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Heating and ablation of tokamak graphite by pulsed nanosecond Nd-YAG lasers

A. Semerok,® S.V. Fomichev,”) J-M. Weulersse, F. Brygo, and P.-Y. Thro
CEA Saclay, DEN/DPC/SCP/LILM, Bat. 467, 91191 Gif sur Yvette, France

C. Grisolia
CEA Cadarache, DSM/DRFC, Bat. 506, 13108 Saint Paul Lez Durance, France

The results on laser heating and ablation of graphite tiles of thermonuclear tokamaks are pre-
sented. Two pulsed Nd-YAG lasers (20 Hz repetition rate, 5ns pulse duration and 10kHz repeti-
tion rate, 100 ns pulse duration) were applied for ablation measurements. The ablation thresholds
(1.0 +£ 0.5 J/em? for 5ns and 2.5 4 0.5J/cm? for 100 ns laser pulses) were determined for the Tore
Supra tokamak graphite tiles (backside) non-exposed to plasma. The high repetition rate Nd-YAG
laser (10kHz, 100 ns pulse duration) and the developed pyrometer system were applied for graphite
heating measurements. Some unexpected features of laser heating of the graphite surface were ob-
served. They were explained by the presence of a thin surface layer with the properties different
from those of the bulk graphite. The theoretical models of laser heating and near-threshold ablation
of graphite with imperfectly adhered layer were developed to interpret the experimental results.

PACS numbers: 28.52.Fa, 44.10.+1i, 79.20.Ds, 81.05.Uw

I. INTRODUCTION

The excessive tritium trapping in deposited layers
on tokamak plasma-facing components is seen as a se-
vere problem for efficient operation of thermonuclear fu-
sion reactors.!234567 To detritiate and clean plasma-
facing surfaces of the future ITER, the completely op-
tical methods of laser heating®?1%1%12 (LH) and laser
ablation!314:15:16,17.18 (T A) can be suggested. Graphite
surface detritiation by continuous wave (CW) lasers in
the heating regime with the temperatures up to 2300 K
was reported in Ref. 9,10. LH was applied to release hy-
drogen isotopes from the deposited layer and to make hy-
drogen concentration measurements,'® rather than to re-
move the carbon deposit from the surface. For graphite,
LA is observed when the surface temperature reaches the
sublimation temperature Ts ~ 4200K.20:21 CW lasers
may heat graphite surface up to this sublimation tem-
perature only with the power of 1kW or above (assum-
ing 1mm laser spot diameter). Powerful (10 — 100 W)
pulsed Nd-YAG lasers of a high repetition rate are ap-
propriate for decontamination of plasma-facing compo-
nents in tokamaks by LA.?2:23:24 Laser beam transport
to the cleaning zone by an optical fiber allows to remove
the laser system away from the contaminated zone and to
perform a remote surface treatment. Personnel safety, re-
duced waste volume, laser beam accessibility to shadowed
areas, and possible complete automation of the process
are regarded as attractive advantages of laser decontam-
ination.

To avoid graphite tiles damage during surface detri-
tiation, LA thresholds for graphite and deposited layer
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should be determined. The ablation threshold and rate
of a carbon deposit depend on the deposited layer prop-
erties (thickness, density, thermal and optical parame-
ters). To our knowledge, these properties are not suf-
ficiently known. They may differ significantly from the
corresponding properties of tokamak graphite, which are
also not well known.?%21:25:26:27.28 Ty obtain the layer
and/or substrate properties, it is necessary to measure
the thermal response of the surface to the transient heat
pulse.??

To study laser detritiation of tokamak graphite tiles,
two experimental laser benches were developed in our
laboratory (CEA Saclay, France). The first experimen-
tal set-up based on a commercial Q-Switched Nd-YAG
laser (“Brilliant” QUANTEL) was designed to study LA
with short (4 — 10ns FWHM) laser pulses of a low rep-
etition rate (20 Hz or single pulses). The second set-up
was based on a Q-Switched high repetition rate Nd-YAG
laser developed in CEA Saclay. It was applied for LA and
LH experiments with longer (= 100 ns FWHM) pulses of
a laser repetition rate (v1) up to 10kHz. Laser radia-
tion at the wavelength (Ar) of 532nm provided up to
180 mJ pulse energy with 5ns pulses at low v, = 20 Hz
and up to 100 W mean power with 100 ns pulses at high
vy, = 10kHz. The 5ns Gaussian laser beam was homog-
enized by a diaphragm with imaging the central zone
of the beam onto the surface. The 100ns laser beam
was transported to the interaction zone by a multimode
optical silica fiber of 15m length, 1 mm core diameter,
and 0.2 numerical aperture. Laser beam intensity dis-
tribution was homogeneous at the fiber exit. Thus, the
homogenized laser beams of 0.6 — 3mm spot size (de-
pending on focusing) on the irradiated surface were used
in the experiments with two benches. Different fluences
for 5 ns laser were obtained by varying the laser pulse en-
ergy, but keeping the fixed laser spot diameter (1 mm).
For 100 ns laser pulses, different laser fluences at the con-
stant laser pulse energy (6 mJ) were obtained by varying
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the laser spot diameter.

Theoretical models of LH and near-threshold LA
of complex surfaces with a layer by periodically re-
peating nanosecond laser pulses were developed. The
models may describe LH and LA both with the
temperature-dependent matter parameters and their
mean temperature-independent values. The three-
dimensional (3D) analytical LH model®*3! provides cal-
culations of the heating temperature for any number of
applied laser pulses. The one-dimensional (1D) numeri-
cal model of LA of sublimating materials (graphite) al-
lows to calculate LA depth with consideration of the tem-
perature dependences (if known) of the surface proper-
ties. The intermediate adhesion between the layer and
the substrate was applied in both models. The compara-
tive experimental and theoretical studies on LH and LA
of graphite samples allowed to characterize a deposited
carbon layer and to determine some poorly known prop-
erties of tokamak graphite.

