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Abstract
Ablation of the H+-implanted graphite target by pulsed laser irradiation with an ArF laser (193 nm, pulse

length: τ � 8 ns, intensity: IL < 3 × 109 W/cm2) or the fourth harmonic of a Nd:YAG laser (266 nm, τ � 20
ps, IL < 9 × 1011 W/cm2) has been investigated. The intensities for ablation threshold are IL � 4 × 108 and
� 5 × 109 W/cm2 for the 193 and 266 nm lasers, respectively. Above the ablation threshold for the 266 nm
laser irradiation, two ablation regions, a weakly-ablated (WA) region and a strongly-ablated (SA) region, are
observed; the threshold laser intensity of IL � 7×1010 W/cm2 is determined by the strong-ionization threshold
of C+ ions. When the target is irradiated by the 193 nm laser, only the WA region is observed; the averaged
mass number of emitted ions is � 200 for initial few shots, and the most of the implanted H atoms is released
within a few 10 shots. In visible emission spectra, only C2 Swan band is observed in the WA region both for
the 266 and 193 nm laser irradiation. For the 266 nm laser irradiation in the SA region, the emitted ions are
mostly C+ and C2+, and the optical emission of C I, C II, and C III lines are dominant. For the removal of the
implanted H, the WA region seem to be suited, since a large amount of H2 is released.
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1．Introduction
Carbon is a candidate as plasma facing materials in

ITER and future D-T fusion reactors. Because of large
tritium retention in carbon, a significant fraction of tri-
tium is expected to retain in the vacuum vessel as co-
deposits with carbon, and it is necessary to remove tri-
tium periodically [1]. One of the methods to remove
tritium is a laser induced desorption. Skinner et al. [2]
have used a low-intensity (IL = 8 × 103 W/cm2)
continuous-wave Nd laser (1.06 µm) for the tritium re-
moval from the co-deposits of the TFTR carbon tiles.
Shu et al. have used a pulsed ArF laser (193 nm,
IL < 3 × 108 W/cm2) in the ablative conditions to re-
move hydrogen from the co-deposits of carbon tiles [3].

In this paper, we investigate pulsed laser ablation of
the graphite target, in which 10 keV H+ ion are im-
planted, and examine effects of laser intensity on the
ablation with using an ArF excimer laser and the fourth
harmonic of a Nd:YAG laser.

2．Experimental
Figure 1 shows the experimental setup. Experiments

were conducted under the vacuum pressure < 3 × 10−8

Torr. A pulsed ArF excimer laser (Lambda Physik OP-
Tex, 193 nm, energy: EL < 13 mJ/pulse, pulse length:
τ � 8 ns, IL < 3 × 109 W/cm2, repetition rate: 5 Hz) or
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Fig. 1 Schematic view of the experimental setup.

the fourth harmonic of a Nd:YAG laser (Continuum
Custom PY61C-10, 266 nm, EL < 3 mJ/pulse, τ � 20
ps, IL < 9×1011 W/cm2, repetition rate: 10 Hz) was fo-
cused on the target surface by a quartz lens of the focal
length of 300 mm through a quartz window either with
0◦ or 45◦ direction to the normal plane of the target. We
varied IL by changing both EL and the distance between
the lens and the sample. A graphite plate made of IG-
110U (Toyo Tanso Ltd.) was used as a target. H+ ion
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beams were produced by an ion gun with the energy of
10 keV, and implanted to the target 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 H atoms exist 250 nm range
from the surface and that the H/C ratio on the implanted
area is � 0.45. This value is similar to the H/C � 0.4
of hydrogen co-deposited carbon film observed in car-
bon wall tokamaks. Emitted ions and desorbed gases
were measured by a time-of-flight mass spectrometer
(TOFMS) and a quadrupole mass spectrometer (QMS),
respectively. Visible light emissions were also moni-
tored by a spectrometer (Hamamatsu C7473), in which
relative sensitivity on wavelength is calibrated.

