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A new method to estimate erosion threshold of various material surfaces with a high-power pulsed electron
beam [Appendix] was extended to the surface erosions with various pulsed laser lights. The most interesting
result was that the CVD polycrystalline diamond had similar erosion threshold as tungsten. After our extended
experiments of this kind in the near future, novel plasma-facing surface materials are expected to be realized for
future fusion reactor chambers.
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1. Introduction
In any system, when an externally generated stimulus

exceeds a predetermined threshold value, there is a change
in variables related to that system. The specific variable is
usually considered to increase from a value that is smaller
than the threshold value to one that is larger. The to-
tal number of increments required to exceed the threshold
value is large. In contrast, when the variable is decreased
from a value larger than the threshold value, the total num-
ber of decrements in this case is usually much smaller than
the number of increments in the above normal case, and
this approach is believed to be a more cost effective way
of evaluating the threshold value. This is the basis for the
method proposed in this article.

A general example of this universal method is shown
for the optical inspection of changes in the quality of a
material’s surface, and example applications are described
here. Next, we present some examples of our method that
can be extended to a variety of derivatives to investigate not
only crater formations but also the optical quality of vari-
ous optical components such as reflection and/or transmis-
sion coefficients under various environmental conditions.

2. Experimental Method and Results
The main material considered in this study is the CVD
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polycrystalline diamond, particularly the commercial opti-
cal grade one. The pulse duration and wavelength of the
ArF laser [1] were 10 ns and 190 nm, respectively. The
repetition rate and energy per pulse were 5 Hz and 328–
358 mJ, respectively. The sample surfaces were irradiated
up to 10,000 shots per spot, and the surface erosion pro-
files were measured using various surface profilers with red
laser displacement sensors [2–13].

The diameter and thickness of the diamond sample
were 8.0 mm and 0.5 mm, respectively. The samples are
normally used as optical windows for various applications.
They have broad transparency, high thermal conductivity,
and durable and wear resistances; these characteristics are
suitable for use in IR and high-power laser optics. Typi-
cal craters on a sample after the ArF laser irradiations are
shown in Fig. 1 for the cases of 1,000 and 2,000 shots per
crator. We can easily observe the laser spot size for these
cases in this type of photograph.

The crater profiles were measured with a commercial
semiconductor laser displacement sensor combined with a
motor-driven precision X–Y stage. They were controlled
by a PC, and the three-dimensional profile data were pro-
cessed by and stored on the same PC. An example of the
surface profile results is shown in Fig. 2. Here the upper
photograph shows the two-dimensional crater shape, while
the daigram in the lower part shows the crater depth as a
function of its spot along the central horizontal line of the
photograph. The maximum crater depth in this case is ap-
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Fig. 1 Typical craters on an optical grade CVD polycrystalline
diamond irradiated with an ArF laser.

Fig. 2 Three-dimensional analysis of a typical crater with a laser
displacement sensor system.

Fig. 3 Maximum crater depth vs. total irradiation number per
spot with normal incident ArF laser lights. The cases of
C, graphite, W, and diamond are compared.

proximately 48 microns. The total number of laser irradia-
tions per spot were changed from 10 to 100, 1,000, 2,000,
4,000, 8,000, and 10,000.

The threshold shot accumulation numbers required to
start the erosions were estimated from the plots of maxi-
mum erosion depth vs accumulation numbers in Fig. 3. We
compared the erosion threshold of the above-mentioned di-

Fig. 4 Laser microscope measurement of tungsten surface
eroded with Nd:YAG laser light (initial sample temper-
ature: 473 K, and total laser shot numbers: 4,000).

Fig. 5 Erosion of tungsten with initial temperature change, mea-
sured with a laser microscope.

amond with that of tungsten. There was a small difference
of approximately 10 shots, and the equivalent laser irra-
diation energy was approximately 3.6-3.9 J, which are at-
tractive properties for such a diamond when used as parts
of various structural materials, particularly for the plasma-
facing surface materials of nuclear fusion reactors.

In place of the ArF laser lights described above, we
used Nd:YAG laser lights (10 ns, 1.06 microns, several
mJ/shot, and 10 Hz) to create craters on various material
surfaces. An example of three-dimensional crater profiles
of tungsten is shown in Fig. 4. In place of the laser dis-
placement sensor system described above, we used a laser
microscope for this measurement. The upper part of the
photograph shows the X-Y trace of the crater, and the
lower part shows the X-Z trace. İn addition, we changed
the initial temperature before the irradiations from room
temperature to 373 K and 473 K. Similar profile measure-
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ments were performed with different accumulation num-
bers of laser irradiations per spot. The final results are
shown in Fig. 5, where the maximum erosion depth is plot-
ted as a function of shot accumulation. The parameter is
the sample initial temperature before the irradiation. There
were not many differences in the erosion depth results as
the sample’s initial temperature changed within this range.

Different grades of CVD polycrystalline diamonds
(thermal management grade and electrochemical grade)
were also irradiated with Nd:YAG laser lights. The results
are described in additional papers.

3. Applications
Here we explain how the above-mentioned methods

with the laser displacement sensors and CVD polycrys-
talline diamond can be extended for the future develop-
ment of advanced erosion diagnostic tools.

