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An actively-cooled divertor plate mock-up with three kinds of
carbon-based armor tiles (IG430U, MFC-1, and CX2002U) designed and
fabricated by JAERI was bombarded with steady-state and high-flux
deuterium plasmas produced in UCLA PISCES~B. The plasma densities,
electron temperatures, and icn fluxes were measured from 1 to 3x1019
m_? from 4 to 12 eV, and from 1.2 to 2.1x1023 ions/mzs, respectively.,
The total jon fluence was of the order of 1026 ions/mz. Interesting
surface morphologies have been observed for the plasma-bombarded
surfaces, having relatively large agglomerated carbon particles with
diameters up to 100 micrometer,

The plasma heat flux was measured with a calorimeter embedded
in a graphite (IG430U) to range from 1.1 to 4.4 MW/mz, which is in

good agreement with the calculated wvalue with a simple sheath theory.
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1. INTRODUCTION

In the Conceptual Design Activities of ITER, it was shown that plasma erosion during the
normal operation as well as disruption erosion is the key factor for determining the life-time of
divertor plate [1]. The net erosion rate of the armor materials at high particle fluxes relevant to
the ITER divertor plasma condition (4 x 10* ions/m®.s) has been evaluated only by simulation
codes such as REDEP [2], and no experimental data are available at present.

Since the divertor plate of the ITER should be robust against steady-state and heat fluxes
of 15 to 30 MW/m?, the divertor plate of the ITER is currently designed to be cooled by forced
water flow in the heat sink [1]. From this point of view, in many laboratories small mock-ups
of water cooled divertor plate have been designed, fabricated, and tested using an electron
beam or an ion beam irradiation systems for ITER. Recently, JAERI has developed a small
mock-up of divertor plate, which is proven to survive 1000 cycles of repeated heat load of
20MW/m? for 30 seconds [3], using a carbon-fiber-reinforced carbon (CFC) as the armor tile.
However, in this thermal cycling test, the mock-up was irradiated by electron beams. Thus,
this test can not provide information about the surface erosion of the divertor mock-up against
steady-state high particle flux plasma bombardment. In addition to the electron beams,
hydrogen ion beams are being used at JAERI to test the divertor plate mock-up against thermal
cycling [4]. In this case, however, energies of the ions are too high and ion fluxes are too
low to simulate the plasma erosion.

At present, there are no linear plasma devices and tokamaks, which have capabilities of
producing heat fluxes ranging from 15 to 30 MW/m’ at ITER relevant ion fluxes, at the steady
state by plasma bombardment. But, only in UCLA PISCES-B [5], ion fluxes relevant to the
ITER condition are available at the steady state.

Based on the Agreement on Japan-US Fusion Cooperation Program, the actively-cooled
divertor units, which were designed by JAERI, were irradiated by high-flux deuterium plasmas
produced in the PISCES-B at UCLA IPFR, and then the heat flux due to plasma incidence was
measured by means of two thermocouples embedded in one of the elements. There are
theoretical expressions to evaluate the heat flux due to plasma bombardment, but only a few
experiments to verify the theoretical expressions can be found in the literature. A comparison
between the measurement and the theoretical expression of heat flux with respect to plasma
bombardment is made in this study.
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2. EXPERIMENTAL

A schematic diagram of the actively-cooled divertor plate mock-up, used in the present
study, is shown in Fig. 1. The mock-up is composed of three different types of divertor plate
segments and one calorimeter segment.

The divertor plate segments No.1, 2, and 3 are designated as 1, 2, and 3 in Fig. 1.
Materials of the armor tiles,heat sinks and pipes of the three different segments are summarized
in Table-1. IG430U (Toyo Tanso Co.) is an isotropic graphite with the thermal conductivity,
A, of 150 W/mK at 300 K, MFC-1 (Mitsubishi Kasei Co.) is a unidirectional CFC (carbon-
fiber-reinforced carbon composite) with A = 550 W/mK, and CX2002U (Toyo Tanso Co.) is a
two-directional CFC with A = 380 W/mK. The three armor tiles are all brazed to molybdenum
heat sinks. One thermocouple is attached on the side of each divertor plate segment for
monitoring the temperature. The calorimeter is made of IG430U because of welknown material,
directly brazed to the OFHC copper pipe, and has two thermocouples embedded at different
positions along the central axis.

The stainless steel (SS) and the OFHC copper pipes and the SS water manifold were
protected with boron-nitride (BN) covers from damages due to arcings between the metallic
surfaces and the surrounding plasma.

