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Abstract

The mass balance equations and the rate constants of elementary processes related to retention and re-emission of
hydrogen isotopes have been described for evaluation of their transient recycling fluxes from targets irradiated simultane-
ously with H* and D*. The D/H ratios of the concentrations of H and D retained at steady state calculated under three
different conditions are compared with the experimental values for graphite and beryllium measured by means of the elastic
recoil detection technique. The retention and re-emission processes of hydrogen isotopes in graphite and beryllium are

discussed. © 1997 Elsevier Science B.V.

1. Introduction

Evaluation and prediction of transient recycling fluxes
of hydrogen isotopes from plasma-facing components are
required in order to control the isotope ratio in the fueling
during long-term burning D-T discharges. So far, the
elementary processes related to their retention and re-emis-
sion have been extensively studied by many authors by
means of different techniques. Data on retention and re-
emission have been accumulated [1-3] and several models
have been proposed [4-9]. For evaluation and prediction of
the transient recycling fluxes, it is necessary to calculate
time-dependent depth distributions of hydrogen isotopes
retained in the wall materials and fluxes of atomic and
molecular species produced through re-emission reactions
from the depth distributions.

For their purpose, mass balance equations have been
proposed by several authors [10—13], in which the reten-
tion and re-emission are described in terms of elementary
processes, for instance, trapping, ion-induced and thermal
detrapping, and local reactions of molecular recombination
and hydrogen—target atom complex formation [11)]. In the
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last two papers [12,13], the diffusion of hydrogen isotopes
in crystallites of polycrystalline targets and their surface
molecular recombination have been more exactly taken
into account; this is the so called two-region-model [13].
The mass balance equations not including the diffusion
term and the surface molecular recombination, but the
local reaction of molecular recombination and hydrogen—
target complex formation described in terms of the diffu-
siop-limited reaction model can be regarded to be an
approximation of the two-region-model, which are applica-
ble for polycrystalline targets of small crystallites.

The rate constants of the elementary processes have
been determined with the use of the mass balance equa-
tions for analysis of experimental data on retention mostly
by independent implantation of H and D and re-emission
by post-ion bombardment and thermal annealing. The dif-
fusion-limited reaction model is very effective for extrapo-
lation of the rate constants for T from those for H and D
using the isotope difference. It is also very promising for
calculation of the rate constants for mixed molecular re-
combination and hydrogen—target atom complex formation
which are of essential importance in simultaneous implan-
tation of different hydrogen species. Recently, the present
authors have found that there exists a large isotope differ-
ence between the concentrations of H and D retained in
graphite at room temperature by simultaneous implantation
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with H® and D* ion beams. The isotope difference has
been reasonably explained in terms of the mass balance
equations with the rate constants of local mixed molecular
recombination between an active species and a trapped one
(H-D and D-H) expressed on the basis of the diffusion-
limited reaction model [14]. Further application of the
diffusion-limited reaction model to high temperature and
other materials is very interesting.

In this paper, we discuss the experimental data on the
isotope ratios of the concentrations of H and D retained in
graphite and beryllium by simultaneous dual-beam ion
implantation in comparison with the theoretical one calcu-
lated using the mass balance equations and compare the
elementary processes in retention and re-emission in both
materials which are ascribed to the difference between
their isotope ratios.

