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ARTICLE INFO ABSTRACT

Keywords: For the development of the tritium monitoring system in ITER the hydrogen isotope release by Laser-Induced
Fuel retention Desorption (LID) from Be layers is studied to determine the laser parameters for a high desorption efficiency
Ber}fllium ) while minimising dust production and surface modifications is also pursued. Be layers of 1 pm thickness with
Tritium monitoring 25-30 at% D and 3 x 102 D/m? comparable to JET-ILW areal concentrations [1] have been produced by High
LDzsserption Power Impulse Magnetron Sputtering (HiPIMS) on ITER grade W. Laser pulses of 1, 5 and 10 ms duration heat
FREDIS the layer in vacuum in the Fuel REtention DIagnostic Setup (FREDIS) and release the retained D thermally. By

mass spectrometry in FREDIS and subsequent Nuclear Reaction Analysis (NRA) inside the laser spot the desorbed
and remaining D is quantified. While a pulse duration of 1 ms cannot fully desorb the deuterium, it is found that
a single 5 or 10 ms laser pulse with an absorbed energy density of ca. 1.5 MJ/m? corresponding to a heat flux
factor around 20 MWvs/m? leads to nearly complete desorption of the retained D. This encourages the devel-
opment of a useful tritium monitoring system, although the present layers produce some dust due to local
delamination of the layer on at least 11% of the heated surface (at 1.4 MJ/m? absorbed energy within 5ms) and

lead to unavoidable crack formation.

1. Introduction and motivation

In fusion devices with beryllium (Be) and tungsten (W) as plasma-
facing materials such as the JET-ILW, the major contribution to the
long-term hydrogen retention is found in co-deposited Be layers on W
divertor components [1]. In ITER, the formation of hydrogen isotope
containing Be layers is expected, which may occur on different wall
elements, mainly on the divertor baffles [2]. These layers will contain
also tritium (T), but the tritium retention is limited by the nuclear li-
cense. To study and monitor the spatial distribution of the H, D and T
content of the wall without tile removal, a pulsed Laser-Induced
Desorption (LID) system is being designed as fuel retention diagnostic
detecting released hydrogen isotopes between plasma pulses by means of
mass spectrometry [3]. Apart from this, LID could even be used during
plasma operation detecting the desorbed gases spectroscopically [4].

According to numerical desorption calculations for Be [3] optimised
laser pulse parameters (laser intensity, pulse duration etc.) should yield
a high desorption fraction. An experimental verification is provided in

* Corresponding author.
E-mail address: m.zlobinski@fz-juelich.de (M. Zlobinski).

https://doi.org/10.1016/j.nme.2019.04.007

the present work, whereby the influence of different laser pulse para-
meters on the desorption efficiency of LID is studied on Be layers. The
objective of the present study is to validate experimentally the use of
long laser pulses on beryllium co-deposits for tritium retention mea-
surement purposes.

2. Samples

The tritium monitor system in ITER is designed to probe an area in
the divertor region. In order to resemble as close as possible the ex-
pected ITER wall in that position, W substrates of the ITER grade were
chosen, which were produced by Plansee SE [5] and have a grain
elongation perpendicular to the surface. Two types of samples were cut:
small samples of 5mm X 5mm X 5mm and large samples of
36 mm X 36 mm X 5mm and one surface was polished. Be test coat-
ings on 4 differently rough surfaces were done to find a trade-off be-
tween good layer adhesion and a flat surface for good surface analysis
resulting in a polishing with a finish of 1 um diamond grains. The
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Table 1

Be layer composition of a 1 um thick HiPIMS layer with D co-deposition, before
laser heating, according to NRA (for D content), LID-QMS (for H content) and
EDX.

