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Abstract

The depth pro®les of H and D implanted at low energy (0.7 and 1.5 keV) in Highly Oriented Pyrolytic Graphite

(HOPG) (a-axis) and vitreous carbon (v-C), and then partially released by pulsed laser induced desorption were inves-

tigated in order to understand the H behaviour in carbon at high temperature. During the laser desorption experiment,

the re-emitted gas quantity was measured as a function of laser energy density by mass spectrometry. Depth pro®les of

H and D remaining after partial desorption were also obtained by means of the elastic recoil detection (ERD)-E ´ B

technique. Firstly, a signi®cant di�erence between the re-emitted H2 or D2 gas quantity and the released amount de-

duced from the ERD pro®les is observed. This could be explained by atomic H release or by far in-depth di�usion

of molecules. Secondly, it is seen from the depth pro®les of hydrogen in HOPG that no pro®le modi®cation is observed

below 1500 K. The desorption process is compatible with a local molecular recombination model with fast di�usion of

the molecules. At higher temperatures, signi®cant di�usion of atomic hydrogen allows it to be retrapped in the vacancy

pro®le created during the implantation. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Carbon materials have been studied for many years

as candidates for plasma-facing components in magnetic

con®nement fusion devices. The graphite, for example,

has excellent thermal characteristics such as thermal

conductivity, heat capacity, sublimation and outgassing

temperatures. However, its a�nity for hydrogen and

other gases results in problems of contamination, of

recycling coe�cient determination and of in-vessel triti-

um inventory [1]. Carbon also displays complex

sputtering behaviour and radiation enhanced sublima-

tion [2,3]. While beryllium may also be used as plas-

ma-facing material, graphite is still widely used in

many tokamaks.

Therefore, it is necessary to understand the behav-

iour of the implanted hydrogen in graphite for a better

understanding of the problems mentioned above. Many

investigations have been conducted to measure the de-

trapping and di�usion coe�cients, often by means of

thermal desorption spectrometry. They show widely

scattered values of the di�usion parameters. Ashida

and Watanabe [4] proposed that the compensation e�ect

(i.e. material structure dependence of the di�usion

paths) should be responsible for the scatter in the di�u-

sion data. The pre-exponential factor appears to be cor-

related to the activation energy when the di�erent

di�usion coe�cient data are compared.

According to Sawicki et al. [5], depth pro®ling of im-

planted tritium showed no signi®cant depth pro®le

shape modi®cation up to 1600 K. This is consistent with

local molecular recombination with rapid di�usion of

the molecules to the surface. No shift or widening of

the tritium depth distribution is measured, which would

be observed if a di�usion limited process was taking

place. As a matter of fact, depth pro®le modi®cation
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studies prove to be a more e�ective tool to identify the

mechanisms responsible for the desorption.

Most of the works on the hydrogen re-emission from

carbon were conducted by means of classical thermal de-

sorption. However, our group has studied the thermal

release of hydrogen from a variety of carbon materials

[6,7] by means of laser ¯ash induced desorption [8,9].

This method is more or less analogous to isochronal an-

nealing with very short time stages (�10ÿ7 s) reaching el-

evated temperatures (>2000 K for carbon materials).

The desorption parameters are deduced from the mea-

sured quantity of gas desorbed during each laser shot

(of increasing energy density). This is achieved by a sim-

ulation of the desorbed quantities by means of the com-

puter program DTRLAS [10], in which the coe�cients

of di�erent desorption mechanisms are adjustable.

Nevertheless, although it requires more complicated

procedures, the measurement of the depth pro®le modi-

®cation by a high depth-resolution and quantitative

technique should allow a better understanding of the ef-

fective processes at high temperature, as mentioned

above for classical thermal desorption.

This article investigates the depth pro®le modi®ca-

tion by laser ¯ash desorption of hydrogen and deuteri-

um implanted in Highly Oriented Pyrolytic Graphite

(HOPG) and vitreous carbon (v-C). These materials

have been chosen for their contrasting structures (highly

crystalline and nearly amorphous, respectively). It will

be possible to ®nd out if the processes at high tempera-

ture can be described by the same processes/parameters

as those found at lower temperatures.

2. Experimental

Guo et al. [6] studied the laser induced re-emission of

deuterium along the c-axis in HOPG (Union Carbide).