2. Mass balance equations and the rate constants

2.1. Mass balance equations

The mass balance equations for estimation of the tran-
sient recycling fluxes of hydrogen isotopes are required to
include several terms such as diffusion, implantation
source, trapping, detrapping, molecular recombination and
formation of hydrogen—target atom complex and recession
of the surface. The targets implanted with energetic ions of
hydrogen isotopes up to saturation (or a steady state) are
heavily damaged and modified into complex textures which
are composed of small crystallites of a few tens of
nanometer in size for graphite and include small cavities,
voids and bubbles for beryllium at room temperature. For
such a situation, the two-region-model may be appropriate.
The data analysis, however, is not straightforward. When
the diffusion time in the small crystallites is smaller than
the molecular recombination time and detrapping time, for
simplicity, the diffusion-limited reaction model can be
used for expression of the trapping, molecular recombina-
tion and hydrogen—target atom complex formation and the
diffusion term may be dropped because the rate constants
include the diffusion constants. For graphite in such a
state, indeed the mass balance equations with local molec-
ular recombination and local hydrocarbon formation have
explained reasonably well the isothermal re-emission
curves of H and D retained by independent ion implanta-
tion [15-18]. The mass balance equations may be applica-
ble for beryllium in which the thermal re-emission rate is
independent of the depth [19]. Therefore we extend the
mass balance equations with the diffusion-limited reaction
rate constant for calculating the concentrations of H and D
atoms in targets under simultaneous H* and D™ ion
irradiation. A set of the mass balance equations for the
local concentrations of activated (free) hydrogen isotopes

(n" and nP) and trapped ones (%! and nT) are expressed
in terms of the following equations:
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where C, is the trap concentration, ¢! and @O are the
implantation fluxes of H* and D', ¢"/ARY and
¢P /ARP are the source terms of H* and D" ions (AR
and ARP represent the range straggling for H" and D
ions), o™ and g™ are the H* ion-induced detrapping
cross-sections for trapped H and D atoms and o ¥ and
a,PP are the D™ ion-induced detrapping cross- sectlons for
trapped H and D atoms, 3 and 3P are the trapping rate
constants for H and D atoms, 3 and 3 are the thermal
detrapping rate constants for trapped H and D atoms,
KHE gDD gHD and KPH represent the rate constants of
local molecular recombination between a mobile species
and a trapped one in the form of H,, D, and HD,
respectively. K, KPP and KPP represent the rate
constants of molecular recombination between mobile hy-
drogen isotopes also in the form of H,, D, and HD,
respectively. R™ and R are the rate constants of hydro-
carbon formation for mobile H and D atoms to be trapped
into a precursor of hydrogen—target complex molecule, o
is the fraction of the number of precursors to that of total
trapped hydrogen atoms and S8 and BP represent the
numbers of H and D atoms in the precursor. The break-up
of methane by incident ions, observed recently by Haasz et
al. [20,21], is taken into account indirectly via ion-induced
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detrapping of trapped hydrogen atoms in the precursor.
Thus, « is the steady state value. The atomic re-emission
of hydrogen is not taken into account, because the experi-
ments are below 900 K.

2.2. The rate constants for elementary processes

In order to calculate the transient recycling fluxes from
the solution of the mass balance equations described above,
all the rate constants for elementary processes need to be
determined from the analysis of experimental data using
the corresponding mass balance equations, or from theoret-
ical calculation using a definite model. The present authors
have determined them from analysis of the experimental
data on post ion bombardment, isotope replacement and
isothermal annealing of hydrogen isotopes retained mostly
in graphite [15-18] and partly in beryllium by independent
ion implantation of H and D [19]. All the rate constants
except @, B and BP are briefly described with expres-
sions based on the diffusion-limited reaction model.

2.2.1. Diffusion constant

The experimental depth profiles of H retained in
graphite at steady state by implantation with 5 keV HJ
ions at different fluxes and at different temperatures were
analyzed with the use of the mass balance equations in the
two-region-modei [12]. The diffusion constant of H in
isotropic graphite (IG110U) was determined to be DY =
1.1 X 107 P exp(—0.20 eV /kT) (cm?/s).

2.2.2. Trapping rate constant

The steady-state concentrations of H and D retained in
graphite and beryllium by ion implantation at room tem-
perature were found to be 0.4-0.5 in fraction to the target
density. This fact indicates that the trapping rate constant
in both materials is extremely high compared with the
other rate constants related to the re-emission. However,
the value of the trapping rate constant has never been
directly measured. The rate constant is expressed by 35 =
4wryDHCyn" in the diffusion-limited reaction model,
where Cj, is the trap density, D¥ is the diffusion constant,
rp is the effective radius for trapping and 5™ is the
trapping probability for H.