The paper presents the results on near-threshold LA
and LH of tokamak graphite (backside non-plasma-facing
surfaces of Tore Supra tokamak tiles) by pulsed nanosec-
ond Nd-YAG lasers. Section II analyzes the experimen-
tal and simulation results on LA of graphite tiles. Laser
absorption coefficient of graphite at A\, = 532nm is es-
timated with the help of the LA thresholds determined
for two pulse durations (5ns and 100ns). Section III
presents the results on LH of graphite by high repetition
rate pulses. The LH properties of the original surface of
manufactured graphite tiles were significantly different
from those of the same surface, but pre-processed by LA.
The presence of a thin boundary graphite layer is sug-
gested to explain the observed difference in the LH prop-
erties. Section IV makes the conclusions. The simulation
models for LH and LA are outlined in Appendices A and
B, respectively. The discussion on plasma-facing surface
of graphite tiles with a deposited carbon layer is beyond
the scope of this paper.

II. LASER ABLATION OF TOKAMAK
GRAPHITE

A. Experimental results

LA of a non-plasma-facing (backside) surface of Tore
Supra graphite was performed with short pulses of 7, =
5ns at a low v, = 20Hz. The LA threshold Fi, for Tore
Supra graphite was 1.0 + 0.5J/cm?. The crater depth
H (per laser pulse) may be approximated by a linear
function of laser fluence F up to 5J/cm? (Fig. 1):

H ~ §(F — Fi), (1)

with the coefficient 3 ~ 0.033 yum -cm?/J. The lin-
ear dependence was disturbed at the laser fluence above
5J/cm?. The linearity upset may be explained by the
high laser pulse intensity (~ 1GW/cm?) which may
cause plasma formation during LA. Plasma screening
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FIG. 1: (Color online) Crater depth (normalized to one laser
shot) as a function of laser fluence for a number of laser
shots applied for crater formation. Tore Supra graphite, non-
plasma-facing surface, A\, = 532nm, 7, = 5ns, v, = 20 Hz.
Laser spot diameter is 1 mm.
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FIG. 2: Crater depth as a function of a number of applied
laser shots for different laser fluences F'. Tore Supra graphite,
non-plasma-facing surface, A\r, = 532nm, 7, = 5ns, v, =
20 Hz. Laser spot diameter is 1 mm.

may reduce LA rate and, thus, results in saturation of
the crater depth dependence versus the laser fluence. The
crater depth (Fig. 2) was a linear function of the num-
ber of applied laser pulses (up to 500 shots) when the
resulting crater depth was much lower than the crater
diameter.

For a low repetition rate heating (20 Hz), thermal en-
ergy accumulation by the graphite surface from pulse
to pulse was negligible. With each laser pulse, the sur-
face LH re-commenced from the same ambient temper-
ature Ty (room temperature). The important thermal
energy accumulation from pulse to pulse was expected
for the high (10kHz) repetition rate heating. As a re-
sult, LA rates were expected to be significantly different
for low and high repetition rate pulses of the same du-
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FIG. 3: (Color online) Crater depth (normalized to one laser
shot) as a function of laser fluence. Tore Supra graphite, non-
plasma-facing surface, A\r, = 532 nm, 7, = 100 ns, v, = 10kHz
(v) and 20Hz (A), 100 or 1000 laser shots per crater. Laser
pulse energy is 6 mJ.

ration. However, the experimental results obtained with
the backside surface of Tore Supra graphite samples did
not support these estimations. For 100ns laser pulses,
no important difference in LA rates for vy, of 20 Hz and
10kHz was observed within the measurements accuracy
(Fig. 3). 100 or 1000 pulses were applied to form the
craters. For this number of pulses, the accumulated heat
was expected close to maximum.

For 100 ns laser pulses, the linear dependences of the
crater depth from the laser fluence and the number of ap-
plied laser pulses were observed for low and high repeti-
tion rates. The crater depth dependence on laser fluence
can be approximated by a linear function (Eq. 1) with
[~ 0.028 um - cm?/J (Fig. 3). The LA threshold Fy;, was
2.5 4 0.5J/cm? for both repetition rates. This threshold
was 2.5 times higher than the one of ~ 1.J/cm? for 5ns
laser pulses. The difference in the LA thresholds can be
associated with the pulse durations. Amorphous reactor
graphite can be referred to the matter with metal-like
properties.20,21,25,26,27,28 Top these samples, the ratio of
LA thresholds should be close to the square root from the
ratio of the corresponding nanosecond pulse durations,>?
that is, approximately 4.5 for our experiments. For Tore
Supra graphite, the experimentally obtained threshold
ratio of 2.5 can be associated with the sufficiently low
laser absorption coefficient (at A, = 532nm) in the tem-
perature range between the ambient Ty and sublimation
Ts temperatures.