The sample holder connected with the mock-up is shown in Fig. 2. The sample holder
has a vacuum bellow, a gear mechanism for inserting the mock-up, an electric insulator, a
multi-pin connector for thermocouples, and vacuum connection flanges. Between the mock-up
and the multi-pin connector, cables for the five thermocouples were fixed behind the cooling
pipes by thin molybdenum wires. The sample assembly was inserted through the top flange
of the main experimental chamber of PISCES-B as shown in Fig. 3. The mock-up was
electrically insulated from the vacuum chamber. Surface temperature was monitored with an
infrared camera and an optical pyrometer during the experiment.

3. EXPERIMENTS AND RESULTS

The mock-up was irradiated many times mainly with deuterium plasma produced in
PISCES-B. For conditioning operation of PISCES-B, argon or hydrogen plasma was sometimes
used. The plasma can be considered almost uniform within a circular area of 4 to 5 cm in
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diameter, even at high ion flux operation mode of PISCES-B [5].

During the shot, the density and the electron temperature of plasma in front of the mock-up
were measured with the fast scanning double probe system. Plotted in Figure 4 are the plasma
densities and electron temperatures in this experimental region.  Dotted lines in the figure
represent the constant ion flux level.  Ion fluxes for almost all the shots were more than
1x10% jons/m?s. In the shot of No. 33, the highest ion flux of 2.9x10% ions/m’s was
obtained, which is close to the ion flux on the ITER divertor plate (4x10% ions/m’s).

3.1 Integrity Test under Steady State Plasma Bombardment

The divertor plate mock-up with the three kinds of carbon-based armor tiles, as shown in
Fig. 1, was bombarded many times by long pulse deuterium plasma. The pulse duration
varied from 30 to 200 seconds. The thermal equilibrium of the mock-up was attained within
5 s as shown in Fig. 7. The water flow rate in the cooling pipe was measured with a water

flowmeter to be 1.0 to 4.3 I/min.

The plasma densities and electron temperatures in this test are shown in Fig.4 as data
points from No. 1 to No. 19; the plasma density ranged from 1 to 3x10" /m?, the electron
temperature from 4 to 12 €V, and the ion flux from 1.2 to 2.1x10% ions/m?s. The accumulated
irradiation time was about 40 minutes, and the total ion fluence was of the order of 10*
ions/m?,

When the mock-up was electrically floating, the floating potential during the plasma
irradiation was from -25 to -40V with respect to the vacuum chamber .

The absorbed heat flux was estimated by the theoretical expression using the measured
plasma parameters, which will be explained in Section 3.2. The estimated heat fluxes ranged
from 1.1 t0 2.2 MW/m’.

The surface temperatures of divertor plate segments No.1 (1G4309U), No.2 (MFC-1),
No.3 (CX2002U), and calorimeter (IG430U) measured with the infrared camera and the
optical pyrometer were reached to, for example, 670, 510, 300, and 630 °C, respectively,
under the conditions where the plasma density = 2.9x10" /m?, the electron temperature = 4.0
eV, the floating potential of the mock-up = -33 V, the estimated heat flux = 1.5 MW/m?, and
the water flow rate = 4.3 1/min, in case of shot No. 8.

After plasma exposure, surface modifications were observed both on the front and side
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surfaces of each segment. At a glance, no damage was found at the brazing region. The
surface of the armor tile was analyzed with a scanning electron microscope (SEM). Figures 5
(a), (b), and (c) show the SEM micrographs of front surfaces of the armor tiles No. 1
(IG430U), No. 2 (MFC-1), and No. 3 (CX2002U), respectively. As can be seen in these
micrographs, "carbon balls" of 10 to a few tens of micrometer in diameter were formed.
These carbon balls were loosely attached on the surface so that a part of them were removed
away when the mock-up was sawn off the pipes. In Fig. 5 (b), a crater-like damage due to
arcing between the mock-up and the plasma can be found.

Impurity elements deposited on the surface of the four armor tiles were analyzed with
Auger electron spectroscopy (AES) and secondary ion mass spectroscopy (SIMS). First, each
of plasma-exposed armor tiles was sliced at a position 2 mm from the surface. Second, the
slice was analyzed by AES and SIMS at different positions on the surface. Third, the surface
was sputtered by Ar* ions of 1.3 to 2.3 mA at an energy of 3 keV for durations of 2 to 4 hours.
In every time interval of 15 minutes, the surface was anaiyzed by AES and SIMS in turn.

