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Abstract

To know the effec.t of metallic impurities deposited over the graphite first wall of
thermonuclear fusion devices on the trapping-detrapping processes of fuel particles,
the desorption processes of hydrogen isotopes implanted into the graphite doped with
iron (3at. %) was studied using XPS and TDS. Hydrogen isotope ions were implanted
into a sample at room temperature with 5 keV using a conventional ion gun. An
impurity modification phenomenon was found for the thermal desorption process.
Namely, a new desorption peak (denoted as [Fe/C]-peak) appeared for the graphite

doped with iron. The desorption mechanism for [Fe/C]-peak was explained by the
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second order surface recombination of trapped hydrogen atoms. The rate constants

were determined as

k(H,) = (7X10*) exp(—59% 10°/RT)
k(D;) = (4X10"*) exp(—59%10*/RT)
k (Tz) =W (Tz) exXp (_59 X 103/RT)

where the frequency factor and activation energy are [1/molec « sec] and [cal/mol]

unit, respectively. The recombination factor for hydrogen isotopes were estimated as

k. (H,) = (1.5X10"*%) exp(—59 % 10*/RT) [cm*/molec - sec]
k. (D,) = (9.6 xX107*®) exp(—59%10%/RT)
k. (Tz) = U (Tz) X (2.6x10712) exp(-—59 X IOS/RT)

It was concluded that the impurity modification on the trapping-detrapping process is
due to the increase in electronic charge on carbon caused by the presence of iron

dopant.
1 Introduction

The recycling, inventory and permeation of fuel particles in/through the first wall
are important problems to confine high temperature plasma in thermonuclear fusion
devices. These phenomena should also be taken into account from the viewpoint of the
.safe handling of tritium . To predict the behavior of fuel particle in the first wall, the
mechanisms of trapping-detrapping processes of them in cadidate materials should be
studied in detail.

Graphite or carbon is one of the candidate materials for the first wall owing to its
low-Z, refractory nature and ease in fabrication. There is a number of investigations
on the sputtering/erosion’~®, recycling and inventory of hydrogen isotopes®~® for this
material. We have also studied the trapping states and detrapping processes of three
hydrogen isotopes to understand the fundamental processes of trapping-detrapping
and isotope effect'®~'®, We have observed that the property of pyrolytic graphite is
modified due to accumulation of radiation damage'®. As a result, mechanisms and
kinetic parameters in the trapping-detrapping processes are altered from those of the
graphite without radiation damage.

In those investigations, however, attention has been paid only to pure graphite. On
the other hand, it is reported that metallic impurities such as iron, nickel and chro-

mium, amounting to 10**—10'® atoms/cm?, are deposited on the graphite limiter in
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tokamaks!4—". This calls for attention to the modification of graphite property owing
to the presence of such impurities, because the trapping-detrapping processes of fuel
particles will be altered from those of pure graphite.

From this viewpoint, we studied the effect of iron impurity on the desorption
processes of hydrgen isotopes implanted into graphite by means of X-ray photo-

electron spectroscopy (XPS) and mass analyzed thermal desorption spectroscopy (TDS).
2 Experimental

The samples used were a graphite sheet (Papyex, 10X20X0.3mm) and one whose
sub-surface region was doped with iron. The latter was prepared with sputter deposi-
tion of iron and subsequent vacuum annealing. That is, the graphite sheet was coated
with iron by use of a conventional sputtering apparatus (ULVAC SBR-1104), operated
with argon plasma at 200W. The thickness of the iron film was 500 A. Subsequently,
this sample was mounted to a sample holder of an UHV apparatus equipped with XPS
and SIMS (secondary ion mass spectroscopy) optics. It was annealed in vacuo at a
temperature ranging from room temperature to 1000°C for 10 minutes and cooled down
to room temperature. The temperature of the sample was measured with a Pt-Pt/Rh
(13%) thermocouple spot-welded to a tantalum sheet attached to the sample.

A double pass cylindrical mirror was used as the energy analyzer of photoelec-
trons. The probe was Mg-K, line (1253.6eV). The energy of photoelectrons was
calibrated against Audf;, peak (83.7eV)!®. In the present study, a given XPS peak
was reproduced within 0.1 eV errors. The details of the other experimental conditions
and procedures have been described elsewhere!'®~!%,

After the sample surface was doped with iron (this sample is denoted as Fe/
Papyex), with vacuum heating at 1000°C, it was used as a sample for thermal desorp-
tion measurements. The thermal desorption spectra were also measured for pure
graphite (it is denoted as Papyex) to see the effect of the iron dopant on the desorption
process.

