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Abstract

Mass distribution and time variation of the emitted ions by time-of-flight mass spectrometer and desorbed gases by a

quadrupole mass spectrometer from the H+-implanted graphite sample by the pulsed ArF (193 nm) laser irradiation

have been studied. The averaged ion mass is smaller for the larger laser fluence. Most of the implanted H in the laser

irradiated area was released out after a few 10 shots, when the laser fluence is above the ablation threshold. However,

the ablation accompanies large amount of hydrocarbon release. Changing the power of the laser, the reduction of

hydrocarbon release is studied.
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1. Introduction

In D–T fusion devices, carbon materials used as

plasma facing materials retain large amount of tritium.

From safety concern, tritium remaining in the devices

has to be removed periodically. Therefore, the develop-

ment of the tritium removal method is one of the key is-

sues for ITER [1]. One of the methods to remove tritium

is baking. If carbon materials are baked over 1000 K,

most of tritium accumulated near surface region can

be removed [2,3]. However, it is technically difficult to

heat up a whole tokamak device. Recently, a laser in-

duced desorption (LID) technique has been proposed

as one of the tritium removal methods. The LID tech-
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nique has following advantages: Laser beam can be

introduced into any places thorough fibers and optics,

and can give very high power density by beam focusing.

Skinner et al. [4] have used a CW laser beam as a heat

source for the tritium removal from codeposits on car-

bon tiles. Additionally, if the laser power is sufficiently

large, surface components are removed drastically by la-

ser ablation. Shu et al. have used ArF pulsed laser de-

vices in the ablative conditions to remove hydrogen

from the codeposits on carbon tiles [5].

In order to optimize the LID method for hydrogen

release, chemical species released by the laser irradiation

have to be examined. By the laser irradiation, many

chemical species desorb, including various hydrocar-

bons, carbon clusters, hydrogen molecules, and other

molecules. However, most of hydrocarbons have large

sticking coefficients to easily stick near laser irradiated

area [6,7], desorb again and contaminate the inside of

the vacuum vessel resulting in harmful effects on the
ed.
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tritium removal system. Since tritiated hydrocarbons are

more hazardous than tritium gas, it is seems to be more

suitable that accumulated tritium is removed as tritium

gas.

In this paper, we present experimental investigations

of the hydrogen release behavior by irradiating ArF

excimer laser on the graphite target in which 10 keV

H+ ions were implanted. By varying the laser fluence,

we compare the hydrogen release behavior both in abla-

tion and non-ablation conditions.
Fig. 1. Mass distributions of the emitted ions measured by

TOFMS at the second and the 50th shots.
2. Experimental

Experiments were conducted in an ultra-high vacuum

chamber (<4 · 10�6 Pa) equipped with a quadrupole

mass spectrometer (QMS) and a time-of-flight mass

spectrometer (TOFMS). We used the IG-110U graphite

plate (Toyo Tanso Ltd.) as a sample. H+ ion beams were

produced by an ion gun with the energy of 10 keV, and

implanted to the sample from the normal to the sur-

face plane with the beam size of 8 mm in diameter. By

using Transport of Ions in Matter (TRIM) code, for

the implanted 10 keV H+ ions with the fluence of

1 · 1022 ions/m2, it is estimated that the ions exist

250 nm range from the surface and that the H/C ratio

on the implanted area is �0.45. The value is similar to

the H/C (0.4) of hydrogen codeposited carbon film ob-

served in carbon wall tokamaks. After the H+ implanta-

tion, a pulsed ArF laser beam (wave length: 193 nm,

energy: 5–10 mJ/pulse, pulse width: �8 ns and Rep. rate:

5 Hz) was irradiated to the sample. The laser beam was

focused on the sample surface by a quartz lens of the fo-

cal length of 300 mm through a sapphire window and

irradiated from 45� to the normal plane. We varied the

laser fluence (F = 0.3–11.8 J/cm2) by changing both the

laser pulse energy and the distance between the lens

and the sample.

In TOFMS, emitted ions were accelerated by the elec-

trical field of a drift-tube and detected by a micro-chan-

nel plate (MCP). The length of the drift tube is long

enough to completely separate all emitted ions if their

initial velocities are nearly zero. Hence the overlap of

TOFMS spectra observed in the present experiments

can be attributed not only the overlap of neighboring

masses but also the difference or wide distribution of ini-

tial velocities of the emitted ions.

We have determined amounts of desorbed gases from

their partial pressure increase in the target chamber mea-

sured by QMS (0.6–0.84 s/scan, scan range is m/e = 1–

80) and an ionization gauge. Since the gas desorption

rate by the laser irradiation was larger than the pumping

speed of this system, we could measure desorbed gas

molecules using QMS. We have measured the

desorbed ions and gases during the 2000 shots of laser

irradiation.
3. Results and discussions

Fig. 1 shows the mass distributions of the emitted

ions at the second and the 50th laser shots measured

by TOFMS for the samples with and without H+

implantation under the laser fluence of F = 11.8 and

0.3 J/cm2. For F = 11.8 J/cm2 which is ablation condi-

tion, the signal intensities of TOFMS were more than

an order of magnitude larger than that for F = 0.3 J/

cm2 (no-ablation), while the averaged mass number of

the released ions was smaller. For the H+ implanted

sample, both TOFMS signal intensities and the released

ion mass were larger than those for the un-implanted

sample and decreased with increasing the shot number.

