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A pulsed laser in the PISCES-B facility is used to simulate transient heating events such as ELMs and dis-
ruptions on W. The first study of enhanced nano-scale W tendril growth (‘‘fuzz’’) due to cyclic fast tran-
sient heating of W exposed to low energy (EHe+ � 30 eV) He+ ions is presented. Fuzz due to transient
heating is up to �10� thicker than the steady state fuzz thickness with no laser heating. A general
thermal activation model yields higher values for the activation energy and pre-exponential factor than
previously reported in steady state experiments with EHe+ � 60 eV. Transient heating of W exposed to D
plasma with Be seeding shows that the removal threshold of Be follows simple energy considerations
based on the heat of formation of Be.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten (W) is an attractive plasma facing material for future
fusion reactors due to its high melting temperature and low sput-
tering yield. Transient heating of W by a pulsed laser during
steady-state plasma exposure in PISCES-B is used to simulate heat
loads expected to occur in future tokamaks due to edge localized
modes (ELMs) and disruptions. We study here the effects of tran-
sient high heat flux on mixed Be/W surfaces and on pure W
exposed to He plasma. The mixed material studies are motivated
by the expected beryllium (Be) flux to the W divertor due to eroded
Be from ITER’s first wall. Previous work characterized the Be
surface changes including Be–W alloying [1]. Here we study the
ablation of Be layers on W.

Helium (He) formed from D–T reactions in future fusion reac-
tors will impact the performance of W as a plasma facing material.
It is well known that the surface of W exposed to He ions
( J 20 eV) develops nanometer-scale filament structures known
as fuzz [2] when the steady-state surface temperature is between
�1000 and 2000 K. Previous work found that high heat fluxes on
pre-grown fuzz caused fuzz erosion [3] as well as fuzz to be rein-
tegrated back into the bulk [4,5]. Here we show the first results
of W fuzz growth due to fast transient heating, with heat flux
factors and heating timescales similar to those expected during
ELMs in ITER.
2. Experimental setup

An Nd:YAG laser (wavelength of 1064 nm with adjustable pulse
width from 1 to 10 ms and maximum peak power of 5 kW) is used
to irradiate 2.5 cm diameter W disks with laser spot diameter 0.5
to 1.2 mm. The laser is guided by a set of turning mirrors over a
distance of �20 m and a lens is used to obtain the desired spot size
at the target. The reflectivity of bare W is measured in order to give
an estimate of the absorbed laser power. The samples are exposed
to D or He plasma during laser irradiation, and the laser strikes the
target at an angle of 15� with respect to normal.

Be/D codeposits are created on W substrates in the PISCES-B
facility [6] using a Be evaporative oven during D plasma exposure.
The typical ion flux is 0.5–1.0 � 1023 m�2 s�1 with plasma exposure
duration ranging from 1000 to 5000 s, Be layer thickness ranging
from �100 nm to 3 lm, and sample temperature during plasma
exposure of 50 �C for water-cooled samples. During Be injection,
the concentration of Be+ ions is 0.1 to 0.01% as determined from
spectroscopic measurements of the Be II line at 313.1 nm. Thicker
Be layers up to 50 lm are created in a Be magnetron sputtering
device [7]. Samples were analyzed using secondary ion mass spec-
trometry (SIMS) and sputter X-ray photoelectron spectroscopy
(XPS) to obtain depth profiles of Be, D, and W.
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Fig. 1. (a)–(c) SEM images of a 50 lm thick Be layer on W after a single laser pulse with laser energy densities elaser = 1.3, 4.1, and 11.9 M J m�2 with pulse widths 1, 3, and
10 ms, respectively. (d) Data points show the experimental parameters relative to the Be formation energy density eBe. The labels a, b, and c correspond to the SEM images. (e)
The Be I signal as a function of the laser energy density.
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Fig. 2. SIMS depth profiles of Be, D, and W with and without laser irradiation (at
two different locations on the same sample). Shaded region shows the approximate
depth of the original Be/D layer.
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Fig. 3. (a) Top view of the sample showing the laser spot, seen as the light-colored regi
shows the edge of the break. (b) Calculated surface temperature at the end of a heating pu
views of the locations marked in (a).
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In experiments with He plasma exposure and no Be injection,
the base temperature of the W sample is controlled by air cooling
and was set to 880–1090 K, which is close to the onset threshold of
fuzz formation (�1000 K). The sample is biased to �50 V, and the
He ion flux is above the ‘‘saturation’’ regime where fuzz growth
is independent of ion flux. After laser and plasma exposure the
samples were moved in air for analysis with a scanning electron
microscope (SEM).
3. Results

3.1. Be ablation threshold

A simple estimate of the incident energy density required to
remove a layer of Be is based on the Be heat of formation, DH.
We call this quantity the Be formation energy density, given by
eBe = DHqd/l, where q is the density of Be, d is the Be layer thick-
ness, and l is the Be molar mass. To test this removal threshold, a
series of single laser shots was fired on a target with a relatively
thick Be layer of d = 50 lm during D plasma exposure. Fig. 1a–c
(e) (g)