B. Simulations of laser ablation

To simulate LH/LA of a graphite surface, one should
know thermal and optical properties of tokamak graphite
in the temperature range above the ambient temperature
Ty ~ 300K and below the graphite sublimation tem-
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FIG. 4: Graphite thermal properties: (a) mass specific heat
and (b) relative thermal conductivity (with respect to thermal
conductivity at Tp = 300 K).

perature Tg ~ 4200K. The graphite tiles density of
pc ~ 1700kg/m3 is typical for manufactured graphite
in nuclear industry.2® The natural graphite density is
po ~ 2240 kg/m3.2%21 Thus, for tokamak graphite tiles,
the mean porosity pg ~ 25%.2°

Mass specific heat of graphite (Fig. 4a) is a temper-
ature dependent parameter.?%-21:33 The mean mass spe-
cific heat is ¢g ~ 1500 J/(kg - K). Knowing the graphite
tile porosity, the mean volume specific heat of Tore
Supra graphite is estimated as cg = (1 — pg)poco =
2.5MJ/(m3-K). The graphite thermal conductivity
kE(Tp) at room temperature should be considered as an
adjusting parameter due to the scatter in the data on
this parameter.20:21,25,26,27.28 The temperature depen-
dent relative thermal conductivity k(T")/k(Tp) is avail-
able from Ref. 20 (Fig. 4b). Thermal conductivity k(7o)
of mono-crystal natural graphite at room temperature
may vary in 2 —2000 W/(m - K) range for different direc-
tions to crystal axes.?! For amorphous Tore Supra toka-
mak graphite, k(Tp) = 120 W/(m - K) was obtained by
fitting the LH and LA experimental results with the cal-
culations. The obtained value is in a good agreement
with the thermal conductivity of Tore Supra graphite?®



(CEA Cadarache, France), with the data in Ref. 14, and
close to the thermal conductivity of some metals.2! Thus,
the mean thermal conductivity of tokamak graphite in
300 — 4200K temperature range is kg ~ 60 W/(m - K)
(Fig. 4b).

Graphite can be referred to semi-metals®* with the no-
ticeable dependence of the laser absorption coefficient on
temperature. To our knowledge, the temperature de-
pendences of graphite optical properties are not avail-
able in literature. At A, = 532nm, laser absorption
coefficient and reflectivity of natural dense graphite at
room temperatures can be obtained from the experi-
mental data of Ref. 27. The determined absorption
coefficient is ag(Tp) ~ 34um™. For porous tokamak
graphite, the absorption coefficient can be estimated as
a(Ty) = (1 — pa)ao(Tp) =~ 25pum™. These values are
close to the typical metal absorption coefficients. The
reflectivity of natural dense graphite at room tempera-
ture is estimated as Ry =~ 0.29. The reflectivity Rg of
the tokamak graphite is low due to porosity. The linear
approximation on graphite density for both the refrac-
tive index and the absorption coefficient can be applied.
Thus, Rg =~ 0.22. Graphite reflectivity does not strongly
depend on temperature, as it is mainly determined by
polarizability of ion cores, rather than free electrons.?*

Heating depth is proportional to (Dng)l/ 2. where
Dg = kg/cqg ~ 0.24cm?/s is the mean thermal dif-
fusivity of graphite, and 7, is pulse duration. For the
same laser fluence, the longer the laser pulse duration
is, the deeper the heat penetration and the lower the
heating temperature. Thus, LA threshold Fiy, should de-
pend on the laser pulse duration as 7'1;/ 2, if the heat-
ing depth is much higher than the laser absorption
length. This threshold dependence is well known for
the metal heating by nanosecond laser pulses®? with the
surface heating temperature AT = T — Ty, = {2(1 —

Rc,)/(7rc(;k(;)1/2)}F/Té/2 reached by the end of laser
heating pulses (for the rectangular pulse heating model).
This is the case of “surface heating regime” (in contrast
to “volume heating regime” where AT does not depend
on 7,3235:36) For surface heating regime, the additional
condition (Dg7,)/? < 1y should be satisfied (rq is the
radius of the laser spot on the surface). This condition
was always met in our LA experiments with ¢ ~ 500 pm.

From the available data on natural graphite, the ab-
sorption length at A\r, = 532nm at room temperature is
less than 0.1 yum. The heat penetration depth is ~ 1 ym
for laser pulses applied in our experiments. Thus, for
100ns and 5ns pulses, the LA thresholds ratio should
be close to (100/5)'/2 ~ 4.5. This would be true, if
the absorption length of laser radiation were much lower
than the thermal diffusion length for both pulse dura-
tions. The low thresholds ratio of 2.5 obtained in the
experiments with Tore Supra graphite can be associated
with the increase in the laser absorption length with
the temperature increase up to Ts. In this case, the
strong inequality aal < (Dg7p)'/? is violated (mostly
for 5ns pulses). Thus, the square root dependence for
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FIG. 5: (Color online) Calculated LA thresholds of tokamak
graphite for 5 ns (20 Hz repetition rate) and 100 ns laser pulses
(20Hz and 10 KHz repetition rate) and ratio of LA thresh-
olds as a function of the mean absorption coefficient of the
graphite.

surface temperature, that is valid only for “surface heat-
ing regime”, can not be applied. For the other limiting
case with ag' > (Dg7p)'/? (“volume heating regime”),
the surface temperature does not depend on the pulse
duration, and the LA thresholds would be the same for
both 5ns and 100 ns laser pulses.

The dependences of LA thresholds and their ratios ver-
sus ag (Fig. 5) were calculated by the developed 3D LH
model (Appendix A) with mean constant graphite pa-
rameters. The LA thresholds were determined for rec-
tangular laser pulses that heated the graphite surface
up to the sublimation temperature Tg. For 100ns laser
pulses, the laser beam was of 6 mJ pulse energy. Laser
fluence was adjusted by varying the laser spot diame-
ter. For 5ns pulses, with the fixed radius rg = 500 pm,
laser fluence was adjusted by the pulse energy. For
Tp = 100ns (for both vy, of 20Hz and 10kHz) and
Tp = bus (for v, = 20Hz), the experimentally obtained
ablation thresholds and their ratios can be explained the-
oretically only if we accept the sufficiently low mean ab-
sorption coefficient ag = 2 um™ of tokamak graphite at
Ar, = 532nm. This value is used in our calculations, as it
gives the best fit for the experimental results. For dense
graphite (with zero porosity), the mean laser absorption
coefficient is ag ~ ag/(1 — pg) ~ 2.67 um™.