Sample size: Small Large
Element at% at%
Be 70-72 67-69
D 25-27 28-30
H 1.1 1.1

o 1.0 1.9

C 1.8 0.6

N 0.4 0.4

arithmetic mean roughness on the length scale of 1 mm showed values
of ca. 10 nm for the small samples and 20 nm for the large sample. The
W samples were coated with a 1 um thick Be layer, that was produced
by High Power Impulse Magnetron Sputtering (HiPIMS) in INFLPR,
Bucharest [6]. The base pressure in the vacuum chamber was
3 x 10~ *Pa and increased to 2 Pa after the inlet of the processing gases
Ar and D,, which was used during the sputtering process to co-deposit D
in the layer. NRA measurements [7] show a D concentration of 25-30 at%.
Combined with EDX (Energy-Dispersive X-ray spectroscopy) measurements
of the unheated layer the following layer composition was determined
(cf. Table 1).

This variation of the D content was observed on samples that were
coated simultaneously in a single coating run. However, for the small
samples the resulting D areal concentration is very similar with
(3.01-3.07) x 10?2 D/m? despite the slightly different relative D frac-
tion. Within the large sample the values vary stronger: (2.4-3.6) X
10%2 D/m?, (cf. Fig. 8b and its discussion) while the Be/D ratio is nearly
constant. Thus the layer inhomogeneity is due to changes in layer
thickness. It should be noted that these areal concentrations are similar
to those found on tokamak divertor tiles [1].

The pulsed deposition process in HiPIMS continued without inter-
ruption for 57 h at a sample temperature of ca. 340 K with unchanged
power of several MW/m? applied during 3 us long magnetron pulses.
The layer thickness of 1 um was verified by SEM (Scanning Electron
Microscopy) on the cross section of a Si witness sample exposed si-
multaneously.

3. Experimental and evaluation methods

LID is performed in FREDIS [8] in the High temperature Materials
Laboratory (HML) in Jiilich where Be samples can be handled due to a
closed glove box system attached to the vacuum chamber. The sample is
located on a copper block below the anti-reflexion (AR) coated window,
while the laser light is guided through a fibre-optic cable to the laser
head, which images the circular end of the fibre by two lenses sharply
onto a 3mm diameter spot on the sample. A two-colour pyrometer
observes the inner part of the laser spot via a second fibre through a
beam splitter vertically from the top. Before the laser pulse, the shutter
to the turbo pump is closed at about 10~ °Pa base pressure and the
Quadrupole Mass Spectrometers (QMS) measure the continuous partial
pressure increases from metal outgassing and leaks. Then the laser pulse
heats the surface rapidly, the retained gases are released thermally and
desorb promptly giving a sharp jump in the corresponding partial
pressures, here mainly HD (m/q = 3 amu/e) and D, (m/q = 4 amu/e).
Afterwards, the shutter to the pumping system is opened again. The
evaluation of the QMS signals is based on the maximum peak values,
that are fitted by an exponential function before and after the laser
pulse (cf. Fig. 1). Both functions are extrapolated to the time of the laser
pulse, where the jump in each mass channel is evaluated as difference
between the two functions. This difference is converted to the amount
of released D atoms based on QMS calibration during constant inlet of
H,, D, and other gases from calibration leak standards with fixed gas
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Fig. 1. Temporal behaviour and corresponding fits of the QMS data before and
after LID with 2.1 MJ/m? absorbed energy within 10 ms. For these samples
90-96% of the desorbed D is detected on mass 4.

reservoir (provided by LACO). While the leak is open, the shutter to the
pumps is closed like in the LID experiment, resulting in an almost linear
increase of the partial pressure of the calibration gas and the QMS peak
of the corresponding mass with a slope in units of A/s. The ratio of this
slope and the amount of molecules per second of the calibration leak
entering the chamber yields the calibration factor in molecules/A for
each gas. The calibration factor for HD is deduced as the average of the
calibration factors for H, and Ds.

The laser pulse shape is shown in Fig. 2 for the three pulse dura-
tions. While it is nearly rectangular for the 1 ms pulse, the laser power
considerably decreases continuously during the laser pulse for longer
laser pulses. Thus, the results will be presented as a function of laser
energy density rather than power density, which is not constant during
the pulse for the non-rectangular pulse shapes. This value is thus better
comparable to other laser systems.