3．Results and discussions
Integrated intensities of the H+ signal of TOFMS

over the first laser shot to the 50th one with the 193 nm
laser irradiation for the H+ implanted target are shown
in Fig. 2 (a). By extrapolation, one can note a threshold
for the H+ emission at around 4 × 108 W/cm2, which
corresponds to the laser fluence of F = 3 J/cm2. This
fluence is nearly the same as the measured carbon abla-
tion threshold of 1 J/cm2 for the ArF lasers with τ = 25
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Fig. 2 (a) Integrated intensities of the H+ signal of
TOFMS over the first laser shot to the 50th one
with the 193 nm laser irradiation, and (b) intensi-
ties of the H+ signal of TOFMS for the first 266 nm
laser shot, for the H+ implanted target. Lines are
guide to the eyes.

[3] and 15 ns [4]. Figure 2 (b) shows the intensities
of the H+ signal of TOFMS for the first 266 nm laser
shot. The threshold intensity is around 5 × 109 W/cm2.
The H+ signal intensity decreases by increasing IL at
IL > 2.5 × 1010 W/cm2.

Visible emission spectrum from the H+ implanted
target for the 193 nm laser irradiation with IL = 2.3×109

W/cm2, which is above the ablation threshold, is dis-
played in Fig. 3 (a). We observed only C2 Swan band
(d3Πg − a3Πu) emission, for example at 469.7, 516.5,
and 589.9 nm; but optical emissions from C (C I), C+
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Fig. 3 Visible emission spectra from the H+ implanted
target for (a) the 193 nm laser irradiation with
IL = 2.3× 109 W/cm2 ; and for the 266 nm laser ir-
radiation with (b) IL = 2.5× 1010 , (c) 1.1× 1011 , and
(d) 4.2× 1011 W/cm2 , respectively. (e) Intensities
of the optical emission, C III (407.0 nm), C II
(426.7 nm), C I (909.4 nm), and C2 (516.5 nm) as
a function of IL .
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(C II), or C2+ (C III) were not observed. We call this
ablation region as a weakly-ablated (WA) region. Fig-
ures 3 (b) − 3 (d) show visible emission spectra for the
266 nm laser irradiation with IL = 2.5×1010, 1.1×1011,
and 4.2× 1011 W/cm2, respectively, which are all above
the ablation threshold. When IL < 2.5 × 1010 W/cm2,
only C2 Swan band and C3 emission were observed; it
is in the WA region. By increasing IL, C I, C II, and
C III emission appeared in this order. Intensities of the
optical emission, C III(407.0 nm), C II(426.7 nm), C
I(909.4 nm), and C2(516.5 nm) as a function of IL, are
displayed in Fig. 3 (e). The threshold intensities for the
appearance of C I, C II, and C III are � 2.5 × 1010,
� 7 × 1010, and � 1.6 × 1011 W/cm2, respectively. At
IL � 7 × 1010 W/cm2, not only emission of C II started
to appear but also C+ signal intensity of TOFMS dras-
tically increased, i.e., strong ionization of carbon oc-
curred. We call the ablation region at IL > 7 × 1010

W/cm2 for the 266 nm laser irradiation as a strongly-
ablated (SA) region.

Figures 4 (a) and 4 (b) show the mass distributions of
the emitted ions when the H+ implanted target was ir-
radiated by the 193 nm laser with IL = 3.8 × 107 and
1.5 × 109 W/cm2, respectively, at the second, 10th, and
1000th laser shots. For IL = 1.5 × 109 W/cm2, which is
in the WA region, the signal intensities of TOFMS were
more than an order of magnitude larger than that for
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Fig. 4 Mass distributions of the emitted ions at the sec-
ond, 10th, and 1000th laser shots measured by
TOFMS when the H+ implanted target was irradi-
ated by the 193 nm laser with (a) IL = 3.8× 107 (be-
low the ablation threshold) and (b) 1.5× 109 W/cm2

(in the WA region).

IL = 3.8 × 107 W/cm2 (below the ablation threshold),
and the averaged mass number of the released ions was
smaller. This indicates that when IL is larger, the size of
the emitted ion clusters is smaller due to the fragmenta-
tion in the ablated plume. When IL = 1.5 × 109 W/cm2,
the signal intensities of H+ became the noise level after
the initial 30 shots for the H+ implanted target; while
for the un-implanted target the H+ intensity decreased
much faster than that for the H+ implanted target. H+

signal intensity was remained the noise level for the un-
implanted target, even when IL = 1.5 × 109 W/cm2.