The difference in the theoretical LA thresholds for
graphite at 7, = 100ns for high (10kHz) and low (20 Hz)
repetition rates (Fig. 5) may be associated with thermal
energy accumulation by the surface from pulse to pulse at
10 kHz repetition rate. For a high repetition rate, the sur-
face cooling between two subsequent pulses is not com-
plete. The residual heating temperature is permanently
increasing with the number of applied pulses until it
reaches the stable value AT*. Based on the heat equation
solution,?>3¢ the time t* required to reach the tempera-
ture AT* is estimated from (DGt*)1/2 ~ ro. AT* can be
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FIG. 6: Calculated profile of the surface heating temperature
AT = T — Ty of the tokamak graphite (with the above pa-
rameters) at heating by 200 laser pulses of 10kHz repetition
rate and 100ns pulse duration. Tp is ambient temperature.
Laser fluence F = 0.7 J/cm?.

estimated from AT* ~ 0.5F(1 — Rq)rovpm'/?/kg. This
expression corresponds to CW LH with the power equal
to the average one of the pulsed laser with the repetition
rate vy,. For the heating time ¢ > t*, LH starts from the
surface temperature Ty + AT*. For tokamak graphite
with the above thermal parameters and ry ~ 522 ym, t*
corresponds to = 100 laser pulses, and the pre-heating
temperature AT* ~ 420K for F = 0.7J/cm? and
vy, = 10kHz is reached with a few hundred laser pulses.

The 3D analytical model of LH (Appendix A) was ap-
plied to calculate the temperature profile for 200 laser
pulses (Fig. 6). For a high repetition rate (10kHz) and a
sufficient number of applied laser pulses, the pre-heating
effect reduced the LA threshold. For a low repetition rate
(v, = 20 Hz), the pre-heating is negligible. The LA rates
of tokamak graphite were calculated with the developed
Stefan-like model for LA of sublimating/evaporating ma-
terials (Appendix B). The model is based on the nu-
merical solution of the 1D heat equation with the Ste-
fan boundary condition.??3” The 1D approach (on a
single-shot time scale) is relevant for our experimental
conditions. The pre-heating effect may be important
for a high repetition rate and a high number of laser
shots applied for crater formation. It was incorporated
in the LA model phenomenologically. The temperature
dependences of specific heat and thermal conductivity
of graphite (Fig. 4) were taken into account in the LA
model. Other parameters were taken as mean constant
values. Mass specific heat of sublimation was taken as
50MJ/kg from Ref. 20. Figure 7 presents LA rates for
the temporal shape of the laser pulse of sin®(wt/27,)
(0 < t < 27,). The calculated crater depth depen-
dences on laser fluence near the LA thresholds are not
linear. This may explain the fact that the theoretical LA
threshold is slightly lower than the one defined by the
linear fit of the experimental ablation depths. A good
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FIG. 7: Calculated and experimental ablation rates of Tore
Supra graphite sample versus laser fluence (see Fig. 1 for ex-
perimental results for 5 ns pulses at 20 Hz repetition rate and
Fig. 3 for 100 ns pulses at 20 Hz and 10 kHz repetition rates).

agreement between the calculated and experimental LA
rates was obtained for 5ns laser pulses (v, = 20Hz) for
laser fluences below 3.5J/cm?. For higher laser fluences,
the experimental LA rates are lower than the theoretical
ones. It may be associated with the plasma screening
of 5ns laser beam. The screening effect was not consid-
ered in the LA model, which was developed for threshold
determination.

For 100 ns laser pulses, the calculation and experimen-
tal results are in agreement only near the LA thresh-
old. For higher laser fluences, the difference between the
calculation and experimental results may be associated
with the laser beam screening (diffusion) by the ablation
products (micro particles). At different repetition rates
(20Hz and 10kHz), the pronounced difference between
the theoretical LA rates (Fig. 7) may be attributed to
the different intensity of heat accumulation. Within the
measurement accuracy, this difference was not observed
experimentally.

The quantitative agreement between the theoretical
and experimental results near ablation thresholds for
both pulse durations has validated the applicability of
the developed LA model to tokamak graphite with the
thermal and optical parameters specified above.

III. HIGH REPETITION RATE LASER
HEATING OF TORE SUPRA GRAPHITE

A. Experimental results

The experimental pyrometer system based on an
Impac-Kleiber C-LWL infra-red pyrometer was devel-
oped in our laboratory to study high repetition rate
LH. The pyrometer system parameters were as follows:
600 — 2600 K temperature range, 1.6 — 2.2 ym working
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FIG. 8: (Color online) Panel (a) - experimental results on high repetition rate (10kHz) LH of the non-plasma-facing surface
of Tore Supra graphite by 100 laser pulses at laser fluence F' = 0.62 J/cm2, Panel (b) - LH measurements at laser fluence
F =0.7J/cm? for the same surface, but pre-processed by LA. Theoretical data for pre-heating and peak heating temperatures
(see Fig. 6) are presented by the dash and dot curves, respectively. The surface heating temperature is AT =T — Ty, Tp is

ambient temperature.

wavelength range, 15 us response time (tggo).

The simulation results on LH of graphite surface by
100 ns laser pulses at v1, = 10 kHz and 0.7 J /cm? laser flu-
ence (Fig. 6) were taken as the reference point in the py-
rometer measurements of tokamak graphite temperature.
The measured temperature was expected close to the one
of Fig. 6. But the experimental temperatures were quite
different (Fig. 8a). For 0.62J/cm? laser fluence, the pre-
heating temperatures were higher than expected. The
time t* required to reach the pre-heating temperature
saturation AT* was ten times less than the theoreti-
cal one estimated from the specified tokamak graphite
parameters and was corresponding to ten laser pulses.
The pre-heating temperatures were extraordinarily sta-
ble from approximately the 15" laser pulse. A number
of LH simulations were made to obtain the experimental
temperature profile (Fig. 8a). Nevertheless, the simu-
lation efforts were not successful, even with the signifi-
cantly modified graphite parameters.