The ionization energy (IE) of C atom is11.26 eV and

those of large-size carbon clusters (Cn, n P 6) are below

10 eV and decrease more with increasing the cluster size

[8–11]. For the carbon clusters Cn with n P 100, IEs are

between 6.2 and 6.45 eV [11]. Therefore, the ArF laser

photons (6.4 eV) could produce larger size carbon clus-

ter ions by one-photon ionization.

Fig. 2 displays changes of the averaged ion mass

number �m (a) and the integrated TOFMS intensities

ITOFMS over mass number m/e of 1–200 (b) with the

number of the laser shot. In all cases, �m is above several

tens of mass. �m decreased with the number of the laser

shots for all cases as described above. When F =

11.8 J/cm2, both ITOFMS and �m for the H+ implanted

sample were larger than those for the un-implanted sam-

ple during the initial several laser shots. With increasing

the laser shots number, both �m and ITOFMS decreased,

and after about ten laser shots, �m and ITOFMS for the

H+ implanted sample decreased to nearly the identical

levels of the un-implanted sample. Probably most of

the implanted H in the laser irradiated area was released

out after a few 10 shots under this condition as discussed

below. For F = 0.3 J/cm2, both �m and ITOFMS for the H
+

implanted sample were also larger than the those of the



Fig. 2. (a) TOFMS averaged ion mass �m and (b) TOFMS

signal intensity ITOFMS integrated over m/e = 1–200 versus the

number of the laser shot for the H+ implanted and un-

implanted samples at F = 11.8 and 0.3 J/cm2.
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un-implanted sample, but the difference between two

samples was kept over 50 shots. We have found that �m
of the H+ implanted sample was by a factor of 1.5 larger

than that of the un-implanted sample even at the 1000th

shot for F = 0.3 J/cm2. After nearly 2000 shots, most of

the hydrocarbon ions disappeared and only Cþ
1 and Cþ

3

ions remained for F = 11.8 J/cm2.

Fig. 3 shows time evolutions of QMS signals for

dominant masses for the H+ implanted sample (a) and

the un-implanted one (b) with F = 11.8 J/cm2. At the

highest fluences, the gas was released by ablation but

not desorption. However in the following, we use the

expression of �desorbed gas� whether desorption process

is dominant or not. Before the laser irradiation, QMS

signals were dominated by residual gases, mostly m/

e = 18 (H2O), 17 (OH), 2 (H2), and 44 (CO2) and their

signal intensities stayed constant. By the laser irradia-
Fig. 3. Time evolution of the mass distributions of the desorbed

gases measured by QMS at F = 11.8 J/cm2. (a) H+ ions

implanted sample and (b) un-implanted sample.
tion, the increase of the residual gas species of CO,

CO2 and H2O was appreciable after subtracting such

background. The increase was attributed to repetitive

absorption and desorption of residual gases during the

laser-off and desorption during the laser-on, and the

effect of the residual gas species was not taken into

account hereafter. When F = 11.8 J/cm2, the dominant

QMS mass numbers desorbed by the laser irradiation

from the H+ implanted sample were m/e = 2 (H2), 26

(C2H2), and 28 (segment of C2H6). The QMS signal

intensity of H2 and hydrocarbon decreased with increas-

ing the laser shot number and became steady state with-

in 30 shots. For the un-implanted sample, the dominant

gases released were similar to those before the laser irra-

diation, and the increases of the QMS signal intensities

by the laser irradiation were very small; more than an

order of magnitude smaller than those for the H+ im-

planted samples. Although the release of H2 gas was ini-

tially observed, its intensity decreased below the noise

level within a few shots. For lower fluence (F = 0.3 J/

cm2) laser irradiations, although gas desorption for the

implanted sample was slightly larger than the un-im-

planted sample, the mass distribution of the desorbed

gas species was nearly the same as seen in Fig. 3(b) both

for the H+ implanted and un-implanted samples.

Fig. 4 shows changes of TOFMS H+ signal (a) and

QMS H2 signal (b) with increasing the number of

the laser shot for the samples with and without the

H+ implantation for F = 11.8 and 0.3 J/cm2. When

F = 11.8 J/cm2, the signal intensities of H+ and H2 were

appreciable for the initial 30 shots for the H+ implanted
Fig. 4. (a) TOFMS H+ signal and (b) QMS H2 signal versus the

number of the laser shot for the H+ implanted and un-

implanted samples at F = 11.8 and 0.3 J/cm2. Horizontal arrows

in (a) are the noise level determined by the AD converter.



Fig. 5. (a) TOFMS H+ signal and (b) QMS H2 signal versus

laser fluence for the samples with (d) and without (�) H+

implantation.
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sample, while for the un-implanted sample the H+ inten-

sity decreased much faster than that for the H+ im-

planted sample to be the noise level within 10 shots.