After LID the samples were transferred to the NRA chamber where
the NRA beam of *He™ ™ was magnetically compressed in size to ca.
1 mm (0.84 mm X 0.68 mm) to fit into the centre of the laser spots. The
positioning has been done on a scintillator plate where the beam size,
shape and position could be seen directly. The beam energy of 4.5 MeV
was more than sufficient to easily penetrate the 1 um Be layer as it
would reach more than 20 um deep in pure Be and even reaches ca.
7 um deep into the W substrate. Only the measurements on the small
sample before laser heating were done at 2.95 MeV, which is still suf-
ficient for a thickness of 1 um Be as a depth of 13 um could be reached
in pure Be and about 4 um deep into the W substrate. Hence, all D in the
layer and these ranges was detected by measuring the proton (p) from
the reaction D(*He, p)*He. For the quantification of Be the proton from
the reaction °Be(*He, p)''B was used. The D and Be amount were
quantified by simulating the measured spectra by the programme
SIMNRA [9] and changing the D and Be amount until the D and Be
integrals of the measured and simulated spectra were identical between
simulation and model. For the simulation a model system of a quasi
infinite W substrate was used with a layer of variable amount of atoms
consisting of Be and D. For the low D concentrations inside the laser
spots with high desorption the D values are rather overestimated as the
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Fig. 2. Applied laser pulse shapes.
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Fig. 3. NRA data of the unheated layer and inside a laser spot and simulated Be

and D peaks.

border of the D peak is not clearly recognisable in the measured data.
Therefore, the integration is extended to high-energy regions where the
simulated D peak has practically decreased to O already, but still some
scattered NRA signal counts were measured there (cf. Fig. 3). They are
thus probably originating not from D but some impurities like N, O etc.
Taking them into account in the integration of the D peak leads to an
overestimation of the D content, which is increasing the relative error
with decreasing D amount.

The surface of the laser spots was also analysed by SEM imaging
before NRA in detail for the effects of delamination, melting, cracking
and also at low magnification to obtain overview images of the most
interesting laser spots (Fig. 4a). These were analysed to determine the
delaminated area by applying a graphical method based on image
brightness. As confirmed by EDX on the differently bright regions, the
dark grey areas are nearly pure Be and thus represent the areas with
best attachment and probably original thickness (cf. Fig. 4c). The white
areas correspond to the W substrate, while the brighter grey areas seem
to represent a thin Be layer at the interface to the W that is still well
attached to the substrate. The shadows which are strong around the
thick dark Be layer, but not visible at the edges of the thin Be layer
indicate that the thick Be layer is probably not firmly attached. Due to
its small thickness the thin layer is not assumed to contain significant D
amounts. Thus, in the graphical method the white areas of the substrate
and the bright grey areas of the thin layer are both treated as delami-
nated areas. They are marked as black pixels (cf. Fig. 4b) by means of
threshold contrast, i.e. defining a grey level threshold below which a
pixel is set to black and above to white. The area outside the laser spot
was excluded from the analysis by a circular mask of 3 mm in diameter.
All black pixels are summed and converted by the scale factor of 6.4
um?/pixel into a delaminated area. The result can be seen in Table 2

200 MM 500KV IProbe= 197pA  SE2 StageatT= 00° F220 ks @ a g0
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Table 2

Estimation of the missing Be amount in the LID spots depending on the laser
pulse length t, and absorbed energy density & by four methods (cf. text for
details), italic data are from the small sample; missing data are due to spots for
which no analysis was performed.

t Eabsorbed SEM SEM RBS NRA
Full spot Inside

ms MJ/m? % % % %

1 0.2 11 11

1 0.2 4 9 19 25

1 0.5 89 93

1 1.4 103 97

5 0.5 0.4

5 0.6 0.3 1 3 11

5 1.4 66 86 87 85

5 1.4 11 15 25 -4

5 21 63 60 64 39

10 0.8 0 0 1 12

10 0.9 1 5 8 26

10 1.0 31 82 77 76

10 1.0 0.05 0.2 3 20

10 21 13 25 36 36

row “SEM Full spot”. The same analysis was performed also inside the
laser spots, where it was restricted to the region, which was analysed by
the NRA beam (cf. “SEM Inside” in Table 2).