In our study, HOPG samples used were cut parallel to

c-axis. The main impurity is 2% H. No annealing was

done in order to avoid any change in the materials struc-

ture. Both v-C and HOPG samples were polished with 3

lm diamond suspension followed by 0.04 lm alumina

suspension ®nish. They were implanted at room temper-

ature with 0.8 and 1.5 keV hydrogen and deuterium at

¯uences ranging from 2.5 ´ 1020 to 13.5 ´ 1020 at/m2.

The samples were transferred in air from the implan-

tation chamber to the laser desorption setup where the

base pressure was maintained below 1 ´ 10ÿ8 Torr by

means of ion pump and cryogenic trap. A laser desorp-

tion experiment in our laboratory usually consists of a

ramp of successive laser shots of increasing energy den-

sity (0.02±2.0 ´ 104 J/m2) on the same spot. A Q-switch

ruby laser was used (k� 694 nm, 30 ns FWHM Gauss-

ian shaped pulse). The H or D pressures were measured

accurately by a quadrupole mass spectrometer (QMS)

during the milliseconds following the laser pulse. The

QMS was calibrated by means of calibrated H2 and

D2 leaks with an accuracy of 6%. The HD (mass 3)

was taken into account in the measurement of both H

and D. In the present experiment, in order to minimize

the accumulation of small e�ects and facilitate the com-

parison between the simulated and measured H and D

distributions, the depth pro®le modi®cation measure-

ments were made on samples that had been subjected

to a single laser ¯ash.

The depth pro®ling was achieved by means of the

elastic recoil detection analysis (ERDA) [11] with a ®lter

consisting of crossed electric and magnetic ®elds in place

of the absorber foil. This technique is called ERD-E ´ B

[12]. In this technique, the depth resolution is not de-

graded by straggling in an absorber. The 350 keV 4He

beam ions are close to their stopping power maximum.

This improves the depth resolution as well, which is ap-

proximately 3 nm at the surface for carbon. However, in

order to achieve su�cient particle separation, the ®lter

entrance must be tightly collimated, reducing as well

the solid angle. A new E ´ B ®lter was installed [13] clos-

er to the sample holder in order to maximize the solid

angle (DX� 2.06 ´ 10ÿ5 sr), which is 10 times larger

than the solid angle of the original setup. The beam is

incident at 25° angle relatively to the surface of the sam-

ple, while the detection angle is 45°. The beam spot size

on target is 1.0 mm2. A low beam ¯uence of 7.7 ´ 1019

He/m2 was used in order to avoid any signi®cant beam

induced desorption [14]. The energy spectra are convert-

ed to quantitative depth pro®les by means of the com-

puter program ALEGRIA [15]. The depth pro®les

presented here are still resolution broadened.

Such pro®les obtained on as-implanted samples are

used as initial pro®les in DTRLAS simulations. In short,

DTRLAS calculates by ®nite di�erences the photon ab-

sorption and heat ¯ow as a function of time and depth.

In addition, the H or D evolution is calculated by simu-

lating the detrapping and di�usion processes. The calcu-

lations last until the material temperature has cooled

down. Surface molecular recombination and Soret e�ect

can also be calculated but they have not been considered

here because there is no evidence that these e�ects are

important here (e.g. atomic hydrogen accumulation at

surface).

3. Results

Fig. 1 shows the results of laser induced desorption

experiments conducted on the samples for which H or

D depth pro®le modi®cation will be presented in this

section. The symbols connected by lines represent the

cumulative quantity of hydrogen desorbed as H2 or D2

molecules and measured by mass spectrometry after

each laser shot of increasing energy. The symbols inside

circles represent the loss of H or D as measured by
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ERD-E ´ B (depth pro®le integral) after a single laser

shot. These quantities were normalised to the implanted

amount. The implanted species and its implantation

dose and energy appear in legend. The lower horizontal

axis represents the maximum temperature reached by

the surface of the sample for each laser ¯ash, as calculat-

ed by DTRLAS, according to the measured incident en-

ergy density. The corresponding energy density scales

also appear on the upper axis. One can see that the en-

ergy density required to reach a given temperature is

more than 3 times larger for HOPG than for v-C. This

is due to the high thermal conductivity of graphite along

the a-axis compared to c-axis or to isotropic carbon ma-

terials. The accuracy of the temperature/energy density

is mainly in¯uenced by the uncertainty on the evaluation

of the laser spot size (�4%), while the accuracy of the

amount of desorbed particles is dependent on the uncer-

tainty on the pressure-to-quantity conversion factor

(�6%). For clarity purposes, no error bars were included

in Fig. 1.