H+ and H2 signals were remained the noise level for

the un-implanted sample, even when F = 11.8 J/cm2.

Fig. 5 shows changes of the integrated intensities of

TOFMS H+ and QMS H2 signals over the first laser shot

to the 50th one with laser fluence. By extrapolation, one

can note different thresholds for the H2 desorption

(QMS) and the H+ emission (TOFMS) at around 1

and 3 J/cm2, respectively. The former is nearly the same

as the measured carbon ablation threshold of 1 J/cm2 for

the ArF laser [5,12], while the latter is a little higher. The

lower threshold for H2 desorption suggests thermal

enhancement for H2 release as discussed below.

Above the ablation threshold, C–H bond breaking

occurs rapidly by the ablative phenomena, and thus

H+ and H2 could be released simultaneously together

with various hydrocarbons. Since the bonding energy

of C–C bond in graphite is 6.3 eV, the ArF laser photon

(193 nm, 6.4 eV) can break the C–C bond. Furthermore,

Claeyssens et al. have shown that in a carbon ablation

using the ArF laser, a strong one-photon resonance-

excitation of the 1P0 state (7.68 eV) occurs from the low-

est level of the metastable state (1.26 eV) in an atomic

carbon, followed by one-photon ionization of C+ (ioni-

zation energy is 11.26 eV) from the 1P0 state, in other

words, resonance-enhanced two-photon ionization

could occur [13]. However, in our experiments, we could

not clarify the contribution of the resonant bond break-

ing and/or resonance-enhanced ionization.

Lade and Ashfold have conducted high laser power

irradiation (F � 75 J/cm2) and observed ablation plume

using 193 nm laser irradiation on graphite. They have

found that main light emission was from C, C+ and
Cþ
2 [14]. In other word, most of ablated materials were

fragmented into atom clusters or atoms. We believe that,

in our experiment, ablation occurs incompletely even at

11.8 J/cm2. Actually, for F = 11.8 J/cm2, we observed

only C2 Swan band (d3Pg�a3Pu) emissions, for example

at 469.7, 516.5, and 589.9 nm, but not C, C+ and Cþ
2 . As

seen in the TOFMS spectra, the averaged ion mass was

around 60–70 corresponding C5–C6 cluster ions. With

decreasing the laser fluence, the averaged ion mass or

mass number of observed ions in TOFMS increased.

This indicates that higher the laser power, smaller the

size of the emitted ion clusters (or mass number) owing

to the fragmentation in the ablated plume (plasma).

Below the ablation threshold, the laser irradiation re-

sults in bulk heating of the target. Accordingly only

thermal desorption is possible except some resonant

desorption of surface ad- or absorbed molecules. There-

fore, most of the hydrogen implanted was retained in the

sample.

From these results, it turns out that implanted hydro-

gen can be removed easily by the ablative laser irradia-

tion. However, in the present laser irradiation

condition, the amount of hydrogen released as hydro-

carbons was much larger than that of hydrogen mole-

cules, though the hydrocarbon release could be

reduced by the high-power fragmentation if the high flu-

ence laser is employed. Nevertheless, carbon atoms and

clusters must immediately stick to the vacuum wall,

when they impinge, resulting in unwanted contamina-

tion of the vacuum wall and also makes quantitative

estimation very difficult. Below the ablation threshold,

hydrogen molecules and stable hydrocarbons can be re-

leased thermally. In order to avoid the release of hydro-

carbons, temperature should be raised above 1300 K or

more, but above 3000 K carbon clusters like C2, C3, C6

etc. starts to evaporate. In this respect, utilization of CW

lasers could be optimized for hydrogen only release. Still

one should be very careful for the emission of hydrocar-

bons and carbon clusters.
4. Conclusions

We have studied mass distribution and time variation

of the emitted ions by TOFMS and desorbed gases by

QMS from the H+ implanted graphite sample by the

pulsed ArF laser irradiation. Different thresholds for

H2 desorption and H+ emission are observed at the laser

fluence around 1 and 3 J/cm2, respectively; the former

might correspond to the ablation threshold of graphite.

In TOFMS measurements, both the averaged ion mass

and signal intensity decrease with the number of the

laser shot. The averaged ion mass is smaller for the lar-

ger laser fluence.

Above the ablation fluence irradiation, most of

the implanted hydrogen in the laser irradiated area is
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probably released out within several shots, and the aver-

aged ion mass decreases to similar level to that observed

for the un-irradiated sample within 10–30 shots. Accord-

ingly, H2, CH4 C2H2, and C2H6, which are dominant in

desorbed molecules from the H+ implanted sample

above the ablation threshold, mostly disappear within

30 shots. The released amount of hydrogen is dominated

by hydrocarbons, and contribution of H2 molecules is

very small.

Below the ablation threshold, hydrogen is mostly re-

leased as H2 molecules, however, the release is more

than one order of magnitude smaller than that observed

just above the ablation threshold. In order to achieve

effective removal of hydrogen below the ablation thresh-

old, where laser heating is the dominant hydrogen-re-

lease mechanism, it might be better to use longer pulse

width as described in Ref. [4].
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