For the NRA analysis, the amount of missing Be is important as it is
performed after LID and thus cannot detect the undesorbed D in the
delaminated fragments that are missing from the surface. Moreover, the
transfer of the sample to the NRA chamber probably increased the
amount of delaminated Be as after unmounting in FREDIS, the samples
had to be blown off with air in the glove box for Be safety in order to
minimise Be dust that could contaminate the SEM and NRA chambers.

The column “NRA” in Table 2 gives an estimate of the missing Be
based on the reduction of the NRA signal for Be (cf. left peak in Fig. 3)
inside the LID spot with respect to the original layer. A fourth estima-
tion method was used based on the RBS signal (cf. column “RBS” in
Table 2), which utilises the reflexion of the impinging He particles on
the sample. In the delaminated areas they are reflected on the W sub-
strate and thus reach the RBS detector with a higher energy than those
reflected on the Be layer. Hence, two reflexion edges can be identified
in the RBS spectrum and their relative height is used here as an esti-
mation of the delaminated area.

4. Results and discussion

The results are presented in terms of the absorbed laser energy or
heat flux factor, for better comparability to other heating systems.
However, the absorbed values have some uncertainties due to the

2 um 500kv  IProbe= 197pA  SE2 StageatT= 0.0°  Fz428 IEK 4 JULICH
280 KX Width=4673ym WD = 56mm 18 May 2018 Rasinski Fnsnagursne

Fig. 4. SEM analysis of the small sample illustrates layer delamination after one LID pulse (10 ms, 1.4 MJ/m? absorbed): (a) full spot, (b) graphical determination of

delaminated area, (c) thin Be layer remains attached to W.
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Fig. 5. Desorbed D during LID as measured by Quadrupole Mass Spectrometry;
(a) as function of laser energy density, (b) as function of the heat flux factor.

energy losses on the light path from the laser to the target and due to
the reflexion on the sample. The losses on the light path were estimated
by measuring the laser energy at the laser exit before it is coupled by a
lens into the fibre-optic cable and after the laser head, just before the
anti-reflexion coated vacuum window. Losses of ca. 20% were mea-
sured. The reflexion of the laser light on the sample was measured with
a spectrophotometer in the UV, VIS and IR range and the value at the
laser wavelength of 1064 nm of 38% total reflectivity was used for
calculation of the laser energy which is absorbed by the sample and
transformed into heat. As the reflectivity is measured only at room
temperature, there is quite high uncertainty how it develops during the
laser heating. Thus the absorbed laser energy and heat flux factor are
shown with a relative error of + 20%.

