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Abstract

The interaction dynamics of beryllium surfaces with mono-energetic nitrogen
and deuterium projectiles at keV energies is studied in real time and in situ
under controlled laboratory conditions using a highly sensitive quartz crystal
microbalance technique. A pronounced fluence dependence is observed for all
investigated target-projectile combinations pointing to the formation of mixed
material layers for both projectile species. Based on the experimental data and
with the aid of TRIDYN simulations, the contribution of individual interaction
processes and their dependence on the projectile concentration in the surface
can be determined in a unique way. The overall retained projectile fluence is
investigated with post mortem nuclear reaction analysis.

For the impact of nitrogen projectiles, the interaction is at first dominated by a
projectile implantation. Upon reaching the nitrogen saturation concentration, a
transition to dominant surface erosion is found. Steady state conditions are only
reached after a cumulative fluence of ~ 83:101¢ N per cm?, with a steady state
sputtering yield of 0.4 beryllium atoms per impinging N. Furthermore, the
influence of the nitrogen content in the surface on its oxidation behavior is
furthermore investigated.

The influence of such nitrogen containing mixed beryllium layers on the
saturation dynamics of deuterium projectiles is investigated by performing
experiments with a previously nitrogen-saturated and an as-received, pure
beryllium surface. On a nitrogen saturated surface the initial retention

probability is higher than on pure beryllium. The deuterium implantation



saturates at a comparable fluence on the two surfaces. For pure beryllium
dynamic equilibrium conditions are reached at twice the fluence that is needed
to establish a steady state surface composition for the nitrogen-saturated
sample. In addition, the deuterium release dynamics upon interrupting surface
irradiation is investigated at an elevated surface temperature for both, nitrogen-
saturated as well as pure beryllium. It is found that initially the reaction kinetics

of the two surfaces is dissimilar, but coincides for longer waiting times.
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1. Introduction

The largest part of the vacuum vessel wall of the fusion experimental reactor
ITER will be covered by beryllium [1]. Beryllium is chosen as a plasma-facing
material in fusion research primarily due to its low atomic number Z (for a
detailed review on beryllium as a plasma-facing component in fusion devices see
eg. [2]). In contrast to e.g. tungsten, the energy loss from the plasma by radiating
beryllium species is comparably small and hence the maximum tolerable
beryllium concentration in the plasma core is of the order of several percent [3]
compared to only about 10-> for tungsten [4]. In addition, beryllium is an
excellent oxygen getter material and will thereby aid in improving the vacuum
conditions in the fusion reactor vessel.

As carbon is increasingly replaced as a plasma-facing component in today's
fusion experiments, the benign cooling effect of intrinsic carbon impurities by
radiative power dissipation in the divertor region and the plasma edge is being
dismissed [5]. To keep the heat load to the plasma-facing components below the
maximum acceptable limit and in order to maintain the radiated power fraction
in high power discharges, it will be necessary to introduce artificial seeding
impurities into the plasma edge of all-metal fusion machines [6, 7]. Among such
seeding gases, nitrogen is strongly favored due to its comparably high radiative
characteristics at low electron temperatures [8], which is responsible for its
capability of replacing the radiating carbon species in the divertor region of the
tokamak. Nitrogen seeding is already successfully implemented in today's fusion
experiments such as ASDEX Upgrade [5] and JET [9, 10, 11, 12].

With the introduction of nitrogen into the fusion plasma vessel, the formation of
nitrogen containing mixed material layers is expected [13]. Dynamic
implantation of nitrogen into the vessel walls or co-deposition with eroded
species will result in a modification of the surface structure and the composition
of plasma-facing materials during the operation of a fusion reactor [14, 15]. For
the interaction of beryllium surfaces with energetic nitrogen projectiles, the
formation of a beryllium nitride phase within the ion penetration depth was
observed by Oberkofler and co-workers [15]. It is reported that the amount of
retained nitrogen increases with applied nitrogen fluence and saturates after a

fluence which is in accordance with a surface recession of the order of the



projectile range in the surface. In X-ray photoelectron spectra (XPS) of the
surface, the appearance of a nitride peak is observed, while at the same time the
metallic beryllium Be 1s peak is increasingly attenuated with the nitrogen
content in the surface [15]. The integrated atomic nitrogen fraction of the
corresponding XPS peaks points to the formation of a stoichiometric BesN:
compound within the ion range in the surface.

