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a b s t r a c t

To clarify the property of tritium removal from carbon codeposition by using pulsed-laser induced
desorption, hydrogen removal from co-deposits on JT-60 divertor tile using a fourth-harmonic emission
(266 nm) of a nano-sec Nd:YAG laser was demonstrated. The threshold laser fluence for ablation was
�0.3 J/cm2, which was slightly higher compared to that of the pico-sec laser irradiation. The energy
absorption coefficient for the nano-sec laser, which was obtained by fitting the removal rate by so-called
Beer’s law, was larger than the pico-sec laser. Since the time constant of thermal wave propagation into
the target is of the order of nano-sec, such differences between nano- and pico-sec lasers could be attrib-
uted to thermal effects. The ablation threshold of the deposited layer was lower than that of a pure graph-
ite, which could be attributed to the difference of thermal conductivity between deposited layer and pure
graphite. The removal rate of the nano-sec laser was higher than that of pico-sec laser in the fluence range
of >�0.5 J/cm2. On the other hand, the production ratio [hydrocarbon species]/[H2] continuously
increased with the laser fluence, and no significant ionization of carbon was observed in this fluence
range. This indicated that the fluence range in this study was ‘‘weak”-ablation range, which was still
not sufficient to minimize the hydrocarbon production.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Carbon based material is currently favored plasma facing mate-
rial (PFM) because of its good thermomechanical properties and
less impact to the core plasma. The present ITER design is planning
to use carbon fibre composite as the divertor target which is
exposed to the highest heat load in the plasma facing wall [1].
On the other hand, the major disadvantage for the use of carbon
as PFM is high erosion yield due to the chemical sputtering by
hydrogen and subsequent carbon–tritium codeposition formation.
Particularly, codeposition in plasma-shadowed area is one of the
critical concerns because it is difficult to remove it by general plas-
ma-discharge cleaning methods, meaning this can cause continu-
ous tritium accumulation in the vacuum vessel. From the safety
reason, periodic tritium removal will be required before in-vessel
tritium inventory reaches the administrative goal of ITER (700 g)
[2]. In this respect, removal efficiency of the codeposition in shad-
owed area is one of the key issues for ITER operation program.

Laser induced desorption (LID) is a promising method for tri-
tium removal from the codeposition. Especially, it is expected to
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be useful for the removal of codeposition in plasma-shadowed area
because it is technically practicable by using robotically controlled
laser system. There are two major concepts in the application of
LID. One is heating the deposition surface up to >1000 �C by contin-
uous-wave laser irradiation [3,4]. In this case tritium is thermally
desorbed from the codeposition without production of hazardous
tritiated debris. Although this method is effective for tritium re-
tained in the near surface, complete removal from thick co-depos-
ited layer is difficult. Another approach is the ablation-assisted
removal by using high-power pulsed-laser irradiation [5–12],
which is the topic of this paper. It is possible to remove not only
tritium but also deposited layer itself by ablation, hence almost
complete removal is expected. In this method, however, some frac-
tion of tritium can be released as hydrocarbon species, which is
undesirable from the viewpoints of tritium processing in the fuel
cycling or its biological influence. Nevertheless, since ablation
properties depend upon irradiation condition, it is possible to min-
imize such disadvantage by optimizing the laser parameters.

In the previous work, we investigated effects of laser wave-
length on ablation of codeposition using the fundamental
(1064 nm) and the fourth-harmonic (266 nm) emission of Nd:YAG
laser with 20 ps pulse duration [12]. According to the result, the la-
ser irradiation with short-wavelength (266 nm) showed better LID
property. It was because the energy of 266 nm-photons (4.7 eV)
was more suitable for cutting C–H bond whose binding energy is
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�4.5 eV and ionization of carbon (11.3 eV) by three-photon ioniza-
tion. In addition to the wavelength, the pulse duration can play an
important role because the effect of thermal wave propagation
changes depending on the pulse duration. From this point of view,
the ablation behaviour using a longer pulse duration (nano-sec) la-
ser was investigated in this study and compared to the previous
results.
2. Experimental procedure

The sample used in this study was a JT-60 inner divertor tile,
which was exposed to 1800 hydrogen discharges from June 1988
to October 1988 including 1500 discharges of the limiter configu-
ration and 300 discharges of the lower X-point divertor configura-
tion. The tile surface was covered by carbon deposited layer with
the thickness of 35–40 lm. According to a past investigation,
hydrogen concentration in the deposition on the JT-60 inner diver-
tor was nearly constant over the whole layer with the H/C ratio of
�0.03 [13]. An isotropic graphite sample (ETP-10) was also pre-
pared for comparison.