For the v-C sample, the maximum energy density of

1.7 ´ 104 J/m2 allowed to reach a maximum surface tem-

perature of 5000 K, according to the computer code. The

®nal cumulative desorbed H fraction is �0.5 at that tem-

perature. Similar temperature was reached for the

HOPG sample implanted with 1.5 keV H. To do so,

the laser was focused to reduce the spot surface by a fac-

tor of 3. However, the desorbed surface becomes so

small (0.9 mm2 instead of 2.7 mm2) that no depth pro®l-

ing measurements can be done. The ®nal cumulative re-

leased H fraction was 0.35, but signi®cant surface

degradation of the sample was observed, such as increase

of surface roughness and appearance of elongated cracks

parallel to the crystal plane a^b. One can see in Fig. 1

that the loss measured by ERD is systematically greater

than that measured by mass spectrometry. The physical

signi®cance of this di�erence will be discussed below.

At this point, the possibility of laser induced ablation

of carbon samples is worth discussing. It is obvious that

for lower temperatures (T < 2500 K), as those used in

Fig. 1, no carbon ablation is expected, nor is it observed

either by scanning electron microscopy (SEM) or by a

shift in the depth pro®les. In fact, no carbon ablation

was observed even at higher temperatures (2500

K < T < 5000 K), although some ablation could con-

ceivably have occurred above the sublimation tempera-

ture (3925 K). Consequently, there is no impact on the

depth pro®les (unchanged within error bars), and there

are no vapour/plasma shielding e�ects on the surface

temperature. Some surface roughness was observed only

on one HOPG sample heated up to 5000 K (as men-

tioned in the previous paragraph) for which no ERD

measurement was performed.

The depth pro®les are presented in Figs. 2±5. Fig. 2

shows the depth pro®le modi®cation of H implanted at

0.8 keV in HOPG. The initial H contents are (a)

Fig. 1. Cumulative fractions of H2 or D2 desorbed as measured by a mass spectrometer (line + symbol) after laser shots of increasing

energy density. Also shown are the H or D fraction lost from the implanted region as measured by ERD-E ´ B (symbols in circle) after

a single laser shot. The implanted species and its implantation dose and energy appear in legend. Open symbols represent 1.5 keV H or

D implantation in HOPG (a-axis) while closed symbols represent 0.8 keV H implantations. Symbol * is for H in vitreous carbon.

80 F. Schiettekatte et al. / Journal of Nuclear Materials 256 (1998) 78±84



2.3 ´ 1020 H/m2 and (b) 6.5 ´ 1020 H/m2, respectively.

The depth pro®le integrals show that 35% of the hydro-

gen is lost after a laser shot of 1.5 ´ 104 J/m2 in (a), while

in (b) 45% and 49% are lost after laser shots of 1.1 ´ 104

and 1.7 ´ 104 J/m2, respectively. Given C(x) the H con-

centration as a function of depth, the lost fraction

Y �x� � C�x�initial ÿ C�x�retained

C�x�initial

�1�

is also plotted together with the depth pro®les in

Fig. 2(a) while the desorbed fractions corresponding to

the depth pro®les in Fig. 2(b) appear in Fig. 2(c).

H or D was implanted at 1.5 keV in the four other

samples. In Fig. 3(a), the initial H quantity is 11 ´ 1020

H/m2. Three single laser shots depleted 28% (0.7 ´ 104

J/m2), 40% (0.9 ´ 104 J/m2) and 41% (1.3 ´ 104 J/m2)