To measure the TDSs of hydrogen isotopes, the sample was mounted to another
UHYV apparatus with a B-A gauge, quadrupole mass spectrometer and conventional
ion gun (PHI 04-191). This apparatus was designed for use of tritium up to 5Ci/run.
The B-A gauge and quadrupole mass spectrometer had been calibrated against
hydrogen isotopes'®. The details of the TDS measurements have been described

elsewhere!®-12,
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3 Results

3-1 Sample characterization

Fig. 1. shows the change in the wide
range XPS spectra of iron coated graphite
with annealing temperature. Before vac-
uum heating, the sample was covered with
impurities such as carbon and oxygen.
Hence, the Fe2p peak was weak. Above
500°C, the Cls and Fe2p peak became pre-
dominant, while the Ols peak was negligi-
bly small. Fig. 2. shows the change in the
narrow range XPS spectra ([A]; Cls,
[B] ; Fe2ps,—2pi2 and [C] ; Ols peak)
with annealing temperature. It is apparent
that both the binding energy and peak
intensity of these spectra changed with
annealing temperature. The significance of

the changes will be discussed later.
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Fig. 3. shows the change in the surface
composition which was determined with
use of the relative sensitivity factors of
each XPS peak??. It is seen in this figure
that the surface composition of the iron
coated graphite was Fe : O :C=5:4:.1
before the vacuum annealing. At500C,
however, oxygen disappeared from the
surface. At temperatures from 500 to 700°C,
the surface composition was kept constant.
Above 700°C, the iron concentration gradu-
ally decreased, whereas carbon concentra-
tion increased with annealing temperature.
The surface composition after the annealing
at 1000°C for 10minutes was Fe : C=3 : 97.
This value did not change further with
additional annealing treatment at 1000°C.

Fig. 4. shows the change in the bind-
[B]: Cls and
[C] : Ols peak. It is seen that the binding

ing energy of [A] ; Fe2ps.,

energy of Fe2p;, peak was kept constant

at 710.0eV below 500°C. It decreased sud-

denly to 706.8eV at this temperature and
remained at this value till 700°C. At higher
temperatures, it increased to 707.0eV.
The Cls peak was initially observed at
285.1eV. It gradually moved toward the
lower binding energy .side with annealing
Above 8007C,
energy was kept costant at 284.3eV.

temperature. its binding

Two peaks were observed for Ols, in-
dicating the presence of two distinct oxy-
gen species on the surface below 400C.
These peaks, however, disappeared from

the surface above 500C. It was observed
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that the deuterium ion bombardment on the Fe/Papyex sample did not change the

surface composition and binding energy of each peak.

3-2

Fig. 5. shows the desorption spectra of

Thermal desorption spectroscopy for hydrogen isotopes

20 . y . . T
D, for Fe/Papyex and Papyex. In each of 53 | ! ' I ' ' ]
the measurements, the deuterium ion fluen- -§ - ,

E -
ce was 1.5X10" ions/cm® and the temper- ‘& | Fe/PAPYEX

e ]
ature ramp was 2K/sec. The Papyex sam- §1.0~ -
ple showed a broad spectrum ranging from 5 : \/ .
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new and sharp peak appeared at 970K. This
is denoted as [Fe/C]-peak in the present
study. Contrary to the fact that the TDSs
for Papyex become reproducible only after
the total amount of ion implantation
exceeds 10' ions/cm?, reproducible TDSs
were observed for the Fe/Papyex sample
from the beginning of the ion implantation
~desorption cycles.

Fig. 6. shows the fluence dependence of
[Fe/C]-peak. These spectra were mea-
sured for the deuterium ion fluence ranging
from 1x10' to 3X 10" ions/cm?. After the
implantation at room temperature, the
sample was heated to 1273K with a temper-
ature ramp of 4K/sec. It is seen that the
peak temperature moved to lower tempera-

ture side with increasing amount of the

implantation.
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Fig. 6. Fluence dependence of [Fe/C]-peak
Such fluence dependece of the peak
tempprature.
temperature suggests that the rate limiting
step for [Fe/C]-peak is not the diffusion process, but surface reaction'*???, On

analogy of the n-th order surface reaction, the peak temperature, T,, is considered to
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be a function of activation energy, E,, frequency factor, vy, temperatﬁre ramp, B, and

concentration of deuterium in the graphite, o, as

(Ea/RT,?) = (nygo™~'/B)exp(—E4/RT) (1)
or rearranging as

In(T,?/8) = (E4/RT,) +In(Es/nwsR) — (n—1) Ine (2)

Equation (2) indicates that the plots of In(T,2/8)vs. (1/T,) result in a straight line if
the concentration, ¢, is kept constant in the series of implantation-desorption measure-
ments. The slope gives the activation energy irrespective to the reaction order.

