°C. Three desorption peaks appeared in each of the spectra, being denoted
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as I, II, and III as seen in the figure. The first peak appeared about 700°C moved to
the lower temperature side with increasing amount of the implantation. Namely, the
increase in the ion fluence gave rise to the increase in the desorption amount and the
peak shift toward the lower temperature side. Similar desorption spectra and peak shift
were ohserved for the desorption of H,” and T,'?. It was also observed that the
peak temperature was a function of the temperature ramp.

On analogy of the “n”th order reaction in the conventional thermal desorption spec-
troscopy, the peak temperature, Tp, is considered to depend on the activation energy,
E4 frequency factor, vy, temperature ramp, 4, and the concentration of hydrogen or
its isotopes In the graphite, ¢, as!?

(Ea/RTp?) =(nvqo™'/B)exp(—Eds/ RT»)
or rearranging as
In(T»?/B) =(E/RTs) +1n(Es/nRva) —(n—1)In( o) (2)

Eq. (2) indicates that the plot of In(Tp2/8) against (1/T) gives a straight line when
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Fig. 2. (a) Plots of In(Tp2/8) vs (1/T) for the desorption peak I for H, and D, observed
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with the XPS-SIMS system.

(b) Plots of In(Tp?/8) vs (1/T) for the desorption peak I for D, and T, observed
with the UHV system designed for tritium experiments.
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the hydrogen concentration, ¢, is kept constant in the experimental runs. Figure 2
shows examples of the plots for H;, D, and T,. A straight line was observed for
each of the isotope, indicating that the above assumption is valid. From the slopes of
these étraight lines, the activation energies for desorption were evaluated as 44 kcal
/mol for three isotopes : there was no isotope effect on the activation energy.

Another rearrangement of Eq. (1) gives
In( BE4/RT»?) +(Es/RTs) =In(nva) +(n—1)In( o) (3)

If E, is known, the plots of “In{ BE4/RTe?) +(E4/RTp)” vs In( o) are possible, result-
ing in a straigkt line. The slope of it gives the reaction order. It has been determined
as n=27.

By use of this vaule, the frequency factor, vy, was determined from the inter-
sect of the straight lines in Fig. 2 with the ordinate, because Tp and ¢ were measured
directly from the desorption spectra, Eq4 and n were evaluated as the above, and g
was a given parameter for the desorption spectra measurements. Following the pro-

cedures as the above, we obtained the rate constants for the peak I of H,, D, and

T, as
kon( Hz) =(6.0%x10-7)exp( —44. 0x 103/RT)[1/sec-molec) (4)
kob(D2) =(3. 0x10"7)exp( —44.0x 10°/RT) (5)
Kob(T2) =(2. 0X 10~7) exp( —44. 0X 103 /RT) (6)

4 Discussion

4-1 Desorption Mechanisms
The second order kinetics is considered to be a result of the rate determining
step for the desorption being the surface rocombination reaction of trapped hydrogen

isotope atoms, which is indicated as “S-H“ below in the case of hydrogen

2 S-H—A—2 S + Hz(g) (7)

—(1/2)d(Cs}/dt = d(H,)/dt = N(t) = kCs? (8)
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Then, the desorption rate, N(t), is described by Eq. (8), where ks and C, are the
surface recombination factor and concentration of hydrogen atoms on the surface, res-
pectively. Similar equation is valid for D, and/or T,. In this case, it is considered that
the diffusion rate of hydrogen atoms is fast in comparison with the rate of recombi-
nation reaction. Namely, an equilibrium is considerd to be established between the
surface and sub-surface layer where hydrogen isotopes are implanted. This process is
described by Eq. (9). Then, the surface concentration of hydrogen is expressed by Eq.
(10), where K is the equilibrium constant, and Ns and N, are the densities of the
trapping sites on the surface and in the sub-surface layer, respectively : Cy is the con-

centration of hydrogen atoms trapped in the sub-surface layer.