The QMS results of the desorbed D during LID in Fig. 5a show a
sharp threshold for desorption at ca. 0.25MJ/m? for 1 ms laser pulse
duration, 0.5 MJ/m? for 5 ms pulse duration and 0.75 MJ/m? for 10 ms
pulse duration. The energy variations at the onset of desorption were
performed with very small energy steps to investigate these threshold
regions carefully. It must be noted, that no desorption can be observed
below the corresponding threshold — thus the term threshold is justified.
The slope of the increase in desorption is larger the shorter the pulse
duration. This is attributed to the temperature gradient at the laser spot
edge during heating, which is larger for short laser pulses as the lateral
heat diffusion is less important on short timescales. For the long laser
pulses the gradient is smaller and thus the central area of maximum
temperature is smaller in relation to the irradiated area for the same
maximum temperature. With higher laser energy this hot central area
increases for long pulses, which leads to gradually higher desorption,
while for short pulses it is roughly equal to the irradiated area already
for lower energies. The multitude of 10 ms data at 1 MJ/m? is due to a
vertical and horizontal line scan along the edges of the large sample
that was performed with identical laser pulse parameters to estimate
the homogeneity of the D content in the layer (cf. discussion below).
The spread of these data points has to be assumed as uncertainty or
variation due to spatial inhomogeneity of the D content and can be
applied to all data points. For high energies all pulse lengths seem to
saturate at a given maximal desorption capability. For the 5ms and
10 ms pulses this value is identical indicating that they fully desorbed
the laser spot, while for the 1 ms a maximum of 80% of this value could
be observed. The reason is probably an effect of D diffusion in the Be
layer, which could be too slow to achieve a diffusion length that is
larger than the layer thickness and thus the D might not be able to reach
the surface. A different interpretation can be drawn from the
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percentage values next to the data points. They show the ratio of de-
laminated area to the laser irradiated area (as obtained graphically
from SEM images, cf. Section 3). The highest data point for the 1 ms
pulse duration is nearly fully delaminated. In its interior still some spots
with Be layer are remaining, which leads to a value of 97% in Table 2,
but additionally some areas just outside the irradiated area were de-
laminated, which gives a delamination of 103% for the full spot relative
to the irradiated area. Thus, it could be speculated that in such a strong
case of delamination some detached Be fragments might not be heated
sufficiently for complete desorption before detachment. However, for
the QMS detection during LID this is rather unlikely as the formation of
cracks is assumed to occur in the cooling phase (see discussion of sur-
face modifications below). This process is probably a precursor to the
local delamination of small fragments of the layer. Thus, the heating of
these fragments should already have passed the temperature maximum.
Additionally, if layer fragments detach during the cooling phase they
will have strongly reduced heat contact to the material below and
around them, which would retard the cooling and thus increase the
duration of the hot phase. All these effects should only lead to increased
hydrogen isotope diffusion inside the material and increased
desorption. In conclusion, the D release during LID can only be larger
than the D amount that would desorb from a firmly attached layer.

Concerning the delamination data in Fig. 5a (cf. Table 2 column
“SEM Full spot”), it can be stated that rather significant desorption of
about half of the D inventory is possible with delamination around or
less than 1%. This means that dust production can be kept small at least
for moderate desorption fractions. However, comparing these low va-
lues in Table 2 to the corresponding values of missing Be obtained by
RBS or NRA, higher values are found. These are most probably not due
to evaporation of Be that would lead to a thinner layer because in the
SEM analysis no signs of evaporation like porous structures on detached
parts could be found that are typically prone to overheating. The reason
is rather layer detachment of less than 1 um thickness, which was ob-
served in some SEM images and proven by decreased Be amount de-
tected by EDX. These areas have still the same brightness as the thick Be
layer and thus are not detected by the graphical method, while the Be
amount is locally reduced.

In Fig. 5b the same QMS data are plotted against the heat flux factor
(HFF), which is the laser intensity times the square root of the pulse
duration. This quantity is proportional to the temperature increase by a
square heat pulse in a simple one dimensional heat diffusion model and
can thus be seen as a measure for the temperature that a perfectly at-
tached homogeneous layer would reach. Although this is not the case
for our layers, the HFF can still be used as an approximate measure of
the temperature increase as the data fall to roughly one broad curve. It
shows a common desorption threshold of ca. 7 MWvs/m? and almost
complete desorption is achieved around 15-20 MWvs/m? for the longer
pulse durations. Due to partial delamination of the layer, the pyrometer
measurements show jumps and additionally differently varying emis-
sivities at different wavelengths. Thus, they are not very reliable and

X 800- .
[ =€,70.2
S
% 700+ | £7064,E/=0.73 B
— £/=0.2, £,=0.37
o 600 - ; -
9 500 7 |/ €,7€,=0.54 (RT value €/2048,£,210 r

400 €=26,=1.0

0 5 10 15 20 25 30
time / ms

Fig. 6. Example of pyrometer signal during an LID pulse of 10 ms with 0.87 MJ/
m? abs. energy density with different assumptions of emissivities £1 and €2 at
the two detector wavelengths (1.66 pm and 1.8 um); emissivity at room tem-
perature (RT) was measured to €1 = ¢2 = 0.54.
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Fig. 7. D remaining in the laser spot after a single LID pulse as measured by
NRA; the values in the graph indicate the individual increase of the data points
according to the missing Be (cf. Table 2).
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Fig. 8. Be layer homogeneity in Be and D content.