Fig. 7. shows the plots of In(T,?/8)vs.

(1/T,) for three hydrogen isotopes. In =~ 130 ' =~ = = T 7, T T 7T
these measurements, the ion fluence was o 3
. . - T2 Dy / H2 =
kept constant for each run of a given iso- o 2.5~ 7
tope implantation : 1X10' for H,, 1x10¢ [ ]
e C .
for D, and 3 10'® ions/cm? for T,. The £ 120~ -]
L Eg=59 kcal/mol  _]
temperature ramp was varied in the range ST
from 2 to 8K/sec. As seen in the figure, 100 30 110

109/ T(K)
those plots resulted in straigt lines. The Fig. 7. Plots of In(T,/8)vs. (1/T,).

slopes of those lines were the same for three hydrogen isotopes. That is, no isotope
effect was observed on the activation energy for desorption.

By rearranging eq. (1), the following equation is obtained.
In(BE4/RT,?) + (E4/RT,) = (n—1)Inc+In(nw,) (3)

This equation indicates that the plots of In(BE./RT,?) + (E4/RT,) vs. Inc should

result in a straight line, from the slope of
which the reaction order, n, is determined. f\i
The plots are shown in Fig. 8. It is appar- %29
ent from the straight line that the reaction g
order is 2. £
With use of those values, E,, and n, the :9-
frequency factor, wy, can be determined '{o
from the intersection of the straight lines, u 28 T SR S T
shown in Fig. 7 and/or 8, with the ordinate. 3 l3n2 6 33

The kinetic parameters for [Fe/C]-peak Fig. 8. Plots of In(8Es/RT,? + (Ea/RT,)

thus determined were as follows : vs. Ino.
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k(H,) = (7X10~*) exp(—59x10%/RT) (4)
k(D;) = (4x107*) exp(—59%x10°/RT) (5)
k(T,) = (1x107) exp(—59x10*/RT) (6)

The units of activation energy and frequency factor are{cal/mol]and[l/molec- sec],respec
tively. The unit of the latter is a consequence that the amount of hydrogen isotope,
o [atoms], is used in the above egs. instead of the concentration, ¢ [atoms/cm?].
Fig. 9. shows the comparison of the observed [Fe/C]-peaks of three hydrogen
isotopes with the calculated peaks using the determined kinetic parameters described
by egs. (4)—(6) in the observed rate equation, vy =ko’%. All of the calculated spectra for
three hydrogen isotopes in different experimental conditions agreed quite well with the
observed ones : it is mentioned that both the peak intensity and temperature were

reproduced quite well by the simulation.
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Fig. 9. Comparison of the observed [Fe/C]-peaks of three hydrogen isotopes with the calculated
peaks using kinetic parameter described by egs. (4)—(6),

4 Discussion

4-1 Surface characterization of Papyex doped with iron

On the surface of Papyex coated with iron film, a relatively large amount of
oxygen and carbon was detected. This is because the sample was exposed to air in
order to remove it from the sputtering apparatus to the other UHV system with XPS
-SIMS optics. The binding energy of Fe2ps,, and spin-orbit splitting width were 710.0
and 13.6ev, respectively. One of the Ols peak was observed 530.1eV. With reference
to the reported values for these peaks, it is apparent that iron was present on this

surface as iron oxide such as Fe,0;2?. In addition, the Cls peak observed on this surface
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(285.1eV) was somewhat higher than that observed for graphite(284.5eV). This fact
and the appearance of the Ols peak at 531.6eV suggests that carbon was present on the
surface as graphite and adsorbed species such as CO***¥. The presence of graphite
on this surface is considered due to island and/or crack structure of the iron film.
With respect to the shift of the Fe2ps; peak from 710.0 to 707.0eV with annealing
at 500°C, it is considered that the iron oxide converted to metallic state at this
temperature. This explanation is consistent with the fact that the Ols peak disappeared
and the Cls peak shifted to the lower binding energy side. The change in the surface

state, therefore, will be described as follows :

