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a b s t r a c t

A beryllium-seeded deuterium plasma and transient surface heating system is used in PISCES-B to inves-
tigate mixed-material erosion and redeposition properties of ITER relevant divertor materials. This heat-
ing can be used to investigate the effects of thermal cycling in plasma facing components expected during
ELMs in ITER-like devices. An experimental investigation of the effects of thermal cycling on Be films on
graphite has been conducted. It has been shown previously that Be film growth on C can form carbide
layers that reduce the chemical erosion of C during deuterium ion bombardment. Results from heat
cycling on the chemical erosion and on deuterium retention in C targets up to 1200 �C have shown an
enhancement in layer formation. In this report, the temperature range was extended to above 2100 �C,
the expected dissociation temperature of Be2C. It has been found that even heat pulses up 0.1 s long to
temperatures above this dissociation temperature, Be2C layer formation is enhanced by the thermal
cycling. This work was supported by Grant DE-FG02-07ER-54913 from the US DoE.

� 2009 Published by Elsevier B.V.
1. Introduction

The current ITER design employs a beryllium first wall, tungsten
divertor and carbon strike points. ITER also calls for severe heat
loads on these plasma facing components, with heat fluxes at the
divertor of 10 MW/m2 and increasing up to a possible 3 GW/m2

during an ELM [1]. Beryllium sputtering from the first wall will mi-
grate to the divertor region and the carbon strike point. The PISCES-
B linear divertor simulator has been utilized to evaluate the effects
of this sputtered beryllium depositing in the carbon strike points.
Previous experiments [2,3] on beryllium/carbon mixed-material ef-
fects showed both chemical and physical erosion of carbon was
mitigated by Be2C layer formation when a Be concentration of less
than 0.1% existed in the plasma. A predictive scaling expression has
been derived for the erosion mitigation time of graphite samples
due to Be2C layer in a steady-state environment [4].

A pulsed heating system installed on the machine is employed
to create heat pulses up to 3000 �C on graphite samples to simulate
repetitive ELM heating [5]. This heating system uses a pulsed posi-
tive bias to draw electrons from the plasma and transiently heat
the surface of the plasma-exposed sample ohmically. It has been
previously reported [6] that cyclically heating graphite samples
during exposure to a beryllium-seeded plasma to up to 1500 �C re-
sulted in a significant decrease in the time it took for the Be2C layer
to form and mitigate C erosion, sBe/C. In this paper, we extend this
Elsevier B.V.
previous work on the effects of heat cycles on Be2C layer formation
by increasing the temperature of the transient pulsing to above the
expected dissociation temperature of the Be2C layer, �2100 �C.
2. Experimental setup

Experiments are performed in the linear divertor plasma simu-
lator PISCES-B [7], which produces a high flux (up to 1023 m�2 s�1)
steady-state plasma. An evaporative neutral atomic beam source is
used to inject Be into the plasma �150 mm upstream from the
sample. The samples used are 1-inch diameter ATJ grade graphite
6.25 mm thick, with a 22 mm diameter face exposed to the plasma
due to the boron–nitride cap. A figure of the experimental setup is
given in Fig. 1. These samples were exposed to a Be-seeded deute-
rium plasma. The total exposure time was 2000 s. To facilitate
comparison, the samples were exposed to similar deuterium plas-
mas used in previous experiments, with ne = 3.0 ± 0.6 � 1018 m�3,
and Te = 6 ± 1 eV as measured with a reciprocating double probe.
The singly ionized beryllium concentration in the plasma,
cBe � 0.05%, is obtained from Be II (k = 467.3 nm) line intensity
measured with an absolutely calibrated spectroscopic system. A
potential bias of �50 V was applied to the samples to achieve
low-energy-ion bombardment with an impact energy of �40 eV.

To measure the chemical erosion of C from the surface, the dif-
ference in CD band emission, (for molecular energy state transition
A2D � X2P) around k � 430 nm, in the plasma near the sample and
far from the sample is measured spectroscopically [4]. In Ref. [3],

mailto:jhanna@ucsd.edu
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


0

500

1000

1500

2000

2500

3000

3500

TC

spectral

Be oven opened

0

500

1000

1500

2000

2500

3000

3500

0 400 800 1200 1600 2000

-0.02 0.0 2 0.06 0.1 0.14

t (s )

T 
(°

C
)

t ( s)

T
 (°

C
)

Fig. 2. Surface temperature profile from the spectral pyrometer and bulk temper-
ature from the thermocouple over an entire 2000 s exposure. The Be oven was
opened at 187 s. The blow-up is the surface temperature from the pyrometer for a
single pulse of 0.1 s.
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Fig. 3. Spectroscopic measurement of the decay in C chemical erosion for a sample
with and without temperature cycles applied. The time to chemical erosion
mitigation is approximately decreased by a factor of 5 when cycling is applied.
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Fig. 1. A schematic view of the target region in the linear divertor plasma simulator
PISCES-B.
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the CD band intensity decay is found to correlate closely with
beryllium layer formation on a graphite sample.