Figures 5 (a) and 5 (b) display the mass distributions
of the emitted ions at the first and 900th laser shots, re-
spectively, when the H+ implanted target was irradiated
by the 266 nm laser with IL = 5.5 × 109 W/cm2. At
this laser intensity, which is in the WA region, the ion
mass distributions and the visible emission spectrum are
somewhat similar to those for the 193 nm laser irradia-
tion with IL � 2 × 109 W/cm2, as shown in Figs. 4 (b)
and 3 (a), respectively. Figures 5 (c) and 5 (d) represent
the ion mass distributions at the first and the 900th laser
shots, respectively, with IL = 2.9 × 1011 W/cm2 (in the
SA region). Only C+ and C2+ ions were emitted. Note
that the absolute intensity of C+ signal in the SA region
[Figs. 5 (c) and 5 (d)] is more than two orders of mag-
nitude larger than that in the WA region [Figs. 5 (a) and
5 (b)]. The visible emission spectrum at this laser in-
tensity, is similar to that shown in Fig. 3 (d), where C II
and C III emissions are dominant.

Before the laser irradiation, QMS signals were
dominated by residual gases, mostly m/e = 18 (H2O),

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400
m/q

C+

C4
+

C6
+

C8
+

(b) IL=5.5x109 W/cm2

#900

T
O

FM
S 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

0

0.1

0.2

0.3
(c) IL=2.9x1011 W/cm2

#1
C+

0

0.5

1

1.5

2

C+
(a) 

IL=5.5x109 W/cm2

#1

T
O

FM
S 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

0

0.2

0.4

0.6

0 10 20 30 40 50
m/q

C+C2+

(d) IL=2.9x1011 W/cm2

#900

Fig. 5 Mass distributions of the emitted ions at (a)
the first and (b) 900th laser shots measured by
TOFMS when the H+ implanted target was irradi-
ated by the 266 nm laser with IL = 5.5× 109 W/cm2

(in the WA region). Mass distributions of the emit-
ted ions at (c) the first and (d) 900th laser shots
with IL = 2.9× 1011 W/cm2 (in the SA region).
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Fig. 6 Mass distribution of desorbed gases for the H+ im-
planted target after several shots of the 266 nm
laser irradiation with IL = 1.8× 1011 W/cm2 (in the
SA region). Signal intensities before the laser shot
were subtracted from those after the laser shot.

17 (OH), 2 (H2), 28 (CO), and 44 (CO2). Mass distri-
bution of desorbed gases for the H+ implanted target
after several shots of the 266 nm laser irradiation with
IL = 1.8×1011 W/cm2 (in the SA region), by subtracting
that before the laser shot, is shown in Fig. 6. The domi-
nant mass numbers of the desorbed gases are m/e = 2
(H2) and 26 (C2H2), 28 (CO+C2H6), and 44 (CO2).
The QMS signal intensities of H2 and C2H2 increased
drastically at IL � 4 × 109 W/cm2, which is close to
the ablation threshold intensity derived from Fig. 2 (b).
The signal intensities of both H2 and C2H2 peaked at
IL � 1.3 × 1010 W/cm2, which is in the WA region, and
decreased by increasing IL; similar trend as the H+

signal intensity shown in Fig. 2 (b). IL = 1 − 2 × 1010

W/cm2 in the WA region seem to be an optimum laser

intensity, since a large amount of H2 is released.
When the H+ implanted target was irradiated by the

193 nm laser with IL = 1.5 × 109 W/cm2, the measured
mass distribution of desorbed gases was similar to that
shown in Fig. 6, i.e., the ratio of the H2 and C2H2 signal
intensities was similar to each other in the WA and SA
regions. The signal intensities of both H2 and C2H2 de-
creased with the laser shot number and became steady
state within 30 shots. In the WA region, no clear dif-
ferences in the amount of H2-desorption were observed
between the 193 and 266 nm laser irradiation.

4．Conclusions
We have studied ablation of the H+-implanted

graphite target by irradiation of pulsed 193 and 266 nm
lasers. Two ablation regions, the WA and SA regions,
are distinguished for the 266 nm laser irradiation, while
only the WA region is observed in the 193 nm case. For
the removal of the implanted H, the WA region seem to
be suited, since a large amount of H2 is released.
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