A hypothesis on a thin (micrometer) boundary layer
on the graphite surface with the properties different from
those of the bulk graphite was suggested to explain the
experimental results. During the initial LH by the first
ten laser pulses, the surface temperature increases signif-
icantly due to the reduced thermal conductivity of the
layer. When the heating depth becomes higher than the
layer thickness, the bulk graphite properties are the main
factors, which slow down the pre-heating temperature in-
crease. The preliminary results on the modelling with
this hypothesis in mind are presented in Ref. 30,31. The
physical nature of this layer is not yet clear. As the
graphite was not exposed to plasma, the layer forma-
tion might be due to mechanical cutting in manufactur-
ing tokamak graphite tiles.

To check the boundary layer hypothesis, LH was per-
formed on a surface area, which was pre-processed by

LA. A thin layer of 4+ 2 ym depth was removed from the
surface by LA. The pyrometer temperature trace from
the pre-processed area (Fig. 8b) did not reproduce the
temperature profile of Fig. 8a, but was similar to the
theoretical one for the bulk graphite (Fig. 6). The com-
parison of the theoretical and experimental results was
not able to confirm the LH trace of the pre-processed
graphite surface (Fig. 8b) due to a long 15 us response
time of the pyrometer, that is, 150 times longer than
100 ns laser pulse duration. Thus, the actual peak heat-
ing temperature reached on the pulse duration scale can
not be measured by the pyrometer, and it should be
higher than the experimental peak temperature. As the
low temperature limit of the pyrometer is about 600 K, it
is not possible to measure the whole temperature profile
for the pre-processed surface. For LH by 100 laser pulses
at 0.7J/cm? fluence, the pre-heating temperatures are
slightly above 600 K only from the 60*" laser pulse. The
pre-heating temperature depends on the adjusting pa-
rameter of thermal conductivity coefficient, rather than
on laser absorption coefficient. The latter affects only
the peak heating temperature. From the comparison of
the pyrometer measurements with the theoretical data,
the mean thermal conductivity for tokamak bulk graphite
was determined as 60 W/(m - K).

B. Simulations of graphite laser heating and
characterization of surface layer

The extraordinary stability of the experimental pre-
heating temperature from the 15" laser pulse (Fig. 8a)
may be associated with LA of a thin layer on the surface
even at 0.62J/cm? laser fluence. During LA, the peak
surface temperature should be the same as the graphite
sublimation temperature Ts. After each laser pulse ap-
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FIG. 9: Calculated high repetition rate (10kHz) LH of
graphite surface with the layer (with the properties different
from those of bulk graphite) and experimental results from
Fig. 8a for the first twenty laser pulses. Panel (a) - calculated
results for pr, = 25%, d = 8 um, ki, = 0.75 W/(m - K), and
h = 140kW/(m? - K). Panel (b) - calculated results for p1, =
0,d=6pum, ki, = 0.75W/(m - K), and h = 90kW/(m? - K).
Laser fluence F' = 0.62 J/ch. The surface heating tempera-
ture is AT =T — Tp, Tp is ambient temperature.

plication, the surface cooling starts from this Ts. The
minimal temperature by the end of cooling (before next
pulse application) should be the same for all repetitive
laser pulses. Thus, the significant stability of the pre-
heating temperature might be explained by LA.

The upper working temperature limit of the pyrometer
is 2600 K. If the surface temperature is above, the cor-
rect pyrometer measurements may be disturbed by the
pyrometer photocurrent saturation. Thus, only the ini-
tial non-saturated part of the LH trace may be referred
to compare the experimental and simulation results.

The initial part of the LH trace (before pre-heating
temperature stabilization) can be fitted with three ad-
justing parameters. The pre-heating temperature profile
(magnitude and curvature) can be adjusted by two pa-
rameters. The third parameter can be used to adjust
the cooling curve between two consecutive laser pulses.
For a given layer porosity p1,, three adjusting parameters

are the layer thickness d, the layer thermal conductivity
k1, and the heat transfer coefficient h (layer adhesion
quality) on the interface between the layer and the bulk
graphite (Eq. (A4), Appendix A). The layer heat capacity
and the coefficients of layer light absorption and reflec-
tion can be obtained from p1, and bulk graphite parame-
ters. Figure 9a presents the fit for py, = 25%. The best
fit was obtained with d = 8 um, kr, = 0.75 W/(m - K),
and h = 140kW/(m? - K).

The heating temperature of a thin layer is determined
by the layer heat capacity (per unit of surface) that is
proportional to the product of the layer thickness and
the layer specific heat, which, in turn, is proportional
to the layer density. Thus, the layer heating temper-
ature depends on the product d(1 — pr,). Keeping the
product constant, but varying pry,, it is possible to ob-
tain a good fit between the calculation and experimen-
tal results for other values of d and py,. For example,
the agreement between the experiment and calculation
data (Fig. 9b) was also obtained with the following pa-
rameters: p, =0, d = 6 um, k, = 0.75W/(m - K), and
h =90kW/(m? - K). The layer thermal conductivity ki,
of 0.75W/(m - K) is the same as for the case of Fig. 9a.
This value was unexpectedly lower than the thermal con-
ductivity of the bulk tokamak graphite, but it was the
only one that provided the agreement between the ex-
perimental and theoretical results in the cooling curve
between two consecutive laser pulses.