2.2.3. Thermal detrapping rate constant

Thermal detrapping rate constants of H and D in
graphite and beryllium were determined from the decay
curves obtained on post-isothermal annealing of specimens
loaded up to saturation by independent ion implantation. Tt
follows that 3! = 5.6 exp(—0.60 eV /kT) (s~') and 3P
=4.0exp(—0.60 eV /kT) (s~') for graphite [17] and 3?
=7.5x 1072 exp(—0.14 eV /kT) (s~!) for beryllium [19].

2.2.4. Ion-induced detrapping cross-sections

The detrapping cross-sections of H by D* and D by
H™ in graphite were determined from analysis of the
experimental data on re-emission of H by D* bombard-

ment and D by H™ bombardment to be g% =3.3 x 10~ 18
cm? at 2 keV and o =25%10""" cm? at 2.5 keV,
respectively. The detrapping cross-sections of H by H*
and D by D* are extrapolated to be o/ and ¢;°° =2.9
X 10718 cm? from the theoretical mass dependence calcu-
lated from the differential cross-sections of the hydrogen—
hydrogen momentum transfer collision [16].

2.2.5. Local molecular recombination rate constants be-
tween an activated species and a trapped one

The local molecular recombination rate constants be-
tween an activated hydrogen and a trapped one were
determined from the analysis of the peak concentrations of
H retained in graphite at steady state by implantation with
5 keV HJ at different fluxes and at different temperatures
{12]. 1t follows that K8 =6 X 107 2! exp(—0.25 eV /kT)
(cm?/s).

The ratios of the local molecular recombination rate
constant to the trapping rate constant in graphite were
determined from the analysis of MeV He* ion-induced
re-emission of hydrogen isotopes to be KMH/3H =02
and KPP /32 =0.1[15). The rate constants are expressed
in the diffusion-limited reaction model to be K'M=
AmrHDYEHH and KPP = 4 rp DY PP, where rf and r¥
are the effective radii for recombination with trapped H
and D; £€™ and £PP are the recombination probability
for H-—H and D-D. The expressions for 3; and K explain
reasonably well the isotope difference between K" /3H
and KPP/3D.

2.2.6. Local molecular recombination rate constants be-
tween activated species

The local molecular recombination rate constants K,
between thermally activated species in graphite were deter-
mined from the analysis of the decay curves obtained on
post-isothermal annealing of specimens loaded up to satu-
ration by independent implantation [18]. The values of
(K{1/Co) (3472717 and (KPP /Co) (3/37)? were
determined to be 45exp(—12 eV/kT) (s7') and
18exp(— 1.2 eV /kT) (s~ 1), respectively. According to the
diffusion-limited reaction model, it follows that K[ =
4 ry; DPEMH, KPP = 4nrRPDPP and KPP =
4w rEPDHPEHD where r¥ are the effective radii for re-
combination between mobile species i and j given by a
factor of 2y(D’+ D’)7, where 7 is the characteristic
time, £ is the formation probability for a molecule ij and
DHP = (DM + DP) /2. The expressions explain reasonably
well the isotope difference between (K™ /Co X 31/ 31)?
and (KPP /C 3P /3P

2.2.7. Hydrogen—target complex formation rate constant
The rate constants for hydrogen—target atom complex
formation were taken into account for evaluating the con-
tribution of methane formation (emission) to the re-emis-
sion of hydrogen isotopes by isothermal annealing [18].
The rate constant for methane formation is expressed as
RY =47y DY and R =47ryDPy® in the diffu-
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sion-limited reaction model, where ry. is the effective
radius of the precursor and %' and 7 are the probabili-
ties for H and D to be trapped into the precursor, similar to
the trapping rate constant.