B-H + S B + S-H (9)
Cb (Ns_cs) (Nb_cb) Cs

Cs = KNCo/(Ny — C», — KCy) (10)

By integrating thermal desorption spectrum, we can measure the amount of de-
sorption : that is, the amount of trapped hydrogen atoms. The amount of trapped
hydrogen responsible for making the peak I, ng, is expressed by Eq. (11), where A
and V are the surface area and volume of the sub-surface layer, respectively, in which
hydrogen isotopes are implanted. Therefore, the surface concentration is written as
Eq. (12).

nr = CSA -+ CbV (11)

Cs = KNs(nr — GsA)/[VNp, — (1-K)(nr — C:A)) (12

In the case of the present study, the hydrogen isotope ions were implanted into
the graphite with 5 keV. In this case, the range is considered to be about 6X10-8cm.
Namely, the majority of the implanted hydrogen isotopes are trapped in the sub-
surface layer within the thickness of 6x10-%cm. It means that the surface concentra-
tion is expressed by Eq. (13), because the relation nr > C¢A is valid in this case. In
addition, if VN, > (1—K)nr, the relation is further simplified as Eq. (14). Then, the
desorption rate is described by Eq. (15).
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Cs = KNsn1/( VN, — (1-K)ng) (13

= (KNs/VNp)nr 19
N(t) = kus(Ns/VNb) znT2 (15)
N( t) ob — k()bn'r2 (16)

This is exactly the same formula as the observed one, Eq. (15). Therefore, we con-
clude that the rate determining step for the desorption forming peak I is the surface

recombination reaction of trapped hydrogen isotope atoms.

4-2 Recombination Factors

Comparing Eqs. (15) and (16), we obtain the following relation as
kob = kus(Ns/Nb) Z(A/VZ) (17

The recombination factor has been conventionally defined as!'®

N(t) = kC? 19)
N(t) : desorption rate [molec/cm?-sec]

C : hydrogen concentration in the sub-surface layer [atoms/cm?]

Ky . recombination factor [cm*/sec-molec]

where the surface roughness factor is assumed to be unity. It is mentioned here that
the recombination factor thus defined is averaged over the sub-surface layer where

hydrogen ions are implanted. Comparing this equation with Eq. (15), we obtain
kr = ksK?(Ns/Nb)? 19
Substitution of this equation into Eq. (17) leads to
kr = kon( VZ/A) 20

Namely, the recombination factor is (VZ/A) times of the observed rate costant. In
the present study, the beam of the implanting ions was 3mm in diameter : hence,
the implanting area was A = 0. 071 cm?. The thickness of the sub-surface layer where
hydrogen isctope ions were implanted is evaluated as 5.8x107% cm from the inter-
polation of Wampler's data'® for D,* ions of 5 keV. In addition, the ratio of the range
among three hydrogen isotopes is evaluated as Ry : Rp : Rt =1 1 1.05 : 1.10 from Schigtt
approximation!®. Then, the volume of the sub-surface layer are V(H) = 39.2Xx10"8,
V(D) = 41.2x1078 and V(T) = 43.2x10"8cm?. By use of these values (A and V),
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and Eqs. (4), (6), (6) and (20), the recombination factors averaged over the sub-surface

layer of the modified graphite for three hydrogen isotopes are determined as
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Fig. 3. Comparison of recombination factor, k,, for graphite with that for stainless steel.
% The data for stainiess steel are taken from ref. [14]

ke(Hz) = (13.0x107 ') exp( —44. 0x103/RT)(cm*/sec- molec) @)
ke(Dj2) = (7.18xX10-1%)exp( —44. 0x103/RT) )
ke(T2) = (5.26x10-1°)exp( —44. 0x 103/RT) )

The recombination factors evaluated above are plotted in Fig. 3, where those for
stainless steel are quoted from Langley!'3’ for the sake of comparison. It is seen in
the figure that the recombination factors for the graphite are about five order of
magnitude smaller than those for the stainless steel even at 1000C.