Fe,0;+3C (contaminant/graphite) =— 2Fe+3CO (7
(3Fe,0; +C == 2Fe;0,+CO) (7-1)
(Fe;0,+C == 3FeO+CO) (7-2)
(FeO+C == Fe+CO) ' (7-3)
(Fe;0,+4C === 3Fe+4CO) (7-4)
Fe,0;+3C0O === 2Fe+3CO, (8)

(3Fe,0, +CO === 2Fe,0,+CO,)
(Fe;0,+CO == 3Fe0+CO0O,)
(Fe;O,+ 4CO === 3Fe+4CO,)
(FeO+CO ==TFe+CO,)

The free energy change in the reduction of the iron oxide by carbon, eq. (7), and that
by carbon monoxide, eq. (8), are negative above 500°C 24 Besides, a part of the adsorbed
CO is considered to be desorbed from the surface.

At higher temperatures above 800°C, the Fe2ps, peak shifted up to0.2eV. On
account of the fact that binding energy of Fe2ps, of iron carbide such as Fe;C is 0.2
eV higher than that of metallic iron*®, whereas the binding energy of Cls of the carbide
is 0.3eV lower than that of graphite, the change in the surface state at this temperature

will be described as
3Fe+C(graphite) == Fe,C (9)

The free energy change in this reaction becomes negative above 800 to 900°C2%.

4-2 Effect of iron dopant on the desorption process
The TDSs of deuterium for Fe/Papyex differed considerably from those for Papyex.

This is apparently due to the presence of iron dopant, amounting only 3 at.%. The
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analysis of [Fe/C]-peak revealed that the desorption obeys the second order kinetics
with respect to the concentration of hydrogen atoms in the sample, indicating that the
rate determining step for desorption is the recombination reaction of hydrogen atoms
on the surface. This conclusion is also valid for other hydrogen isotepes.

The activation energy of the desorption forming [Fe/C]-peak was determined as
59kcal/mol for three isotopes. That is, the isotope effect on this term is negligibly
small. On the other hand, the frequency factors differed from each other among three
isotopes. The difference on this term between hydrogen and deuterium is apparently
due to the isotope effect. On the other hand, there is some doubt about the frequency
factor for tritium, because its value appears too large in comparison with those for the
other two. In addition, the purity of the tritium gas used in the present study was rather
poor in comparison with those of hydrogen and deuterium. The effect of the impurity
gases such as H;, CO and H,O should be taken into account. This calls for the re
-examination of the frequency factor for tritium by use of pure tritium gas in future.

Contrary to the TDSs of hydrogen isotopes for graphite, the TDSs for Fe/Papyex
were reproduced quite well from the beginning of the ion implantation-desorption
cycles. It indicates that the damage modification as observed for pure graphite!*!®
does not play an important role for the desorption process of hydrogen isotopes
implanted into this sample. This means that the change in TDSs for Fe/Papyex from
those for Papyex are not due to the accumulation of radiation damage, but a conse-
quence of the presence of iron dopant.

We have found that the TDSs of hydrogen isotopes for graphite modified with
accumulation of radiation damage consist of three desorption peaks'???® . being
denoted as Peak [ 1], [II] and [IlII] from the lower temperature side. Peak [ I ]
corresponds to the desorption of hydrogen atoms trapped on normal graphite lattice
and Peak [II] results from the desorption from damaged region in the graphite. In the
present study, it was found that the kinetic parameters for [Fe/C]-peak agreed quite
well with those of Peak [1I] observed for the graphite with damage modification?39*!,
Namely, Peak [ I] disappeared from the TDSs for Fe/Papyex. The disappearance is
considered to be due to (1) the disappearance of the normal graphite lattice, (2) the
reduction of trapping ability of the normal graphite lattice for hydrogen atoms, and/
or (3) the impediment of recombination of hydrogen atoms on the normal graphite

lattice, as a result of the presence of iron.

%1 According to separate experiments having been done recently, Peak [IIl] is ascribed to
diffusion controlled process®". )
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As mentioned above, the desorption mechanism and kinetic parameters for [Fe/
Cl-peak agreed quite well with those for Peak [II] for pure graphite modified with
radiation damage. Namely, [Fe/C]-peak is identical with Peak [II]. This is explained
as follows. The binding energy of the Cls peak for Fe/Papyex was 0.2eV lower than
that of the normal graphite. The shift of 0.2eV to lower binding energy side has been
also observed for the graphite modified with radiation damage!®!?. Such shift of the
Cls peak indicates that electronic charge on carbon increases with the presence of
radiation damage and/or iron dopant. From the viewpoint of the change in the
electronic state of carbon, they are the same. Consequently, it is considered that the
appearance of Peak [II] and [Fe/C]-peak is due to the change in the electronic state

of carbon, irrespective to its cause.