(f) (h)

on. The sample is intentionally broken for cross-section imaging, and the dark area
lse. Scale is the same as in (a). The SEM images in (c)–(f) show top and cross-section
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Fig. 4. (a) Measured and modeled (red dashed line) surface temperature for a single
heating cycle. The Arrhenius coefficient D is calculated from the modeled
temperature using parameters obtained from our data (black) and Baldwin’s data
(blue). (b) Illustration of 5 heating cycles used for modeling. (c) The growth of the
fuzz thickness calculated from l ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
DðtÞdt

p
using the heat pulses shown in (b)

and the model parameters written in (a). Data points in (d) show the measured fuzz
thickness after 1000 (red squares) and 2800 (black circles) heating cycles. Solid
black and red lines are the calculated fuzz thicknesses using identical parameters.
Blue line is the calculated fuzz thickness using Baldwin’s parameters and 2800
cycles; solid line indicates the range of steady state temperatures used in Baldwin’s
work [8]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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shows SEM images of the damaged Be layer due to three laser
energy densities of 1.3, 4.1, and 11.9 M J m�2, respectively. For con-
text, data points in Fig. 1d show the various Be layers and laser
energy densities that have been studied in the present work, and
the solid line shows eBe. The data points labeled a, b, and c corre-
spond to the SEM images. The Be layer is expected to survive when
elaser < eBe, which is shown in Fig. 1a where the Be layer partially
melts and the laser pulse does not penetrate to the underlying
W. When elaser � eBe, there is partial removal of the Be layer and
evidence of additional molten Be as seen in Fig 1b. When the cen-
tral laser energy density elaser > eBe, the Be is removed and the
underlying W is visible as seen in Fig. 1c.

To get additional insight into Be removal from the W surface by
the laser, the Be I signal (k = 457.3 nm) was measured with a spec-
trometer (1 ms temporal resolution) viewing nearly normal to the
W target (15�). Fig. 1e shows the time-integrated (20 ms) Be I sig-
nals measured during each laser shot that correspond to Fig. 1a–c.
The Be I signal begins saturating when elaser > eBe, and this satura-
tion is attributed to the removal of Be by the heat pulse resulting
in limited availability of Be on the surface.

In contrast to the relatively thick Be coating and single laser
shots, the regime of a thin Be coating with repetitive fast transients
was studied post-mortem using SIMS on the data point marked by
the arrow in Fig. 1d. Fig. 2a shows SIMS depth profiles of W, Be, and
D on a sample with a �350 nm thick Be codeposit created in
PISCES-B during D plasma exposure. The sample was hit with
7000 laser pulses with pulse width of 1 ms and absorbed laser
energy density �0.3 M J m�2. Fig. 2b shows that Be and D were
removed from the surface, as only trace amounts of Be and D are
visible. During the course of laser pulsing at 2 Hz, D fluence to
the laser spot was 3.9 � 1026 m�2. The laser was moved to a new
location on the target with the plasma still on, and the spot
received an additional D plasma fluence of 2.2 � 1026 m�2 with
Be seeding. The relatively small amount of Be and D in the laser
irradiated spot even with additional plasma fluence suggests that
implantation was affected in the heated region.

3.2. Be–W alloying

In addition to Be ablation, W–Be alloying has been detected
using sputter XPS on a sample irradiated with a single laser shot.
A shift was detected in the XPS spectra between the laser irradiated
and non-irradiated areas, indicating the formation of Be–W alloy
[1]. The sample had a �3 lm thick Be layer with absorbed heat flux
factor of �70 M J m�2 s�1/2 (10 ms pulse width), which is well
within the regime elaser > eBe as shown by the data point at elaser =
7 M J m�2 in Fig. 1d. The detection of Be–W alloying after one tran-
sient heat pulse shows that a single large ELM in ITER can compro-
mise the material properties of the heat-affected area.

3.3. Fuzz growth induced by transient heating

In experiments during He plasma exposure, we report the first
observations of W fuzz growth due to cyclic, fast transient heating.
The He+ ion flux to the sample was �1.0 � 1023 m�2 s�1, and the
base temperature of W was maintained close to the minimum tem-
perature for fuzz growth. The sample was repeatedly irradiated by
the laser with pulse width 1 ms and repetition frequency between
1 and 5 Hz in order to simulate ELMs.