By this process, impurities of boron, sulphur, oxygen, and chromium were detected by
AES , and lithium, chromium, iron, nickel, copper, and lanthanum by SIMS, from all the four
exposed surfaces. AES peaks of boron, sulphur, and oxygen decreased as the sputtering
proceeds. Impurities of chromium, iron, nickel, copper, and molybdenum existed only near
the surface, while lanthanum slightly increased as the sputtering goes ahead. Total impurities
amounts to be roughly a few percents.

The origin of boron seems to be the LaB6 cathode in the plasma generator of PISCES-B
and the BN covers protecting metallic surfaces. Chromium, iron, and nickel are the elements
composing stainless steel, and thus seems to be originated from the stainless steel pipe exposed
to the plasma. The origin of copper is the copper pipe. Molybdenum is clearly coming from
the thin molybdenum wires, a part of which were melted during the arcings, and lanthanum
from the LaB6 cathode. Considering the sensitivity of SIMS for each element, the amount of
molybdenum impurity is much larger than that of boron. Based on this analysis, there is a
possibility that these metal impurities would be nuclei of carbon balls if the any kinds of nuclei
were necessary to form the carbon balls.

At present, the reason why and the condition where the "carbon balls" were formed is not
clear. The formation of "carbon balls" has never been observed in any tokamaks with carbon-based
materials as the first wall or the divertor armor tiles. For example, in case of the JT-60U at
JAERI, a layered structure and a column-like structure were found in the redeposition region of
damaged divertor tile of graphite, after one and half year operation [6,7]. On the contrary, in a
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process of SiC coating on pyrolytic graphite using RF discharge sputtering device, the structure
of deposited SiC becomes ball-like at room temperature(25 °C), and becomes pimple-like and
smoother as the temperature goes up to 300, 600, and 1000 °C [8]. In the plasma erosion
experiments of various carbon-based materials conducted so far at relatively low fluxes in
PISCES-B [9~12], formation of the "carbon balls” was not found.

3.2 Measurement of Plasma Heat Flux
The principle of the measurement is shown in Fig.6. The heat flux g passing through a

position in a solid material, at the steady state, can be expressed by,
q = A dT/dx (D

where T is the temperature of the material at the position x, and A is the thermal conductivity of
the material. The temperature gradient at one position can be approximated by temperature
difference T, -T, at two different positions, divided by the distance d of the two positions.
Since the thermal conductivity is a function of temperature in general, we use the averaged
value of thermal conductivity at the two temperatures, T, and T,., because of relatively low
temperature gradient. Thus, the measured heat flux was evaluated using the following expression,

q=MT)+MT )2 x (T, - Ty/d, 2)

The temperatures T, and T, were measured with the two thermocouples embedded in the
calorimeter. Figure 7 shows a typical example of the temperature evolution under plasma
bombardment. As can be seen in the figure, the measured temperatures attained the equilibrium
state within about 5 seconds. The difference of the two temperature rises measured in
1G430U during the plasma irradiation, was about 140 K, and the heat flux absorbed in the
armor tile was evaluated to be 4.4 M W/m? in this case, from Eq. (2).

The heat flux absorbed by a solid material can be expressed analytically in terms of plasma
parameters and various quantities associated with surface phenomena, atomic and molecular
processes, etfc.

The heat flux g, induced by the plasma particle incidence on the surface can be expressed
by refs. 13 and 14,

q,= (1/4)mn,v 2T exp[-e(V, -V)/T ]
+ (ji/e)e(V,-V) + 2T,]J(1 -R,), 3)
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where n, is the electron density (m™), v, the electron thermal velocity (m/s), T, and T are the
electron and the ion temperatures (¢V), V, the space potential of the plasma (V), V, the potential
of the target (V), j, the ion saturation current density (A/m?, and R, the energy reflection
coefficient of the ions impinging on the surface. The first term on the right hand side of Eq.
(3) is the contribution from the plasma electron impact, and the second term is that from the
plasma ion impact, taking the energy reflection of ions into account,

The heat flux ¢, induced by the recombination of plasma ions with electrons at the
surface is expressed as,

Quec = (iis/e)(vi + Vdis - W)s (4)

where V, and V_ are the ionization and the dissociation energies of deuterium gas (eV), and W
the work function of the material surface {(eV).

The heat flux induced by the neutral particle collisions with the surface and that due to the
radiation can be neglected compared with the heat fluxes g, and g,,., based on a rough estimation.
Thus, the total heat flux is written by,

Gt = 9p + Grec » &)

In weakly ionized deuterium gases, there seems to be many Frank-Condon particles.
Hence we assume T, = 2 ¢V. In addition, we have to assume V, ~ 0 (ground potential), since
the space potential of the plasma could not be measured by the double probe method. It was
confirmed that this assumption is not far from the real condition in our case, making use of the
relation expressed by,

V, ~V;+3(T/e), (6)

- where V/, is the floating potential of the plasma and was measured in this experiment.