To characterize the layer thickness of the backside Tore
Supra (Fig. 8a), the layer porosity should be known. If
the porosity of the layer and the bulk graphite is the
same, the layer thickness should be 8 um. For pp, >
25%, the expected layer thickness would be higher than
8 um. This layer thickness estimation does not corre-
spond to the measurements of the removed layer thick-
ness (4 + 2 ym) made with an optical microscope. Ounly
for pr, < 25%, the layer depth is 7 + 1 um. Thus, py,
close to zero should be accepted in the calculations. The
graphite tile manufacturing deteriorates the heat cou-
pling of the porous graphite micro crystals on the tile
surface, but does not affect the mean graphite density.
It might also reduce the layer thermal conductivity. The
mechanical cutting of graphite might cause its pulveriza-
tion. Then, the graphite pores might be filled with sub-
micrometer graphite dust. Figure 10 presents the scan-
ning electron microscopy (SEM) images of the backside
surface of Tore Supra graphite tile. A strong roughness
of the graphite surface is observed both before and after
LA. Nevertheless, some difference in granularity is no-
ticeable. It is smoother for the surface without the laser
pre-treatment (Fig. 10a). This can testify to a higher
friability of the surface layer.

IV. CONCLUSION

The experimental results on LA and LH of the back-
side non-plasma-facing surface of tokamak graphite tiles



FIG. 10: SEM images of the backside non-plasma-facing surface of Tore Supra graphite tile before (a) and after (b) pre-
processing by LA. The measured ablation depth is 4 + 2 ym.

are presented. Two laser benches equipped with the py-
rometer system for the temperature measurements were
developed for our investigations. For 5ns and 100 ns laser
pulses at A, = 532nm, the graphite LA thresholds were
determined as 1.0 & 0.5J/cm? and 2.5 £+ 0.5J/cm?, re-
spectively.

The theoretical models of high repetition rate LH
and near-threshold LA of complex surface (substrate
with an intermediately adhered layer) were developed
to simulate the experimental results and to character-
ize tokamak graphite. The mean thermal conductiv-
ity k¢ = 60W/(m - K) of tokamak bulk graphite was
obtained by comparing the calculated and experimen-
tal results on high repetition rate (10kHz) LH of the
graphite surface pre-processed by LA. The experimen-
tally obtained LA thresholds for different pulse durations
(5ns and 100 ns) were applied to determine the graphite
absorption coefficient. The absorption coefficient of toka-
mak graphite (averaged over temperature between Tp and
Ts) at Ar, = 532nm was estimated as 2 pm™'. This value
is unexpectedly low, especially considering the metal-like
properties of graphite under normal conditions.

The experimental and calculated LA thresholds and
rates of graphite tiles were compared. The good theoret-
ical fit with the experimental results justified the sub-
limation/evaporation mechanism of nanosecond LA of
tokamak graphite.

The high repetition rate LH measurements on the non-
plasma-facing surface of Tore Supra graphite were made
with the developed pyrometer system. The temperature
traces were significantly different from those expected
from thermal and optical properties for tokamak bulk
graphite. A hypothesis on a micrometer layer on the
surface of manufactured graphite was suggested to ex-
plain the obtained results. The layer properties were dif-
ferent from those of tokamak bulk graphite. The layer
hypothesis was supported by the LH experiments when

the layer was removed by LA from the surface. The ex-
perimental temperature trace for the ablated graphite
surface corresponded to the theoretical one determined
for bulk graphite with the properties specified for toka-
mak graphite. Thus, the surface layer hypothesis was
confirmed by this experiment.

The simulations of the temperature traces obtained by
the high repetition rate LH of the graphite with a surface
layer allowed to adjust some unknown layer parameters.
The layer parameters (porosity, thickness, thermal con-
ductivity and heat transfer coefficient on the layer/bulk
interface) may be determined from the fit of the simu-
lation and experimental results. Thus, the method to
characterize the surface layer was developed in our inves-
tigations.

The deposited layer LA and LH were also under inves-
tigation. A significantly low LA threshold of 0.5J/cm?
was obtained for the plasma-facing surface with a thick
(several tens of microns) deposited carbon layer (TEX-
TOR tokamak tile, Garching, Germany). The deposited
layer LA threshold was the same for 5ns and 100ns
pulses. A 5-fold difference in the 100 ns LA thresholds for
the deposited layer and graphite may provide LA clean-
ing of the contaminated surface with deposited carbon
layer without graphite substrate damage. The discus-
sion on the results on the deposited layer LA and LH
is beyond the scope of this paper and will be presented
somewhere else.
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APPENDIX A: 3D LASER HEATING MODEL OF
THE SURFACES WITH A LAYER

We suppose the normal incidence of the laser beam on
the surface along the z-axis. The heat equations for LH
of the surface with a layer for temperature distribution

T(t, r) are the following:
o O = div(kVT) + Qult®) (0<=<d), (A]
cs % 7 = div(ksVT) + Qs(t, r) (2> d), (A2)

where d is layer thickness, cr,(T') and cg(T') are volume
specific heats and kr(T) and ks(T) are coefficients of
thermal conductivity of the layer and the substrate, re-
spectively, and Qr,(¢, r) and Qs(¢, r) are LH source terms
due to absorption of the laser radiation in the layer and, if
occurs, in the substrate. The boundary condition should
reflect the continuity of the thermal energy flux through
the layer/substrate interface z = d:

7kL =4q4 - (AS)

Extra boundary condition relating the temperature jump
and the heat flux on the interface z = d is introduced
phenomenologically, with the positive heat transfer coef-
ficient h:

ATy =T)o=dg—0 — T|z=dat+0 = qa/h. (A4)
Eq. (A4) reflects the thermal resistance of the contact be-
tween the layer and the substrate. In two limiting cases
of h — 0 and h — oo we obtain either a completely im-
perfect or completely perfect heat contact, respectively.
With nanosecond LH, the convective and radiation losses
on external boundary z = 0 can be neglected. Thus, the
condition 9T/0z|,=0 = 0 was used. The initial condition
in Egs. (A1) - (A2) is taken as T'|¢—g = Ty, where t =0
is the time of LH onset.