The fuzz thickness depends on the peak temperature reached
during the transient heating cycle, and decreases further from
the center of the laser spot due to the temperature profile.
Fig. 3a shows a top-view of a laser spot on a cleaved sample (for
cross-sectional SEM imaging) after 2800 laser heating cycles. The
labels show the locations of SEM images in Fig. 3c–h. We model
the temporal and spatial dependence of the temperature in the
W disk using the 3D code ANSYS, and for a laser heat flux matching
experimental conditions, the calculated surface temperature pro-
file at the end of a 1 ms pulse is shown in Fig. 3b with 0.5 GW m�2

of absorbed heat intensity. The laser spatial profile is assumed to
be flat and the absorption homogeneous within the laser spot.
The base temperature of the sample with no laser irradiation is
1093 K and a thin (�400 nm) layer of fuzz develops with no laser
heating during the 3600 s plasma exposure, as seen in Fig. 3g–h.
Fuzz thickness is up to �10� larger in the center of laser irradiated
spot compared to the non-irradiated area.
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The fuzz length l is modeled simply as a thermally activated pro-
cess with

ffiffi
t
p

scaling, and the fuzz length is calculated using
l ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
DðtÞdt

p
, where D(t) is a time dependent diffusivity. This

approach is motivated by the
ffiffi
t
p

scaling observed in steady state
fuzz experiments [8]. The fuzz length depends on time through its
temperature dependence in an Arrhenius relationship, D(t) = D0

exp (�E0/T(t)), where D0 and E0 are the pre-exponential factor and
the activation energy, respectively. Fig. 4a shows the measured tem-
perature evolution during a single laser pulse using a high speed
pyrometer [9], and the modeled temperature (dashed line). Also
shown is D calculated using parameters for our data (black), and
using Baldwin’s parameters (blue) obtained from steady state
experiments [8] with He ion energy EHe+ � 60 eV. An important dif-
ference between Baldwin’s data and our data is that we intention-
ally kept EHe+ � 30 eV to avoid laser-induced arcing [10] (although
arcing did occur for the highest energy laser pulses).

The modeled temperature profile is repeated according to the
number of laser pulses and duty cycle used in the experiments,
illustrated in Fig. 4b, and the resulting fuzz evolution is calculated
from l as shown in Fig. 4c. Our data with EHe+ close to the fuzz for-
mation threshold shows that fuzz growth proceeds in a step-wise
fashion at each heating pulse. However, fuzz growth using
Baldwin’s parameters is dominated by the base temperature
between heating pulses and the growth proceeds smoothly as

ffiffi
t
p

with virtually no effect from fast transient heating.
The data points in Fig. 4d show the dependence of the fuzz thick-

ness on the peak temperature reached during each laser pulse, and
the peak temperature is based on 3D modeling of the temperature
within the laser spot. Above �2000 K there is large scatter in the
data because fuzz becomes reintegrated into the W bulk [4,11,12].
The red data points (no error bars shown) at T > 2200 K shows rein-
tegration completely dominates growth and negligible fuzz is
detected. The large error bars in the peak temperature are from
uncertainties in modeling, in addition to the changing reflectivity
and W thermal conductivity [5] as the surface evolves. The red
and black lines are the calculated fuzz length l using E0 = 2.2 eV
and D0 = 8.0 � 10�3 cm2 s�1 for two separate cycle numbers 1000
and 2800, respectively. With no laser pulsing (shown by the two
open symbols near 1100 K), the measured fuzz length is smaller
than that predicted using Baldwin’s parameters, shown as the blue
line with E0 = 0.71 eV. In addition, Baldwin’s parameters predict
that the fuzz length is insensitive to peak transient temperature
Tpeak, while our data have a clear dependence on Tpeak. The He+ ion
energy of EHe+ � 30 eV used here is close to the ion energy threshold
for fuzz formation [13], so it may not be surprising that a higher acti-
vation energy is required.

4. Discussion and conclusion

Laser heating of Be-coated W supports the simple threshold
concept for Be layer removal based on the Be heat of formation.
If the arrival rate of Be at the W divertor is sufficiently large, a sur-
face layer of Be could form which might protect the W substrate
during transient events [14]. However, there are two problems if
relying on Be coatings as a protective measure for W in ITER: (1)
the Be layer thickness required to protect the underlying substrate
from the expected ELM energy is larger than the expected layer
thickness in ITER [15], and (2) the concept of a sacrificial Be layer
is undermined by Be–W alloying. A single high heat flux transient
event that causes alloying can compromise the thermomechanical
properties of the material compared to that for pure W. When
Be–W alloying occurs we have found that the material has a lower
cracking threshold compared to pure W [1].

W fuzz formation has been observed for the first time using cyc-
lic, fast transient heating. At sufficiently high heat pulses, fuzz
growth is inhibited by reintegration in the W bulk. We find discrep-
ancy between Baldwin’s parameters and the data shown here at
EHe+ � 30 eV, which indicates (1) the model needs modification to
describe both steady state and transient fuzz growth or (2) the acti-
vation energy E0 and pre-factor D0 depend on He+ energy. In [16],
fuzz grown in Alcator C-Mod over the course of 14 plasma
discharges showed agreement with Baldwin’s parameters (using a
different analysis than what was done here). In those experiments
the timescale for the temperature evolution was much slower
(�1 s), so if a different model is needed, apparently the timescale
for the temperature evolution must be faster than seconds.

The results indicate that predictions for fuzz growth in the ITER
divertor should not only consider steady-state heat loads, but also
transient heating events such as ELMs. Although technically chal-
lenging due to arcing, in future experiments with fast transient
heating EHe+ will be increased to further investigate fuzz formation
during transient heating.
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