of the hydrogen pro®les, respectively. The correspond-

ing lost fractions are plotted in Fig. 3(b). In Fig. 4(a),

the initial H amount is 6.9 ´ 1020 H/m2 of which 41%

and 79% depleted after 1.2 ´ 104 and 1.7 ´ 104 J/m2 la-

ser shots while in Fig. 4(b) 4.8 ´ 1020 D/m2 was implant-

ed of which 72% and 96% desorbed after laser shots of

1.2 ´ 104 and 1.9 ´ 104 J/m2, respectively. The intrinsic

H pro®le after 1.9 ´ 104 J/m2 is also shown. Finally,

Fig. 5 shows the depth pro®le modi®cation of

13 ´ 1020 H/m2 implanted in v-C. Once again, three sin-

gle laser shot depleted 29% (0.13 ´ 104 J/m2), 60%

(0.23 ´ 104 J/m2) and 71% (0.31 ´ 104 J/m2) of the im-

planted hydrogen, respectively. Corresponding lost frac-

tions appear in Fig. 5(b).

4. Discussion

4.1. Detrapping energy

At ®rst glance, it is seen in Fig. 1 that, in HOPG, the

hydrogen (d,m,n,h) desorbs more slowly than the deu-

terium (s). One could think that the H is trapped with a

higher binding energy. However, this is physically

doubtful. Moreover, di�erent detrapping energies would

in¯uence the temperature threshold where the desorp-

tion starts to take o�. Because this is not observed, all

Fig. 3. (a) Depth pro®le modi®cation of 11 ´ 1020 H/m2 im-

planted at 1.5 keV in HOPG; depth pro®les are shown as-im-

planted ( ) and after laser shots of indicated energies;

the shaded region represents the vacancy pro®le. (b) Corre-

sponding lost fractions.

Fig. 2. (a) Depth pro®le modi®cation of 2.3 ´ 1020 H/m2 im-

planted at 0.8 keV in HOPG; depth pro®les are shown as im-

planted ( ) and after a laser shot. The number on the

curves represent the laser energy density. The lost H fraction

also appears ( ). (b) 6.5 ´ 1020 H/m2 were implanted;

the implanted depth pro®le ( ) appears with those follow-

ing laser ¯ashes (numbers represent laser energy densities). (c)

Lost fraction pro®les corresponding to H depth pro®les in (b).
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the data should correspond to the same detrapping ener-

gy. In order to calculate this energy, the initial H depth

pro®le of Fig. 3(a) was put in DTRLAS in order to sim-

ulate the corresponding desorption curve of Fig. 1. Both

the detrapping energy and the di�usion coe�cient pa-

rameters were adjusted to give the best ®t. The detrap-

ping energy is found to be 0.6 eV, as obtained earlier

by K�eroack and Terreault [7] for the same material

and the same crystal orientation.

4.2. Di�erences in desorbed quantities

It is seen in Fig. 1 that the quantity of hydrogen de-

sorbed as H2 or D2 (as measured by mass spectrometry)

is a factor of 2±4 smaller than the depleted quantity

found by the pro®ling method. One expects similar

desorbed quantities in both cases and, moreover, the ®-

nal cumulative fraction desorbed as H2 or D2 should be

close to 100%, as it is observed in other materials such as

beryllium and silicon [6,16].

K�eroack and Terreault [7] showed that during laser

induced desorption of D from carbon, a signi®cant D

amount formed HD molecules, while an equivalent

quantity remained undetected. Also the intrinsic hydro-

gen concentration in carbon was not su�cient to ac-

count for all the H-D molecular recombination. These

authors therefore suggested that atomic D desorption

occurred, with some D±H recombination in the vacuum

chamber, presumably on its inner walls. Atomic D de-

sorption has also been evidenced by Franzen et al.

[17], Franzen and Vietzke [18] and Davis and Haasz

[19] at temperatures above 1500°C, a fact which

strengthens the assumption of atomic desorption. Un-

fortunately, the atomic D (mass 2) could not be ob-

served in the present experiment because the mass

spectrometer was not directly aligned with the target

and atomic D and H2 have the same mass. The D de-

sorbed as CD4 (or other hydrocarbons) contributed only

for a small part of the total D amount.

For the HOPG implanted with deuterium, the factor

between the measured D2 ( in Fig. 1) and the D

actually lost as measured by ERD-E ´ B ( ) is compara-

ble to the di�erence found by K�eroack and Terreault. In

the case of hydrogen implantation and desorption, H2

molecules formed locally in carbon are not distinguish-

able form the ones possibly originating from H±H mo-

Fig. 5. (a) Depth pro®le modi®cation of 13 ´ 1020 H/m2 im-

planted at 1.5 keV in vitreous carbon; depth pro®les are shown

as implanted ( ) and after laser shots of indicated ener-

gies. (b) Corresponding desorbed fractions.