4-3 Surface recombination factor for [Fe/C]-peak
The surface recombination factor of hydrogen atoms, k, [cm*/molec + sec], and

pseudo surface recombination factor, k;K? [cm?/molec - sec],are defined as below3%3?,

respectively.
N (t) =k, C? (10)
kK?= (Ny/N;) %k, : an

where N (t) is the desorption rate of hydrogen [molec/cm? - sec] and C is the
concentration of hydrogen atoms in the sub-surface region [molec/cm?]. N and N,
are the densities of the trapping sites on the surface and sub-surface layer, respective-
ly. We have determined the recombination factors of three hydrogen isotope atoms for
Peak [1]%®. Following the same procedures as Peak [ I], those for [Fe/C]-peak

were estimated as

k. (H,) =(1.5%X107*) exp(—59%10°/RT) [cm*/molec - sec]
k. (D,) =(9.6X107'%) exp(—59x103/RT)
ke (T2) =y (T2) X (2.6X107*2)exp(—59x103/RT)

kK2(H,) = (5.44) exp(—59x103/RT) [cm?/molec - sec]
k:K?(D,) = (3.44) exp(—59% 10%/RT)
ksK?(T2) =va (T2) X (9.4 %10%) exp(—59x10*/RT)

These results are shown in Fig. 10, where the recombination factors for Peak [ 1] are
also shown for the sake of comparison®®. It should be mentioned here that the results

for Peak [II] are essentially identical with those for [Fe/C]-peak. It is seen in the
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figure that the recombination factor for
[Fe/C]-peak is smaller than that for Peak

[I] below500°C. It indicates that the
tritium inventory becomes larger with iron
doping below 500°C.

According to the observations by
Gimzewski et al'”,, the deposition of metal-
lic impurities will amount to over 110"
atoms/cm? in 100 shots of plasma discharge
in tokamaks. This fact and the present
observations suggest that the physico-
chemical properties of the graphite first
wall will be greatly altered from those of
pure graphite with the accumulation of
metallic impurities. Namely, the recycling
and/or inventory of fuel particles as well

as other phenomena such as chemical
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Fig. 10. Comparison of recombination factor,
K., for [Fe/Cl-peak with that for Peak
(1l
The data for Peak [ 1] are taken from
ref, [33].

sputtering will be influenced (being improved or debased) with the presence of metallic

impurities on the graphite first wall.

5 Conclusions

Based on the above observations and discussion, we conclude as follows :

(1) Iron deposited on graphite surface combines with carbon to form Fe,C above 800C.

(2) Electronic charge on carbon increases owing to the presence of iron of only 3

at. %.

(3) This surface is stable against hydrogen ion bombardment amounting to the fluence

(6)

36

over 1X10' tons/cm?.

The thermal desorption spectra change considerably with the presence of iron
from those for pure graphite. This is due to the increase in the electronic charge
on carbon.

The desorption spectra for Fe/Papyex lack Peak { 1] observed for pure graphite
and show sharp and intense [Fe/C]-peak.

The rate limiting step for [Fe/C]-peak is the surface recombination of the trapped
hydrogen atoms and the kinetic parameters agree quite well with those for Peak

[II] of pure graphite. Namely, [Fe/C]-peak is identical with Peak [II].
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(7) The observed kinetic parameters and estimated recombination factors are as

follows .

" k(H,) = (7x10 %) exp(—59%10°/RT) [1/molec - sec]
k(D,) = (4X107%) exp(—59x10*/RT)
k(T,) =wa(T,) exp(—59% 103/RT)

k. (H,;) = (1.5X107)exp(—59x10%/RT) [cm*/molec - sec]
k. (D;) =(9.6Xx10"'%) exp(—59x10°/RT)
ke (T,) = vy (T,) X (2.6 X102 exp(—59x a0®/RT)

kK2(H,) = (5.44) exp(—59 % 103/RT) [cm?/molec - sec]
kK?(D,) = (3.44) exp(—59 X 10*/RT) ‘
kK2(T,) = vy (T2) X (9.4X%10%) exp(—59x10*/RT)
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