As the values of the electron density, the electron temperature, and the ion saturation
current density in Eqs. (3) and (4), we used those measured by the double probe method. The
floating potential of the mock-up with respect to earth potential was also measured with an
electronic voltage meter. And as the constants in Egs. (3) and (4), we substitute the following
values; R, ~ 0.1 [15] and W = 4.4 eV for carbon, and V, = 13.6 eV and V, = 2.2 eV (per
atomic ion) for deuterium. :

Figure 8 shows the relation between the measured heat flux and the calculated heat flux.
Although the deviation of the calculated values from the measured is large at relatively high heat
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flux region, the agreement is generally good.

4. CONCLUSION

The actively-cooled divertor plate mock-up with three different carbon-based armor tiles

(1G430U, MFC-1, and CX2002U) was bombarded with the ITER relevant steady-state and
high-flux deuterium plasmas produced in UCLA PISCES-B. The plasma densities, electron
temperatures, and ion fluxes in this test were from 1 to 3x10"® /m’, from 4 to 12 eV, and from
1.2 to 2.1x10% ions/m’, respectively. The total ion fluence was of the order of 10%* ions/m’.
After plasma exposure, surface modifications were observed both on the front and side
surfaces of the armor tiles. No damage was found at the brazing region. The clusters of
"carbon balls" of 10 to a few tens of micrometers in diameter were formed on all the front
surfaces of the armor tiles. To clarify the reason and the conditions for the formation of the
"carbon balls", further studies are required.

The plasma heat flux absorbed by the carbon-based material was measured with the
calorimeter, under the condition that the mock-up was at floating potential. The highest heat
flux measured was 4.4 MW/m? The measured heat fluxes were generally in good agreement
with the heat fluxes calculated using theoretical expression and the measured plasma parameters,
on the assumption that the plasma potential is equal to the potential of the surrounding vacuum
chamber.
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Table 1 Materials of three different divertor plate units.

UnitNo. ArmourTile  HeatSink  Pipe

1 1G430U Mo SS
2 MFC-1 Mo SS
3 CX2002U Mo Cu



CACEORS)

JAERI-M 93-176

OHCu PIPE SS PIPE
T @ ONia >
1 16430U A A
-MFC-1 i
1 CX2002U T - ® @|T
1 16430U | B
! |
(CALORIMETER) £ :
I !
< ‘
123
| |
| {
164300 | 16430U
0 [ l 4
- | | ©
% g LI I — g:l %
™ L;::e;» Mo ‘ |
i : ; i p—
THERMOCOUPLES —— "1 ~ | -
'1/659 Ay THERMOCOUPLE
OHCu PIPE‘MH”’“”’#JH”ﬁ'\"] Ati%il“ﬁ |
(0D=6.35,1D=3.18) " ! S PIPE
A-A CROSS-SECTION ~ (0D=635,1D=3.18)
| |
i | 1
CX2002U| MFC-1
] 1 79
| ! pui
| o]
<
'al f = ™ <
ruermocoupLe—, MO MO L T T
| @ AN I~ THERMOCOUPLE
1 \i:J i
OHCy PIPE — L |
SS PIPE

B-B' CROSS-SECTION

Fig., 1 A schematic diagram of the actively-cooled divertor
plate mock-up with three kinds of carbon-based armour
tiles (IG430U, MFC-1, and CX2002U), used in the integrity
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Fig. 3 Plan view of PISCES-B device.
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" Fig. 4 Map of the plasma densities and electron temperatures,
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measured in deuterium plasma shots. No.I1n19 : the integrity

test, No. 2235 : the plasma heat flux measurement.
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Fig. 5(a) SEM micrograph of the armour tile 1 (IG430U) after plasma
exposure (x40), and magnified one (x200).
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Fig. 5(b) SEM micrograph of the armour tile 2 (MFC-1) after plasma
exposure (x40), and magnified one (x500).
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Fig. 5(c) SEM micrograph of the armour tile 3(CX2002U) after plasma
exposure (x40), and magnified one (x500).
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Fig. 6 Schematic indicating the principle of the measurement of
plasma heat flux.
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Fig. 7 An example of temperature evolution under plasma bombardment.
The two curves tracing higher temperature rises, during the
plasma bombardment, represent the temperatures measured in the
calorimeter, and the other two represent the temperature
rises of two divertor plate units measured in heat sinks.
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Fig. 8 Relation between the measured and the calculated plasma
heat flux.