The detail of experimental setup is figured in Ref. [10]. A small
piece with the dimension of �30 � 10 � 1 mm3 was cut out from
the plasma facing surface of the tile, and situated in the vacuum
chamber (background pressure <3 � 10�8 Torr). A Nd: YAG laser
(Continuum Minilite) with the maximum laser energy of �3 mJ/
pulse was focused on the target surface by a quartz lens through
a quartz window with a normal direction to the target. The wave-
length was the fourth-harmonic emission of Nd: YAG laser, i.e.
266 nm, and its pulse duration was �4 ns.

Emitted ions and desorbed gases were measured by time-of-
flight mass spectrometer (TOFMS, scan range: m/e 1–300, scan
speed: �0.1 s/scan) and quadrupole mass spectrometer (QMS, scan
range: m/e = 1–80, scan speed: �0.5 s/scan), respectively. Visible-
light emission was monitored by a spectrometer (Hamamatsu
C7473).

The laser fluence was varied in most cases by changing the fo-
cal-spot size on the target. thousand shots of the pulsed-laser
beam were irradiated on the target with 10 Hz of repetition rate.
After the laser irradiation, the laser-spot size was measured by
scanning electron microscope and the ablation depth was deter-
mined by an optical microscope measuring the difference of focal
lengths between the surface and the bottom of ablation hole.
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Fig. 1. Ablation depth per pulse Dd fitted by (a) Eq. (1) and (b) Eq. (2). The result obtain
[11] is shown in (a) together with the present result.
3. Results and discussion

3.1. Ablation depth

Fig. 1 shows the ablation depth per pulse obtained from each
sample as a function of laser fluence. For the analysis, following
two different equations are applied to the experimental data:

Dd � a�1 ln
FL

Fth

� �
ð1Þ

Dd � AðFL � FthÞ
qLm

ð2Þ

Eq. (1) is known as so-called ‘‘Beer’s law” which expresses a log-
arithmic dependence of ablation depth per pulse (Dd) on the laser
fluence (FL). Fth is the threshold fluence for ablation and a is the
absorption coefficient of the target. The ablation depth is normally
well fitted by this equation under short-pulse (femto-/pico-sec
pulse duration) irradiation condition where thermal conduction
into the target can be neglected. The result obtained from 20 ps la-
ser irradiation [11] is also shown together with present results. In
the case of pico-sec laser, the result was well reproduced by this
equation.

For the longer pulse (� tens nano-sec pulse duration) irradia-
tion condition, it needs to take the application of another Eq. (2)
into account because thermal wave propagation due to the excita-
tion of the lattice vibration is no longer ignored in such time scale
[14]. Here, A is a dimensionless coefficient, q and Lt are the mass
density and latent heat per unit mass of the target, respectively.
Since the 4-ns pulse duration could be assumed the intermediate
between these conditions, both two equations were applied to
present results.

As seen in Fig. 1, both Eqs. (1) and (2) were applicable to the
pure graphite sample. On the other hand, one can find that exper-
imental result of the deposition sample was well reproduced by Eq.
(2) rather than Eq. (1), i.e. Beer’s curve deviated from the experi-
mental data in low fluence range. The result indicated that the
thermal conduction into the target could not be negligible in this
pulse duration.

All fitting parameters are summarized in Table 1. The ablation
threshold of the deposition sample was smaller than that of the
graphite sample. It could be attributed to the difference of thermal
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Table 1
Summary of fitting parameters for Eqs. (1) and (2). Parameters for 20 ps (266 nm) and
25 ns (193 nm) lasers were from Refs. [11] and [5], respectively.