The surface recombination rate of tritium estimated from the above factor is only
1x10'* molec/sec-cm?at 500°C even at saturation concentration (c. a. 7x 1022 atoms
/cm3) in graphite. The des.orption rates of hydrogen isotopes forming the peak II and
IIT should be far smaller than the above value. This indicates that the thermal release
plays only a minor role for tritium recycling in the graphite first wall, especially at low
temperature region : other mechanisms such as ion induced desorption will predominate

48



Desorption mechanism and recombination factors of H, D, T from PG-A

in the recycling of tritium in the graphite first wall.
The surface recombination factor, ks, can not be evaluated from the observed
rate constants, because the equilibrium constant, K, is unknown. We define here the

pseudo surface recombination factor, ksK2. From Eq. (17), this is described as

ksKZ = (Nb/Ns) z ( V2 /A)kob
= (Nu/Ns)?2(V2/A) vq exp( —E4/RT) @)

In this equation, the volume (V) and area (A) have been evaluated as the above. The
trapping site densities, Ng and Ny, are calculated as follows. The atomic densities of
carbon in graphite are 2.2x10'%/cm? on the surface and 1.1x1023/cm3® in the bulk.
The saturation concentration of hydrogen atoms in graphite has been determined as
(H}/(C) = 0.5'%181D Thus, the trapping site densities are Ny = 1.1X10'® /cm? and
Np = 6.6x1022/cm?®. By use of these values, the pseudo surface recombination fac-

tors are evaluated as

keK2(H,) = (4.68%107%)exp( —44. 0X103/RT)(cm? /sec-molec] @9
keK2(D,) = (2.58%107%)exp( —44.0%x103/RT) (26)
keK2(T,) = (1.89x10"%)exp( —44. 0x103/RT) @7
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Fig. 4. Comparison of the pseudo surface recombination factor, ksK2, evaluated from the

present data with the surface recombination factor, ks, for graphite.
% The data for ks are taken from ref. [18]
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In Fig. 4, they are compared with the surface recombination factors, ke, measured for

a pyrolytic graphite by Balooch and Olander!® as

ks(Hg, basal plane) = (2.6x10"*)exp(—37.0%x103/RT) (cm?2/sec-moloc)
ks(Hg, prism plane) = (2.1x10-2)exp( —31. 8 x103/RT)

The present results for H, are fairly near to Balooch's data on the basal plane, whereas
they deviate considerably from those on prism plane. This is plausible from the point
of view that the peak I has been attributed to the desorption of hydrogen isotope
atoms trapped on the normal graphite lattice of basal plane®7?. The small deviation
between the present results and Balooch’s ones for the basal plane is considered to
be due to that the former contains the equilibrium constant, K.

The surface recombination factor and equilibrium constant are functions of temper-

ature as
ks = vsexp( —Es/RT) @8

K = exp(4S/R)exp( —4H/RT) 29

where Es and v are the activation energy and frequency factor for the surface
recombination reaction, respectively. 4H is the difference between the trapping energy
(enthalpy) on the surface and that in the sub-surface layer, and A4S the difference
between the entropy of the trapped state of hydrogen atoms on the surface and that in
the subsurface layer. Then, the temperature dependence of the pseudo surface re-

combination factor is described as
ksK? = vs exp(24S/R)exp( —(Es + 24H) /RT) 80

Therefore, the activation energy and frequency factor in the pseudo surface recombi-
nation factor differ from those in the true surface recombination factor. From the
difference in the frequency factors between the present results and Balooch's ones
(basal plane), it is seen that 4S > 0, as expected : that is, the entropy of the trapped

state on the surface is greater than that in the sub-surface layer.
5 Conclusions

In the present paper, we have analyzed the desorption of hydrogen isotopes
forming the peak I in the desorption spectra for graphite. It is concluded that the

rate determining step for the desorption is not the diffusion process, but the second
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order surface recombination reaction.

The recombination factor of hydrogen isotopes averaged over the sub-surface layer
where hydrogen ions are implanted are evaluated and compared with those for stain-
less steel. The results indicate that the recombination factor of hydrogen isotopes
forming the peak I for the modified graphite are far smaller than those on stainless
steel. The desorption rates of hydrogen isotopes making the peak II and III are much
smaller than that of the peak I. An estimation suggests that the thermal release is
not important on the recycling of tritium in graphite first wall especially at low

temperature region.

The pseudo surface recombination factors of hydrogen isotopes are evaluated and
compared with the surface recombination factors measured for graphite by other
investigators. The comparison confirms the previous conclusion that the peak 1 appear-
ing the desorption spectra is caused by the hydrogen isotope atoms trapped on the

normal graphite lattice in the basal plane.
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