Pulsed surface heating is achieved by reversing the sample bias
and drawing electrons from the plasma through the sample. This
electron impact then heats the surface in a sub-ms timescale to
up to 3000 �C. A bias of +150 V was used that typically drew 25–
35 A from the plasma for an absorbed power density of
�13 MW/m2. The pulse timescales of duration and frequency are
both adjustable. We have investigated heat cycles of 0.1, 0.05
and 0.025 s every 10 and 5 s. Surface temperature is measured
with two pyrometers during and between pulses [5]. Typical tem-
perature profiles of a sample from the spectral pyrometer and the
thermocouple at the back of the sample over the full exposure and
during a single pulse are given in Fig. 2. It can be seen from Fig. 2
that the surface temperature achieved during heat pulses tends to
decrease over time with cyclic heating. The temperature drop at
the beginning of the experimental run in this figure is due to
changes in the plasma before the Be oven is opened. The surface
temperature and plasma become stable about 30 s prior to Be seed-
ing. After Be is introduced into the plasma, the surface temperature
begins to drop with successive heat cycles even though the plasma
parameters stay constant and there is no change in the power load
on the sample. Even though this leads to the surface temperature
during a heat cycle dropping below the 2100 �C we are interested
in maintaining, it does stay above this temperature for the duration
of the measured C erosion mitigation. For these plots the cyclic
heating was 0.1 s every 10 s, the voltage during the pulse was
144 V and the current drops from 44 A to 33 A once the plasma sta-
bilizes, before the Be oven is opened. Between heat pulses, the volt-
age was �50 V and the current was �3 A.

To investigate the relative effects of single pulses, two experi-
mental runs were done in which the sample was exposed to a
Be-seeded plasma without pulsing long enough to establish the C
erosion mitigation timescale, sBe/C, and then a single heat cycle
was applied and sBe/C re-measured. For the second run, two cycles
were applied 10 s apart.

Following exposure runs in PISCES-B, each sample was removed
from the machine and a Thermal Desorption Mass Spectrometer
(TDS) system was used to analyze deuterium retention in the
sample [8]. The samples are heated linearly in vacuum over 1 h
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to 1050 �C, while the partial pressure of deuterium is monitored
using a residual gas analyzer. A calibrated deuterium leak is used
to convert the experimental integrated deuterium partial pressure
signals into total retention values.

3. Analysis and results

Fig. 3 shows the decay in the CD band emissions from the plasma
over time for samples without and without cyclic heating. sBe/C is
found by fitting to the slope of the exponential [4]. The decrease
in the erosion mitigation time due to cyclic heating is apparent.
Fig. 4 presents the CD emissions for the samples exposed to single
and double heat pulses as explained above. It can be seen here that
although there is a momentary increase in CD emission directly
after the pulse, sBe/C is then shorter after the pulse. In the case of
the pair of transients, there is a delay time before the erosion
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Fig. 4. Spectroscopic measurement of the decay in chemical erosion for a sample
with (a) a single heat pulse applied, and (b) two heat pulses applied with a
separation of 10 s.
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Fig. 5. A plot of the decrease in chemical erosion mitigation time given by stransient/
sscale, where sscale is the expected mitigation time for a sample at the same plasma
exposure with no heat cycles applied. This mitigation ratio is plotted as a function
of peak pulse temperature when the Be injection is started.
resettles. For similar plasma conditions and heat cycle tempera-
tures, a single pulse decreased sBe/C by 18% and a series of two
pulses decreased sBe/C by 39%. This leads one to believe that
each individual pulse for these experimental parameters decreases
sBe/C by another �20%.

Fig. 5 shows the decrease in sBe/C due to cyclic heating as a func-
tion of pulse temperature. The temperature of the first pulse after
the Be oven is opened is used here. The subsequent drop in pulse
temperature may play a role in lowering the effect on sBe/C for later
pulses and is still being investigated. Even for heat cycles starting
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Fig. 6. A plot of the deuterium retention in the samples as a function of background
surface temperature.
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above 2100 �C, the erosion mitigation time drops significantly with
increasing pulse temperature.

TDS results for samples exposed to cyclic heating are presented
in Fig. 6 along with samples exposed to similar plasma conditions
without heating [9]. Data from pulsed samples with no Be expo-
sure are also presented. Deuterium retention values are plotted
as a function of background (i.e. between cycles) surface tempera-
ture. It can be seen here that high temperature heat cycles have no
real effect on deuterium retention in the Be2C coated graphite
samples. For cyclic heating on graphite without Be seeding, the
retention is much less than with Be or steady-state without Be.
This difference may be due to the surface temperature during heat
cycles on C with no Be staying at the initial high temperature for all
subsequent cycles, while for Be coated samples, the temperature
decays.

4. Conclusions

Cyclic heating of graphite samples exposed to a Be-seeded plas-
ma in PISCES-B has been implemented to temperatures above the
expected dissociation temperature of Be2C. It has been found that
with these high temperature cycles, C erosion mitigation due to
the formation of Be2C layers on the surface is seen to be dramati-
cally enhanced, as seen previously [6] for lower temperature
excursions. Deuterium retention in samples with cyclic heating
up to 3000 �C is found to be nearly identical to those of samples ex-
posed in a Be-seeded steady-state environment [9].
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