First, we consider a laser monitor to inspect the sur-
face erosions of the fusion chambers in situ. Although a
monitor for the divertor is discussed below, our method is
also useful for other parts of MFE chambers (for example,
the chamber’s first wall) and for the IFE chamber. A cross-
sectional diagram of the ITER divertor section is shown
in [14]. The inner and outer divertors and a dome are the
plasma-facing parts, which receive severe pulsed heat in-
flux under the ELM condition. Examples of the ITER di-
vertor bird-eye views are shown in [15, 16]. Our plan is to
inspect these surfaces with our laser monitor and to prevent
them from being severely damaged. There are varieties of
commercial displacement sensors. In our study, because
the object does not move while being inspected, we must
instead move the sensor head to observe the object surface.
An example from the catalogue (a sensor head section with
an optical fiber guide section) is Keyence/Model SI-F10.
The spot size of the red semiconductor laser light on the in-
spected surface changes with the distance between the sen-
sor front head and inspected surface. If the measurable dis-
tance from the front head is too short to extend the design
of the monitor, different sensors may be selected with a dif-
ferent system design. For the LK-G3000/LK-G500 sensor,
a maximum measurable range of 500 (+500, −250) mm
with a laser spot size of 0.3 mm is obtained. If we use dia-
mond (either with a partial small area or a relatively large
area) on a part of the divertor surface (this is acceptable
as long as carbon, graphite, or CFC is used in the existing
ITER design), we will be able to place a sensor head be-
hind the divertor plate. In this case, a transparent-type dis-
placement sensor becomes useful in place of a reflection-
type sensor. In any case, we must design a complete moni-
toring system that can fit our object. In the near future, we
aim to realize the best-fit design with the best sensor se-
lection. In addition, all of the above-mentioned technical
solutions are applicable to not only the divertors but also
different types of chamber surfaces, including a very wide
range of industrial applications.

It is also possible to realize a laser monitor system to
inspect deeper layers under a surface. It is often neces-
sary to carefully inspect such layers because material blis-
ters often occur with a relatively heavy damage underneath
the front surface without significantly damaging the front
surface. A cursory glance in the fusion chamber will not
usually detect the damage to the front surface. Recently, a
laser-induced ultrasonic wave diagnostic method is devel-
oped for railroad tunnel inspections. We hope that we will
be able to convert the same technique to our fusion cham-
ber monitoring system. This will also be one of the focus
points of our study in the near future. The latest reports
from OMRON Co., Ltd. informed us of a new displace-
ment sensor with a wide-band interferometer-type spec-
trum light source. This may be useful as a more powerful
sensor for our advanced study in the near future.

4. Future Prospects
After obtaining further confirmation of the result

shown in Fig. 3 by performing additional experiments
and evaluations, we will be able to demonstrate that the
polycrystalline CVD diamond can replace conventional
plasma-facing surface materials such as CFC and tungsten.
It is recommended that a more advanced version of laser
displacement sensor is developed with more complex al-
gorithms, and this would enable us to realize an even more
favorable diamond material.
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Appendix
The first result of our new threshold evaluation

method with tungsten irradiation by electron beams is
shown in Fig. A1.

Under the electron acceleration voltage and current of
65 kV and 2.28 A, respectively, and under the three types of
beam pulse width, the thermal loads on the sample surfaces
were a) 1.0 ms: 1,100-1,200 MW/m2, b) 1.2 ms: 1,400-
1,450 MW/m2, and c) 1.5 ms: 1,460 MW/m2. The max-
imum erosion depths of the produced craters were mea-
sured using a surface profiler (a combination of a laser dis-
placement sensor, a precision X-Y stage, and their PC con-
troller), and the result is shown in Fig. A1. With the numer-
ical line fitting on the same figure (also with the extrapola-
tion down to the x-axis), we evaluated the threshold pulse
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Fig. A1 Erosion threshold evaluation of tungsten irradiated with
a single-shot electron beam.

width required to start the surface erosion, from which we
could then obtain the threshold thermal load in this case as
follows.

The simple estimation equation for the threshold ther-
mal load on the carbon divertor surface with ELM is shown
as follows [17].

Q/Δt1/2 = 45 MJ/m2/s1/2, (A.1)

where Q is the ELM thermal energy flux [J/m2] on the di-
vertor surface and Δt is the heat pulse width [s]. Because
this equation is only briefly described in the same refer-
ence paper, there appears to be no precise derivation pro-
cess (theoretical or experimental) in other corresponding
reference papers. Therefore, we tried to evaluate the ex-
act thermal threshold value from the tungsten case result
shown in Fig. A1. The pulse width of the fitting line cross
point across the x-axis was approximately 0.73 × 10−3 [s],
which we used to calculate the corresponding Q and Δt1/2.
Finally, we found

Q/Δt1/2 = 270 MJ/m2/s1/2. (A.2)

Here Q was measured as approximately 1.0 [MJ] us-
ing a calorimeter (representative value). A comparison of
both Eqs. (A.1) and (A.2) showed that tungsten used in our
study was stronger than carbon by approximately 270/45
= 6 factors of magnitude.
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