Fig. 4. (a) Depth pro®le modi®cation of 6.9 ´ 1020 H/m2 im-

planted at 1.5 keV in HOPG; depth pro®les are shown as-im-

planted ( ) and after laser shots of indicated energies.

(b) deuterium was implanted to a ¯uence of 4.8 ´ 1020 D/m2;

the implanted depth pro®le ( ) appears with those follow-

ing laser ¯ashes of indicated energies. Also shown is the H

depth pro®le in the same sample, resulting from intrinsic H re-

trapping after the 1.9 ´ 104 J/m2 laser ¯ash.
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lecular recombination in the chamber. Therefore, the

di�erence between the H2 signal and the actual H deple-

tion should be smaller. This is not observed. On the con-

trary, similar or even larger di�erences are observed, in

disagreement with the assumption of Ref. [7].

In a review paper, Causey [1] reports experiments

[20±23] where di�erent types of graphite where exposed

to low energy deuterium during several hours at temper-

atures ranging from 323 to 1023 K. In some cases, deu-

terium was found at up to �1 mm depth; but it should

be mentioned that some of these graphites showed signi-

®cant porosity. The carbon material used in our study

shows low porosity, but far in-depth transport of the

molecules could be responsible for the measured H2 def-

icit. In the next section, we will examine in more details

the depth pro®le modi®cation and try to ®nd an expla-

nation for this phenomenon.

4.3. Depth pro®le modi®cation

As mentioned above, the H or D depth pro®le mod-

i®cations were measured after single laser ¯ashes. It is

worth to mention that the initial pro®le is each time

the implanted pro®le. Depth pro®les obtained after sin-

gle laser shots of di�erent energy densities should not be

interpreted as a sequence of depth pro®les. The depth

pro®les obtained at lower energy density are not inter-

mediate stages of depth pro®les obtained at higher ener-

gy densities. The temperature increases quickly to its

maximum, so the hydrogen can behave in a di�erent

manner. Also, laser ¯ashes of higher energy densities

keep the sample temperature high for a longer time.

Fig. 2 points out that the depletion is proportionally

smaller for the lower concentration sample. This fact is

compatible with the local molecular recombination

model, i.e. 2nd order kinetics [2]. In this model, the par-

ticles form H2 molecules at a rate proportional to the lo-

cal concentration C(x) and those molecules desorb to

the surface. However, it is seen in Fig. 2(a) that the loss

is preferential in the deeper part of the depth pro®le, af-

ter a 1.5 ´ 104 J/m2 laser ¯ash. The same is observed in

Fig. 2(b) and (c) for the highest energy shot (1.7 ´ 104 J/

m2), while no such e�ect is seen after the lower energy

laser ¯ash (1.1 ´ 104 J/m2). Similar results were also ob-

tained at higher implantation energy and higher dose, as

seen in Fig. 3(a). The highest energy density (1.3 ´ 104 J/

m2) even induces retrapping near the surface. This could

be explained by considering that at high temperature

(>1700 K), molecular H is relatively less stable, with re-

spect to atomic H. Indeed it is well known that H2 can

be dissociated by hot ®laments in a vacuum chamber;

it is conceivable that this is also true inside graphite

and would explain both atomic re-emission at high T

and H atom retrapping once the sample cools down af-

ter the laser ¯ash. Atomic H also di�uses more rapidly at

such temperature.

One must therefore consider that the hydrogen is still

trapped (or even retrapped) in some stronger trap sites,

such as the vacancy pro®le created during the implanta-

tion. This vacancy pro®le, calculated for 1.5 keV H by

means of the computer code TRIM95 [24], also appears

in Fig. 3(a). Because the mean range calculated by

TRIM95 is 1/3 smaller compared to the measured one

[12], the depth scale of the vacancy pro®le was multi-

plied by 1.5 in order to account for this discrepancy.