3. The isotope (D / H) ratio of the steady-state concen-
trations of H and D retained under simultaneous H*
and D * irradiation

3.1. Calculations

3.1.1. Low temperature (small diffusion constant)

At room temperature, the contribution of thermally
activated processes, such as thermal detrapping, molecular
recombination between activated species and formation of
hydrogen—target complexes, is significantly small so it
may be neglected. The re-emission of trapped species only
takes place through local molecular recombination with
species activated due to ion-induced detrapping, which are
energetic and a-thermal. The D /H ratio at steady-state is
expressed by the following equation as a solution of the
mass balance equations [14],

N’]E{ KDD KHH
e |\3R )\ 2F
ARD d)H DD HD(bH D D
X 1+WF+2 oy + oy F nTAR

/{1+A—RE£+Z(UHH+UDH¢—D nIARY
ARD ¢7H d d ¢H T .
€}

The value of n /n2, calculated self-consistently from Eq.
(5) using the above-described rate constants and experi-
mental condition AR" /AR =0.8 and ¢T/¢pP =1 de-
scribed later, was 1.5.

3.1.2. Low temperature (large diffusion constant)

At low temperature, we also consider that the hydrogen
re-emission takes place due to local molecular recombina-
tion between free species activated by ion bombardment
because of a large diffusion constant. Such a case may
correspond to hydrogen behavior in beryllium which is
modified into the complex textures described above by the
implantation up to saturation (or a steady-state). Since the
detrapping takes place due to ion bombardment, the ratio
of H and D retained at room temperature and at ¢ = ¢P
is expressed, as a solution of Eqs. (1)—(4) at steady state,
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where x =nfl/n2, gt = ;M + o,P", 0P = ;PP + g,®
Using the above-described rate constants, the ratio 'l /n%
is expressed by the following equation:
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where f=ARP/ARY which is 1.25 in the present experi-
ment.

The isotope ratio for H and D of K{(oy/31)? in
graphite is available. In such a case, the ratio n=/nY is
estimated to be 1.25.

3.1.3. Elevated temperature

At elevated temperatures, the retained concentrations of
hydrogen isotopes decrease due to an increase of the rate
constants of thermally activated processes for re-emission
such as thermal detrapping, local molecular recombination
between thermally activated species and hydrogen—target
complex, for instance, which are major processes at tem-
peratures above 700 K when the implantation flux is small
so that the ion-induced detrapping rate is neglected. Under
such a condition, the ratio of D to H retained at steady
state is expressed by the following equation:

= {2kl + a(1+ M) 3J] x?
+[ kP + a 3P+ aptsP] 1}
></ {[265P + (1 + BP) 5P|

+ [k + a3P + apP5f] 1}, ®)
where
’ Zd 34
kaff_ ET 2_% ,

f= ARH/ARD =1.25) and x = n¥ /n3. For the deriva-
t10n it was assumed that rCH 7y, namely RY = 37 and

=30 and C,> n¥l + nY. The values of 2(K]”/CO)
(Zdi /31i)? are three orders of magnitude smaller than the
value of 3, as described above for graphite. Since it was
also experimentally shown that 3H=3P =172 [17], it
follows that

(1+B")V2x2+ [ (V2 + B¥) —f(1 + B®V2) ] x
—f(1+BP)=0. €)

This equation indicates that the value of x can be deter-
mined from the value of B! and B and vice versa. We
have no data on B and BP yet. The values of 8% and
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Fig. 1. ERD spectra from beryllium measured at several stages of simultaneous irradiation with 3 keV D, and 4 keV HJ at room

temperature, where depth scale is shown.

BY are calculated to be 2.1 and 0.9, respectively for
x = 1.5, which is equal to the room temperature value.

3.2. Experiments

The graphite specimen used was an isotopic graphite
plate (IG110U) of 10 X 15 X 1 mm?® in size. In the case of
beryllium, a disc (99 at.% in purity from Bruch—Wellman)
of 30 mm diameter and 1 mm thickness was used. The
oxygen content in the beryllium specimen measured by
Rutherford backscattering spectroscopy (RBS) was 0.93%,
little heavier impurities were also present in the bulk.

The graphite and beryllium specimens were irradiated
simultaneously with 4 keV Hj and 3 keV Dj ions at

3.0 L] T L T L] T T T
graphite, R.T., simultaneous Implantation
3keVD," 4.3x10"/cms
4keVH 4.3x10°/cm’s
20 | ® ¢
2 3 . ¢ ¢
(] T
4 . [
T [%e
1.0 ’-é E
0 . 0 1 —l L I 1 L 1 L
0 100 200 300 400
Implantation Time (min.)