difficult to interpret (cf. Fig. 6). However, under the assumption of a
perfectly adhesive Be layer, heat calculations lead to an expected sur-
face temperature of roughly 650K for 7 MWvs/m? and around
1300-1400 K for 18 MWvs/m?, which is necessary for almost complete
desorption. The beginning of the marked area of “complete desorption”
is placed 10% below the maximum QMS values, which are about a
factor of 1.3 below the lowest NRA data for the original D content
(cf. Fig. 8b). The error bars of the highest QMS and lowest NRA data
overlap, but the agreement is not satisfactory. Nevertheless, several
facts show that the QMS data in the marked region represent full
desorption. On the one hand, the maximum values have been reproduced
several times with different laser parameters without showing a large
scatter, which is characteristic for a hard desorption limit. On the other
hand, the remaining D content was measured by NRA after desorption
(cf. Fig. 7) showing 1% or less D remaining in the centre of some laser spots.
Thus, the difference of the maximum QMS and NRA data is probably due to
a calibration issue of the QMS as it shows some saturation effects or
evaluation of NRA which is performed with nuclear cross-sections obtained
at different angles than used in the measurement setup. However, the NRA
signal of the unheated Be layer is two orders of magnitude larger than in the
laser heated spots. As the initial D content of the layer is spatially
inhomogeneous (see discussion below and Fig. 8b) an average value was
used for the right scale of Fig. 7. The measured NRA data are lower than
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shown in the figure as they were scaled up by a correction factor for the
missing Be. As the maximum correction factor is given by different methods
for different laser spots, the highest correction value was chosen for each
spot (i.e. in each line of Table 2) in order not to underestimate the
remaining D by the choice of a single compensation method. The chosen
correction value labels the data points in Fig. 7.

The NRA results show in general a decreasing amount of remaining
D with higher heat flux factor — as expected. At a HFF of about
10 MWvs/m? the remaining fraction drops below 10% of the initial
inventory. Above ca. 20 MWvs/m? even less than 1% of the initial D is
remaining, which virtually is complete desorption of the D from the
layer. The four correction methods for the NRA results were presented
in Section 3. Their results (cf. Table 2) show that the delaminated
amount not only depends on the laser parameters but also on the po-
sition on the sample as spots with identical laser parameters show very
different extents of delamination. Comparing the 10 ms pulses with
1.0 MJ/m?, the first spot was located a few mm from the left edge of the
sample, where the adhesion of the layer was decreasing and the D and
Be content are higher (cf. Fig. 8). The second spot was on the right hand
side (horizontal position: 23 mm) in a large area of relatively good
adhesion. Thus, all compensation methods show strongly reduced de-
lamination. A similar effect is seen for the 5 ms pulses with 1.4 MJ/m?,
where the first spot is located on the large sample, while the second one
(italic text) is on the small sample. It was in general observed that the
layer adhesion is better on small samples probably due to easier stress
release. The negative value for the small sample using the NRA method
can probably be explained by the reference Be value used for the un-
desorbed case, which was taken from a previous NRA measurement on
this sample at lower beam energy (cf. Section 3). All other values are
referred to the average value of Be content on the large sample and are
measured with the same NRA settings and on the same day as the laser
spots.