The LH source terms Qr(¢, r) and Qs(t, r) can be
deduced from macroscopic electrodynamics.®® They are
proportional to laser intensity space-time distribution
I(t,ry). Here, r; means either Cartesian coordinates
x and y in the plane z = 0 or polar coordinates r
and ¢. The Cartesian coordinates are preferable for
the moving laser beam scanning the surface. Func-
tion I(t, ry) can be presented in a factorized form as
I(t, r)) = Infxy(x — vt, y) fr(t), where I is either the
steady-state or the peak laser intensity (for continuous
or pulsed lasers, respectively), v is laser scanning veloc-
ity along the z-axis, and the dependences on r; and on
t are separated with fxy (x, y) and fr(t) functions nor-
malized to unity in the maximum. Consequently, the LH
source terms are also separated:

Qu(t, r) = f7(2)fxy(z —vt, y) fr(t),
Qs(t, r) = f2(2) fxy(z — vt, y) fr(b),

with

we
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2
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Here, c is the light velocity, w is the laser frequency, €1,
and eg are the complex dielectric permittivities of the
layer and the substrate, respectively, ] and ¢ are their
imaginary parts related with respective absorption co-
efficients by o, = wef/eny, and ag = wed/cng, with
nr, = Re (\/5>L) and ng = Re (\/%) the refraction coeffi-
cients of the laser light in the boundary layer and in the
substrate. The light reflection coefficients (Ry, and Rg)
on the interfaces between the corresponding medium and
ambient air are expressed through the respective dielec-
tric permittivity.?® If the layer thickness d is higher than
the laser wavelength, we can average the source term
Qu(t, r) over the laser field spatial oscillations. The av-

eraged source term Qr,(t, r) can be expressed as:

fE5(2) = 1EG) —IO“EL\C] \1+¢m]

1—/es/eL

1++/es /e

As thermal and optical parameters depend on temper-
ature, the direct numerical solution of Egs. (A1) - (A2)
in 3D-space and time for high repetition rate LH be-
comes a baffling problem even for moderate computers.
It was verified and proved that, for graphite, the exact
and the approximate analytical solutions are the same
within the pyrometer temperature measurements accu-
racy. This analytical solution with the constant (mean)
matter parameters was used. The final result for the
heating temperature AT'(t,r) = T(t,r) —Tp in the Carte-
sian coordinates was obtained by the Fourier method.?’
It can be presented as:

2 g\, dA o
AT(t,r) = // (QT)Qyé()\I’)\y)e (zAz +yXry)
+oo
/2d)\z
™
0

N
+ ) 0n(Aas Ay 1)
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2
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Vi (Ar)Zx, (2) 0 (A8)



where A\, = /A2 + A2, and Z_ () and Z,, (2) are eigen-

functions of relevant boundary problem for continuous
and discrete spectrum of eigenvalues A, and x.,, respec-
tively. In Eq. (A8), the different functions are defined
as:

+o0o )
D(Azy Ay) = // e 1@ FUN) £y (2, y) dady,

t
O(he Ay As 1) = / e fp () PO A 0 gyt
0

t
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Here and after, Dy, = ki, /c;, and Dg = kg/cs are the
thermal diffusivity coefficients of the layer and the sub-
strate, respectively, and fz(z) = f£(z) at 0 < z < d and
fz(2) = f2(2) at z > d. The above integrals might be ex-
pressed analytically. Function ®(\,, A,) is defined by the
spatial distribution of the laser intensity. It may be sim-
plified for the Gaussian and homogeneous intensity distri-
butions. In the latter case ®(Ay, Ay) = 27wroJ1(ToAr) /A,
where rg is the radius of a circular laser spot and Jp(z)
is the Bessel function.

Functions (A, Ay, Az, t) and O, (A, Ay, t) are defined
by the time dependence of the laser intensity. They may
be simplified both for continuous and pulsed lasers with
rectangular pulses or sin?-pulses. For rectangular pulses
with duration 7, and repetition rate v, (fr(t) = 1 at
m/v, < t < 1 +mfry,, m =0, 1, 2, ..., otherwise
fr(t) = 0), the continuous spectrum ©O-function is ex-
pressed as:

O(Azy Ay, Az, t) = exp (—idvt)

(eAzm/VL _ 1)(61\27—" _ 1)e—Azt 1 — eAz(m/l/L—t)
(eAz/VL — 1)AZ A, ’
(eAz(m+1)/uL _ 1)(6Az7—p _ 1)6—Azt

(er=/r — 1)A, ’

where A, = Ds(A2 + \2) —iv)\,, upper line corresponds

to m/vr, <t < m/vy, + 7, (during the pulses) and lower
line corresponds to m /vy, +1, <t < (m+1)/v1, (between
the pulses). The function ©,(\;, Ay, t) can be obtained
by substitution A, — A, = Ds(\2 — x2) — iv),.