Fig. 2. The D/H ratio of concentrations of H and D retained in
graphite, by simultaneous irradiation with 3 keV DS and 4 keV
3 at room temperature, as a function of implantation time.

angles of 20° and 35° to the surface normal, respectively,
so that the peak depths of both ions in the target coincided
with each other [14]. The implantation flux of the H* and
D" ions on the target were 4.3 X 10'® ions/cm? s. The
implantation temperature of beryllium was room tempera-
ture and that of graphite ranged from 300 to 900 K. The
concentrations of H and D retained in the specimens were
measured after several stages of implantation by means of
elastic recoil detection (ERD) with a 1.7 MeV He™ beam.
The He™ fluence was simultaneously monitored by means
of the RBS technique.

Typical ERD spectra from beryllium irradiated simulta-
neously at room temperature with 3 keV D) and 4 keV
HY ions are shown in Fig. 1, where the depth scales for H
and D are inserted. The ERD spectra are qualitatively the

3.0 T T T T T T T T T
grap Jeous imp
3keVD,* 4.3x10"/cm*s
4keVH' 4.3x10%/cm?s
20 | ° ° 4
] L] b L]
=
(]
o
3
=)
10 E
0.0 . ) . . L ) L . L
0 200 400 600 800 1000
Temperature (K)

Fig. 3. Temperature dependence of the D /H ratio of the concen-
trations of H and D retained in graphite at steady-state by simulta-
neous irradiation with 3 keV D3 and 4 keV HJ.
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Table 1
The D /H ratio of the concentrations of H and D retained in graphite and beryllium irradiated simultaneously with 3 keV DJ and 4 keV HY
ions

D /H ratio Major processes for re-emission

experiments calculations C Be

C Be C
Room temperature 2.0 1.5 K, oy

1.2 Ky, oy

Elevated temperature 1.3 K, 3

1.8 - 1.5 K. R, 3, (BY/BP =21,09)

K: local molecular combination between an activated species and a trapped one. K,: local molecular recombination between activated
species. R: hydrocarbon molecule formation (methane). gy ¢: ion-induced detrapping. 2,: thermal detrapping.

same as the depth profiles of H and D retained in beryl-
lium, which reflect the damage profiles in beryllium in-
duced by 2 keV H* and 1.5 keV D" ions. The ERD
spectra from graphite were found to show almost the same
profiles, but with extra diffusion tail extending to deeper
layers [14]. It is seen from Fig. 1 that both peaks of H and
D separate well from each other and both peak heights
increase as the implantation fluences increase. The relative
concentrations of H and D were calculated form the counts
of H and D averaged over 40 channels around the peaks by
standard analysis techniques. Since the peak depths of H
and D from the target surface are the same, the error in the
D/H ratio is estimated to be less than 10%, which is
mainly ascribed to uncertainty in the recoil cross-sections.

3.2.1. Graphite

The D/H ratios of the concentrations of H and D
retained in graphite at room temperature are shown as a
function of the implantation fluence in Fig. 2; the D/H
ratio increases gradually from unity and saturates at ~ 2 as
the fluence increases.

Similar measurements were done at temperatures of

3.0 T Y T T T — T T
beryllium, R.T., simultaneous implantation
3keV D' 4.3x10"fem?s
4keVH," 4.3x10"/em?s

20 J

D/H Ratio

0 100 200 300 400
Implantation Time (min.)

Fig. 4. The D/H ratio of concentrations of H and D retained in
beryllium, by simultaneous irradiation with 3 keV D; and 4 keV
Hj at room temperature, as a function of implantation time.

500, 700, 800 and 900 K. The dependence of the D/H
ratio on the temperature is shown in Fig. 3; the D /H ratio
is almost independent of the temperature. For comparison
with the theoretical calculations, the values of the D/H
ratio at saturation are tabulated in the low and elevated
temperature regions (see Table 1).