For all results concerning D and Be content presented here an ad-
ditional error margin has to be kept in mind due to the inhomogeneity
of the layer on the large sample and differences between the layer
properties on the small and large sample. In horizontal direction the
layer shows the highest inhomogeneity which is observed by different
methods (Fig. 8b). The Be and D contents measured by NRA in four
unheated positions on the large sample show gradients towards the left
side (small horizontal value) with a factor of 1.5-1.6 between the
outermost positions. The same gradient is seen in a horizontal line scan
by LID at constant laser parameters (10 ms, 1 MJ/m? absorbed energy
density) at the top of the sample (2nd row from top in Fig. 8a). Already
by visual inspection a different modification of the surface can be seen
for the last two spots on the left, where the D and Be concentrations are
highest. Here, the pyrometer signals were also much higher compared
to the other spots of the line scan. A vertical LID scan (last column in
Fig. 8a) with the same laser parameters along the right edge of the
sample also shows a gradient in D content but with a smaller span of
factor 1.3. As the homogeneity of the sample is better in the vertical
direction and the layer shows quite different surface behaviour on the
left quarter compared to the rest of the sample, the most homogeneous
rectangular area on the centre and right hand side were chosen for most
LID studies. Here, the variation of the D content is limited to a factor of
1.07 in vertical and 1.37 in horizontal direction (with respect to Fig. 8).

As the surface modifications like delamination play a role in the
interpretation of the desorption results, two figures with the most
characteristic effect are shown. In Fig. 9 the evolution of cracking and
delamination is shown as suggested by the SEM observations. Except in
the edge region of the laser spots, a high density of Be hills is always
found (Fig. 9a). The hills seem to be the beginning of the destruction
process. We assume that they are formed during the heating phase due
to the higher linear expansion coefficient of Be compared to W. Thus,
even if the layer and substrate temperatures are equal the Be expands
more and the excess material forms these hills probably at weak points
of the layer, i.e. where the internal layer stiffness or adhesion to the
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Fig. 9. Surface modifications due to one laser heating pulse of 5 ms duration; SEM images; (a) individual circular cracks around Be hills (0.52 MJ/m? absorbed); (b)
crack network formation (0.56 MJ/m? absorbed); (c) magnification of a Be hill on the small sample (1.4 MJ/m? absorbed).

substrate is low. In the pyrometer evolution curves (cf. Fig. 6) a sudden
jump is seen, which might be attributed to the hill formation as the
continued laser irradiation probably heats these hills to higher tem-
peratures than the attached regions. This is assumed because the heat
contact of the hills is probably lowered. A zoom on a typical hill
(Fig. 9¢) shows that they are always cracked radially while the substrate
cannot be seen in the cracks. Even at high laser energies as in this ex-
ample no sign of evaporation or melting can be seen on the top of the
hills as the crack edges are sharp and no porous areas are observed.
Around almost each Be hill a large circular crack is seen, which is
probably appearing during the cooling phase due to the material con-
traction. A thermo-mechanical force seems to act radially towards the
hill centre. For cases with stronger cracking a whole crack network can
be formed (Fig. 9b) which consists of the previously described large
circular cracks and additionally smaller cracks that interconnect those.
Delamination is probably a consequence of the cracking process as the
detached areas are about 10-20 um in size and quite circular in shape
(Fig. 9a). This would indicate that such a fragment can detach, when
the cracks enclose an area completely. Due to the inhomogeneous
surface morphology with cracks, hills and detached parts, the py-
rometer measurements cannot provide a sensible surface temperature,
but at best a value dominated by the hot spots. Additionally, the data
suggest strongly varying Be emissivity and changing ratios of emissiv-
ities at different wavelengths, that need further investigation.

Some high magnification images (Fig. 10) show the layer micro-
structure before and after laser pulses with increasing heat flux factor.
The original structure is “cloud-like” (Fig. 10a), which is a character-
istic of the high D fraction. The microstructure is similar to those ob-
served on Be layers formed in JET-ILW except that there is no pre-
dominant growth direction due to magnetic field orientation in our
layers. After a weak laser pulse not far above the desorption threshold
(Fig. 10b) no significant modifications are visible. For stronger heating
in the complete desorption regime the general microstructure is pre-
served but the edges of the cloud-like structures are sharper (Fig. 10c).
Only for very high HFF (Fig. 10d), where melting of Be occurred, the
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microstructure strongly changed to a dendritic form, which is char-
acteristic of Be oxide formation [10], which appears in brighter grey,
while the dark areas are still pure Be.