To express explicitly functions ¥(A,, A,) and ¥, (\,)
defined by the z-dependence of the LH source terms,
one should know eigenfunctions of the boundary prob-
lem, Z,,(z) and Z,, (z). For arbitrary eigenvalue A,
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eigenfunction Z)_(z) satisfies the equations:
25 = =07+ X)Ds/DL = N1 Zx. (0<z<d), (A9)
Zy =-N2Zx, (2>d), (A10)

with the boundary conditions Z)_|s—0 — Zx.|dt0 =
—(kL/M)Z)\ la—0, kLZ\ a0 = ksZ\_laro, Z\_ |:=0 =
0. For the heating of the surface with a layer, the eigen-
value spectrum contains both the continuous and discrete
parts. The continuous spectrum corresponds to real val-
ues of A,. In this case, the solution of Egs. (A9) - (A10)
is:

cos(Az
ZAZ(Z)\/% (0<z<d),
Asi B cos
Ialz > d) = sin(A,z) + Bcos(A;2)

VA? + B? ’
where A = /(A2 + A2)Ds/Dy, — A2, and

A = psin(\,d) — A cos(A,d) sin(\d) ,
SNz
kLA . :

B =pcos(A.d) + Y sin(A.d) sin(\d) ,
SAz

with p = cos(Ad) — (kL A/h) sin(Ad). For the discrete set
of eigenvalues, with pure imaginary values of A\, = iy
(x > 0), the set of eigenvalues will be defined as x,, with
n=1,2,.... Then, eigenfunctions Z,,, (z) of the discrete

spectrum have the form:
Zy(2) =ancos(A\pz) (0<z<d),

kL An,

Zyalz > d) = an <COS(And) - sin()\nd)) ¢—xn(e=d).

where A\, = \/()\? —x2)Ds/Dy, — A2, a, is the normal-
ization constant, and the y,-value should satisfy the
equation:

hkSXn
kr, (h + kSXn)
For Dg/Dy, < 1, Eq. (A11) for each value of A, has no so-
lutions. Thus, the discrete spectrum does not exist. For

Dgs/Dy, > 1, the discrete spectrum is always present (ex-
cept for the 1D model, where A\, = 0). For each nonzero

A, the solutions belong to 0 < x, < A.4/1— Dy /Ds,
when ), is real, and the number of solutions increases

with increasing .. If N(\.) > 1 defines the total finite
number of solutions of Eq. (A11) for the given A, xn(Ar)
defines the discrete eigenvalue for 1 <n < N(\,.).

By integrating over z, the expressions for functions
U(Ar, A,) and U, (),.) are obtained:
(@) — a(-)e—2dor)qy
cs(A2 + o)V A2 + B2
N (@) +a))Asin(Ad) — (@) — al))ayg, cos(\d)

edoreg (A2 + of )V A2 + B?
N b{(Aas — B\.)sin(\.d) + (Bas + AX,) cos(A.d)}
edorcg (A2 4+ o)V A% + B2 ’

An tan (A, d) = (A11)

U, A) =
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edoreg(A2 +af)ay !

N b{cos(And) — (kpAn/h)sin(\,d)}

e s (xn + ag)an
‘2

0o ~2 ~
where d(i)zlo% C’ ‘1:|:\/Es/EL C|.

These expressions present the analytical solution of the
LH of the surface with a boundary layer and with in-
termediate heat contact between the layer and the sub-
strate, in the rectangular geometry for the general case
of scanning pulsed laser beam. The simplified version of
this solution can be obtained in the cylindrical geometry
with circular symmetry of the laser spot and immobile
laser beam. In this case, the heating temperature is ex-
pressed by:

U, (A =

)

2 = wey
>b:-[0 S

C

“+o0
AT(t, 7, 2) = / D) Jo(rAr)
0

T 9 dN,
X {/ O\, Az, T (N, X2)Z0(2)
0

7T
N(Ar)

+ Zn:l

where v = 0 should be used in the corresponding expres-
sions for ©-functions. For homogeneous laser intensity
distribution, ®(\,) = 1o J1(roA;) should be applied.

6\ 1) T (A,) an<z>} ,

APPENDIX B: 1D LASER ABLATION MODEL
OF SUBLIMATING MATERIALS

One-dimensional approximation is applied to consider
LA on nanosecond time scale (for a single laser pulse)
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with the spot diameter of ~ 1mm. Surface pre-heating
by previous laser pulses can be taken into account by
the initial condition T'(t = 0, z) = Ty + AT (2), where
Ty is the ambient temperature and ATZ(z) is the sur-
face heating temperature just before the n-th laser pulse
application. Saturation of the surface pre-heating tem-
perature results from the finite size of the laser spot:
AT¥(z = 0) — AT* at n — 4o0o0. The calculations of
AT (z) are made with the 3D LH model (Appendix A).

If the laser fluence F is less than the ablation thresh-
old Fy, the temperature field T'(¢, z) can be described
by the one-dimensional version of Eqgs. (A1) - (A2). For
the laser fluence F' above the ablation threshold Fiy,, the
surface temperature should be higher than the sublima-
tion temperature Tg, if LA is not taken into account. For
F > Fi,, three intervals for the laser beam interaction
with the surface may be distinguished.

For 0 < t < t; with ¢; < 7, the surface temper-
ature increases in time up to sublimation temperature,
so T'(t,z = 0) < Tg, with T(t1,z = 0) = Ts. During
LA stage t;1 < t < to, the surface temperature should
be set equal to the sublimation temperature Tg ({2 can
differ from 7,, depending on the laser pulse shape and
difference F' — Fyy,). In accordance with the energy con-
servation law,??37 the Stefan boundary condition on the
moving external boundary of the surface is applied:

or
kr(Ts)—

B1
0z z=2za(t) ( )

= Lppua(t) .

Here, L is the mass specific heat of sublimation, py, is
the matter density, and va () = dza(t)/dt is the speed
of LA front. For ¢t > t5, the surface temperature is lower
than the sublimation temperature, T'(¢, z = 0) < Ts, and
the surface is not ablated. The LA depth H for the n-th
laser pulse can be calculated through the self-consistently
found speed of LA front as: H = fttf va (t)dt = za(t2).
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