3.2.2. Beryllium

The D/H ratio of the concentrations of H and D
retained in beryllium at room temperature is shown as a
function of the fluence in Fig. 4. It is seen from Fig. 4 that
the D /H ratio increases graduaily from unity and saturates
at ~ 1.2 as the fluence increases. The value of the D/H
ratio at saturation is also shown in Table 1.

4. Discussion

The calculations and the experiments on the D /H ratio
of the concentrations of H and D retained at steady state
by simultaneous irradiation with H™ and D" ions have
been summarized in Table 1. It is seen from Table 1 that
the calculated values of the D /H ratio at room temperature
are in good agreement with the experimental values. In the
calculation, the diffusion term was neglected for simplic-
ity, which would expect to reduce the absolute steady-state
concentration of H more than that of D. Thus, the small
difference between the experimental and calculated ratios
is ascribed to dropping of the diffusion term from the mass
balance equations.

It is also seen from Table 1 that the calculated value of
the D/H ratio at elevated temperature, on the assumption
of no hydrocarbon emission, becomes lower than the value
at room temperature. Thus, we took into account the
methane emission. However, we have no data of 8" and
BP. There is only one measurement of mixed-isotope
methane emission during simultaneous H* and D* bom-
bardment by Chiu and Haasz [22]; however, we can not
extract the values of B and BT from their data. There-
fore, we found the values of 8 and B” to be 2.1 and 0.9
for nR/nil=1.5, using Eq. (9) and B"+pBP =3 for
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methane formation. This fact might indicate that the H/D
ratio in the precursor is no less than 2.1 /0.9,

As shown in the previous section, we have little data on
beryllium which are applicable to the mass balance equa-
tions. On the other hand, the theoretical expression of the
D /H concentration ratio at steady-state depends mostly on
the D/H ratio in the rate constants of elementary pro-
cesses as seen from Eq. (6). When the rate constants are
expressed classically in the diffusion-limited reaction
model, it is expected that the D/H ratio in the rate
constants is not dependent on D, but effective radii r; and
rr and reaction probabilities  and ¢ which are almost
independent of the target materials. The value of the D /H
concentration ratio for beryllium at steady-state at room
temperature calculated from Eq. (6) using the data for
graphite was found to be 1.25, which agrees well with the
experimental D/H ratio for beryllium at room tempera-
ture. This fact seems to indicate that the diffusion-limited
reaction model is effective. Finally, it is noted that the rate
constants of elementary processes for hydrogen retention
and re-emission in beryllium are needed.

5. Summary

The mass balance equations and the rate constants of
elementary processes related to retention and re-emission
of hydrogen isotopes have been described for evaluation of
their transient recycling fluxes form targets irradiated si-
multaneously with H* and D™,

The D/H ratios of the concentrations of H and D
retained at steady state have been calculated under three
different conditions: (1) room temperature and local
molecular recombination between activated species and
trapped ones, (2) room temperature and local molecular
recombination between activated species, and (3) elevated
temperature, local molecular recombination between acti-
vated species and hydrogen—target complex formation.
The D/H ratio has been found to depend on the isotope
ratio of the rate constants for relevant elementary pro-
cesses. Since the isotope ratio of the rate constants is
almost independent of the target material in the diffusion-
limited reaction model, the D /H ratio is not dependent on
the material if the re-emission processes are the same.

The experimental D /H ratio for graphite at room tem-
perature and at ¢ = »” was found to be 1.8, which
agrees well with the theoretical value of 1.5 calculated
under condition (1). The experimental D /H ratio for beryl-
lium at room temperature and at ¢ = ¢ was found to
be 1.2, which agrees well with the theoretical value under
the condition (2). The experimental D /H ratios for graphite
at elevated temperatures were found to be temperature-in-
dependent and 1.8, which is a little bit larger than the
theoretical vatue of 1.3 under condition (3), without hydro-
carbon molecule formation. Finally, it is noted that for
consideration of hydrocarbon molecule formation, data on
the numbers of H and D included in the precursor for
hydrocarbon formation are needed.
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