In the literature, complete D desorption has only been observed at
the Be melting temperature utilizing 25ns laser pulses [11]. Only
20-60% of the retained D could be desorbed without melting. The use
of laser pulses in the nanosecond range is often attributed to local
melting and ablation by the laser. For controlled heating, millisecond
pulses are much more suitable. However, also previous experiments in
the millisecond range could only release a small fraction of up to 25% of
the retained D utilizing a 10 ms pulse duration with 2 MJ/m? absorbed
energy density [12]. This experiment was performed at PISCES-B on
three differently produced Be layers: collection plate next to the plasma,
Be evaporation into the plasma and magnetron sputtering outside
PISCES, which are probably most similar to our layers. The collection
plate layers showed no delamination even after the laser pulse [13],
contrary to our layers. Hence, one reason for the huge difference in
desorption efficiency to our experiments could be a difference in layer
characteristics, especially in layer strength and adhesion to the W
substrate. This is also supported by the temperature evolutions in the
pyrometer measurements. While fast jumps occur during LID in
FREDIS, which are attributed to the formation of the Be hills, during
heating at PISCES such temperature jumps were not observed [13]. This
indicates that no Be hills were formed there, which was confirmed by
surface analysis, resulting in better thermal conductivity of the layer to
the substrate and possibly lower maximum temperature reached in the
layer. Another reason for the discrepancy might be the sample, layer
and spot geometry. While for the FREDIS experiments the whole sample
surface was coated and circular parts of it were heated by the laser, in
PISCES only circular or elliptical parts of the sample surface were
coated and the laser spot size and shape were adjusted to their geo-
metry. Hence, there might be some effects at the edges of the layers due
to the masks used during layer production or due to the oblique in-
cidence of the laser creating an elliptical spot.

Fzion ot I JOLICH 200 Nm soow - irohe - wea se2 tagoatT= 00° 2y
vvvvvvvvvv i f000KX Widn=2287ym WD= 58mm 18 May2018 sinski <) Seinci|

Fig. 10. Modifications in microstructure of the Be layer due to laser heating, SEM images all in identical magnification; values are estimated absorbed quantities; (a)
before laser pulse; (b) after 1 laser pulse of 1 ms (0.25 MJ/m? absorbed, 7.8 MWvs/m?); (c) after 1 laser pulse of 10 ms (2.1 MJ/m?, 21 MWvs/m?); (d) after 2 laser
pulses (10 ms, 0.8 MJ/m?, 8 MWvs/m? and 1 ms, 1.4 MJ/m?, 44 MWvs/m?).
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5. Summary

Despite some layer inhomogeneities within a factor of 1.6 in D and
Be content on the large sample, fairly uniform layers of ca. 1um
thickness with a quite similar D fraction of 25-30 at% were desorbed
thermally by LID. While short laser pulses with a duration of 1 ms could
not fully desorb the D in the layer up to a HFF of roughly 44 MWvs/m?,
pulses of 5ms and 10ms reached complete desorption at absorbed
energy densities of ca. 1.5 MJ/m?. The desorption thresholds for these
pulse durations were found experimentally at ca. 0.25, 0.5 and
0.75MJ/m? by quantifying the desorbed deuterium as HD and D, by
QMS. The remaining D in the laser spot was measured by NRA with a
*He beam showing a decrease of the remaining D with stronger laser
heating until less than 1% of the initial D remained in the heated laser
spots. As different extents of local delamination of ca. 20 um large Be
fragments were observed, these results had to be corrected by the
missing Be amount, which was done by different compensation
methods based on NRA, RBS and SEM. Slight changes in the micro-
structure and morphology of the layer, cracking of the layer and hill
formation were observed in strong correlation with desorption. Hence,
for such layers produced by HiPIMS they seem to be unavoidable during
desorption. Nevertheless, in some cases of good layer adhesion, the
delaminated area was only ca. 10% of the laser irradiated area even for
the case of complete D desorption. These results encourage the devel-
opment of LID on Be for the use in the tritium monitoring system in
ITER. However, further studies on different layer thickness and D
content and analysis of layers from the tokamak or stellarator are ne-
cessary to find the limitations of LID.
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