Sample Eq. (1) Eq. (2)

Fth (J/cm2) a (lm�1) Fth (J/cm2) A

Deposition 0.28 7.4 0.13 1.3 � 106

Graphite (ETP-10) 0.37 8.9 0.29 8.9 � 105

Deposition/20 ps laser [11] 0.18 35
Deposition/25 ns laser [5] 1.0 1.9
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conductivity between deposited layer and pure graphite. According
to Ishimoto et al., the thermal conductivity of the deposited layer
on JT-60U inner divertor tile was roughly 1/30 of that of ETP-10
graphite [15], hence surface of the deposited layer could be easily
heated up during laser irradiation compared to the graphite sur-
face. The absorption coefficients a were 7.4 lm�1 for the deposited
sample and 8.9 lm�1 for the graphite sample. Those values were
smaller than that obtained from the 20 ps laser irradiation by a fac-
tor of �4. On the other hand, those were larger than that obtained
from 25 ns ArF (193 nm) laser irradiation reported by Shu et al. [5]
by a factor of �4. It means that pulse duration can play important
role from the viewpoint of removal efficiency. From the present re-
sult, the removal rate of nano-sec laser seems to be better than that
of pico-sec laser. Meanwhile, we have to carefully see the behav-
iour of removed species as well as removal efficiency, which is dis-
cussed in the next section.
3.2. Emitted ions and desorbed gases analyses

Fig. 2a shows the visible emission spectrum obtained from the
deposited sample during the laser irradiation with FL = 1.0 J/cm2,
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Fig. 2. (a) Visible emission spectrum obtained from the deposited sample with the
fluence of 1.0 J/cm2. (b) TOFMS spectra obtained from the deposition (FL � 1.0 J/
cm2) and graphite (FL � 0.9 J/cm2) samples. Both are the first scan after irradiation
started. Carbon tended to be released as larger cluster in the case of deposition
sample.
which was the highest fluence in this study. There were only peaks
from C2 swan band (d3Pg–a3Pu) emission, for example 469.7, 516.5
and 589.9 nm, and no emissions from C, C+ or C2+ even at this flu-
ence. Mass distributions of the emitted ions measured by TOFMS
are shown in Fig. 2b. In the case of deposition sample, the emission
of large carbon-clusters was dominant and few C+ or C2+ emission
was observed, which was consistent with the result of visible-light
observation. H+ emission was observed only in the deposition sam-
ple in the fluence range of FL > 0.7 J/cm2. One can note that the size
of the carbon-cluster emitted from the deposited sample tended to
be larger than that from the graphite sample.

Fig. 3 shows the typical mass distribution of the desorbed gases
measured by QMS. After start of the laser irradiation, m/e = 2 (H2),
16 (CH4), 26 (C2H2), 28 (CO + C2H4), 44 (CO2) and 50 (C4H2) peaks
appeared (Fig. 3b), whereas there was only m/e = 18 (H2O) peak be-
fore the irradiation (Fig. 3a). Here, the relation between H2 and
hydrocarbon or H2O production is important because, as men-
tioned before, the removal of tritium as hydrogen gas is more
desirable than that as hydrocarbon or tritiated water. H2O signal
intensity showed no significant increase even after the laser irradi-
ation started, i.e. hydrogen was released not as water but as hydro-
gen gas or hydrocarbon in this experiment. Major hydrocarbon
species emitted here were C2H2 (m/e = 26) and C2H4 (m/e = 28).
Since it is difficult to divide m/e = 28 peak into C2H4 and CO,
C2H4 is not pertinent for the evaluation. Therefore, we focused only
on the relation between C2H2 and H2. Fig. 4a shows the signal
intensity ratio I[C2H2]/I[H2] as a function of laser fluence. The ratio
increased monotonically with increasing the laser fluence.