The vacancy pro®le has quite the same shape as the peak

of the depth pro®le obtained after the 1.3 ´ 104 J/m2 la-

ser ¯ash. The lost fraction pro®le (Fig. 3(b)) shows that

for the 0.7 and 0.9 ´ 104 J/m2 laser shots, almost no de-

sorption occurs in the ®rst 15 ´ 1020 C/m2 of depth,

while strong retrapping is observed in the same range af-

ter the 1.3 ´ 104 J/m2 shot.

The e�ect is stronger with increasing initial concen-

tration, because more vacancies are created during the

implantation. A sample implanted at lower concentra-

tion (Fig. 4(a)) retained an equal H fraction (41%) after

a laser ¯ash of similar energy (1.2 ´ 104 J/m2), but no

comparable H accumulation is seen in the vacancies.

Nevertheless, after a laser ¯ash of high energy density

(1.7 ´ 104 J/m2), this sample still features a maximum

in the vacancy pro®le region. On the other hand, no such

accumulation in the vacancy pro®le is observed for the

deuterium implanted in HOPG, as seen in Fig. 4(b) (al-

though we admit that the sensitivity of the ERD tech-

nique is worse for D compared to H). Most of the

deuterium was desorbed after a 1.9 ´ 104 J/m2 laser

¯ash. This suggests that the hydrogen which ®lls the va-

cancies in experiments with H implantation could come

mainly from the intrinsic H in the material. This is con-

®rmed by the H depth pro®le in Fig. 4(b), which was ob-

tained from the same 1.9 ´ 104 J/m2 laser spot on the D

implanted sample.

These results can be compared to those of Sawicki et

al. [5] who implanted 30 keV T in polycrystalline graph-

ite (5890/PT) and measured the depth pro®le modi®ca-

tion. The depth pro®le extended in depth between 0.2

and 0.7 lm essentially. No signi®cant shift in mean

depth or change in distribution width were observed

during a thermal desorption process reaching up to

1575 K. No measurement of the desorbing molecules

was made. However, the T concentration was low

(<0.5%) with, consequently, low damage creation. Be-

sides, the vacancy pro®le increases quite gradually from

the surface to the implantation mean range at 30 keV,

according to TRIM95 simulation. Hence, it was not pos-

sible in this case to observe any preferential trapping or

retrapping in these sites.

Some depth pro®le modi®cations were also obtained

for an other type of carbon material, the vitreous car-

bon. The Fig. 1 showed the same discrepancy between

the released H2 and the desorbed H as measured by

ERD-E ´ B. According to the depth pro®le measure-
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ments (Fig. 5), the H is already signi®cantly depleted

from the v-C at a relatively low temperature

(0.13 ´ 104 J/m2� 840 K). Such low temperature de-

sorption could indicate that the trapping energy is smal-

ler than 0.6 eV, as evaluated from the H2 signal. Once

again, it is seen from the desorbed fraction pro®les in

Fig. 5(b) that the desorption is clearly preferential in

the deeper part of the depth pro®le. The H peak corre-

sponds also to the vacancy pro®le plotted in Fig. 3(a),

which is closer to the surface compared to the depth pro-

®le. However, when the temperature reaches �1500 K,

most of the H contained in this part of the depth pro®le

desorbs.

5. Conclusion

Laser induced desorption experiments were conduct-

ed on carbon materials of di�erent types implanted with

low energy hydrogen and deuterium. A comparison be-

tween the amount of hydrogen released as H2 molecules

and the actual retained quantity measured by means of

ERD-E ´ B con®rms that a large amount of hydrogen

is e�ectively released from the implantation zone other-

wise than by molecular recombination followed by de-

sorption to the surface. Atomic H re-emission or far

in-depth transport of the molecules could be some of

the processes responsible for the disparity. For the vitre-

ous carbon, a signi®cant H amount is desorbed by these

alternative processes at low temperature.

It is seen from the depth pro®le modi®cation that at

low laser energy density (i.e. low temperature), the mod-

i®cation is roughly compatible with a local molecular re-

combination model, without observable limitation by

di�usion. At higher energy density corresponding to

temperatures around 1700 K, while a broadening of

the depth pro®le is not observed (as one expects from

a di�usion process), a signi®cant proportion of hydro-

gen is trapped in the vacancy pro®le, which would in-

volve some relatively short range atomic di�usion.
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