According to our past investigations using pico-sec laser with
266 nm wavelength, I[C2H2]/I[H2] continuously increased up to a
certain laser fluence as well as the present result. This was proba-
bly attributed to the fact that C2H2 is thermodynamically stable
even at high temperature, whereas most of hydrocarbon species
are unstable above 1000 K. After a threshold fluence, however,
I[C2H2]/I[H2] turned to decreasing with the laser fluence. We de-
fined each fluence range below and above this threshold as
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kept increasing in this fluence range. (b) The ratio between the number of the
desorbed hydrogen as H2 and that of hydrogen retained in the ablated volume:
Hdesorbed/Hretained as a function of laser fluence.

K. Sugiyama et al. / Journal of Nuclear Materials 405 (2010) 70–73 73
‘‘weak”-ablation range (WAR) and ‘‘strong”-ablation range (SAR),
respectively [10–12]. In SAR, visible-light emissions from C+ and
C2+ were observed, and C+ or C2+ ions were dominant in TOFMS
spectrum, i.e. SAR was associated with ionization of carbon. In such
a high fluence range, breaking C–H bond (4.5 eV) or C–C bond
(3.6 eV) by 266 nm-photon (4.7 eV) and ionization of carbon
(11.3 eV) by three-photon ionization became pronounced, which
could inhibit the production of C2H2. Eventually, we concluded la-
ser irradiation in SAR was better for the removal of codeposition
with minimizing the hydrocarbon production. By analogy with that
result, the fluence range in the present study was still WAR, which
was not sufficient to reduce the hydrocarbon production. Fig. 4b
shows the ratio between the number of the desorbed hydrogen
as H2 by 150 shots of irradiation and that of hydrogen retained
in the ablated volume: Hdesorbed as H2=Hretained. In this study, the max-
imum ablation depth per pulse was �200 nm, hence 150 shots
irradiation corresponds to the removal of almost whole layer
(�30 lm) in the case of highest laser fluence. Hretained was esti-
mated from the ablated volume and H concentration in the depos-
ited layer. The ablated volume was calculated from the measured
ablation depth and the laser-spot size assuming a parabolic radial
ablation profile. As mentioned above, hydrogen was retained
homogeneously in the co-deposited layer with the nearly constant
H/C ratio of �0.03 [13] which corresponds to the H concentration
of �1.4 � 1027 H/m3. Although the data points from the nano-sec
laser are relatively scattered compared to the result from the
pico-sec laser irradiation, one can say that Hdesorbed as H2 /Hretained

of nano-sec laser irradiation was more or less �0.4 in this experi-
mental fluence range. This means that roughly 40% of retained
hydrogen was released as H2 form in these irradiation conditions
whereas another 60% was released as other chemical forms such
as water or hydrocarbon species. Since H2O partial pressure did
not increase during the irradiation as seen in QMS spectrum (see
Fig. 3), the remaining 60% of hydrogen was likely to be released
as hydrocarbon species. Higher-power irradiation should be per-
formed in future work in order to confirm whether SAR appears
also in such nano-sec laser condition or not.

4. Summary and outlook

Removal of carbon deposition on JT-60 divertor tile by LID using
the fourth-harmonic emission (266 nm) of a 4 ns pulsed Nd:YAG
laser was demonstrated. The ablation depth per laser fluence
showed a linear dependence on the laser fluence rather than a log-
arithmic dependence, whereas the ablation depth by pico-sec laser
irradiation showed good logarithmic dependence on the laser flu-
ence in the previous study. This means the thermal conduction into
the target could not be negligible in such nano-sec laser condition.
The ablation threshold of the deposited layer was slightly lower
than that of the graphite sample, which could be attributed to
the difference in thermal conductivity between deposited layer
and pure graphite. The removal rate of the nano-sec laser was
higher than that of pico-sec laser in the fluence range of >�0.5 J/
cm2. On the other hand, the production ratio I[hydrocarbon spe-
cies]/I[H2] continuously increased with the laser fluence, and we
could not observe the strong ionization of carbon in this experi-
ment. This indicated that the fluence range in this study was still
‘‘weak”-ablation range, which was not sufficient to reduce the
hydrocarbon production. Higher-power irradiation is required in
order to confirm whether ‘‘strong”-ablation range, where hydrogen
is released as hydrogen gas with minimizing the hydrocarbon pro-
duction, appears in the nano-sec laser condition, which is the fu-
ture work.
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