The formation of such mixed material layers can have a severe influence on their
surface properties. Important questions that arise in this context are for example
how the composition of the first wall in a fusion reactor affects the component
lifetimes by altering e.g. the surface erosion yields or their melting point. In
addition, the formation of nitrogen containing surface compounds can also have
an influence on the retention and recycling behavior of fuelling species
(deuterium, tritium).

In this work the saturation dynamics of beryllium surfaces under both, nitrogen
and deuterium impact is investigated under controlled laboratory conditions
using mono-energetic ion beams. A unique real time insight into the transient
saturation dynamics of the beryllium surfaces is obtained using a highly sensitive
quartz crystal microbalance technique [16, 17, 18]. From the total mass change
rate observed in the experiment, the influence of basic mechanisms (e.g.
implantation, sputtering) involved in the build-up of mixed nitrogen as well as
deuterium containing beryllium layers can be assessed.

After a brief overview of the experimental setup (section 2) detailed
investigations on the interaction of nitrogen ions with a beryllium surface are
presented in section 3 (preliminary results have already been published in [19]).
Apart from the transient saturation behavior of the beryllium surface under
nitrogen impact, erosion under dynamic equilibrium conditions is also
investigated. Additionally, the influence of the nitrogen saturation level on the
oxidation behavior of the surface is studied.

In the second part of this publication (section 4) results from real time studies of
the dynamics of deuterium retention in beryllium are presented. The influence of
the presence of implanted nitrogen on the retention behavior is assessed by
comparing results from clean, as-received samples with previously nitrogen-

saturated surfaces.



2. Experimental Approach

The Quartz Crystal Microbalance Setup

Total mass change rates of beryllium surfaces are studied using a highly
sensitive quartz crystal microbalance (QCM) technique developed at TU Wien
[16, 17, 18]. The mass sensitive part of the setup is a stress compensated cut
quartz crystal, which is driven at its thickness shear mode in series resonance at
a resonance frequency of ~ 6 MHz. One side of the quartz is coated with a 500
nm thick beryllium layer. The beryllium surfaces are fabricated by thermionic
vacuum arc deposition at the National Institute of Laser, Plasma and Radiation
Physics in Bucharest [20]. They are transferred in air before being installed in
the vacuum chamber for ion beam exposure. The beryllium samples used in the
present studies therefore all exhibit a native oxide layer on the surface.

The relative mass change of the target film is determined from the change in the

resonance frequency of the quartz crystal according to the relation
Af/f=—Am/m [21]. From this the mass change rate Am/A® [amu per

projectile] can be calculated if the impinging ion current density is known. By

integration, the cumulative mass change of the surface under ion beam exposure

can be identified, i.e. Am = fOCD Am/A® - d® [amu per cm?]. In our experiments,

the mass change rate is thus determined from the slope of a linear fit to the
frequency-change curve with applied fluence. In cases where this rate changes
with the cumulative ion fluence, a stepwise linear approximation is used to
evaluate the mass change rate. It shall be stressed here, that the QCM technique
is by design only capable of detecting total mass changes, i.e. the balance of any
mass loss due to e.g. erosion and mass increase due to e.g. projectile
implantation. Additionally, no information on the actually sputtered species is
delivered.

The quartz crystal is mounted on a sample holder in an ultra high vacuum (UHV)
chamber at a base pressure of approximately ~ 1-10-° mbar. The holder is
equipped with a Faraday cup for frequent ion current density measurements in

between ion beam exposures of the surface. A linear translation stage allows for



changing between quartz and Faraday cup positions in the UHV chamber. Both
during ion beam exposure as well as between individual measurements, the
surface temperature is kept at 465 K, which is expected to be a typical ITER first
wall temperature [22]. In addition, at this temperature the resonance frequency
of the quartz is least sensitive to temperature fluctuations and any influence of
temperature changes resulting from the ion beam impact are minimized. The
sensitivity of the QCM setup is in the order of 0.2 amu/ion-pA/cm? [17, 18],
which corresponds to approximately 5:10-> beryllium monolayers per second or
3-10® amu per ion for typical ion current densities characteristic to the
experimental conditions in the presented investigations (i.e. of the order of some
tens of pA per m? or ~ 1013 atoms per cm? and second).

The beryllium surfaces are exposed to an ion beam of either molecular nitrogen
N or deuterium DJ. The ion beam is produced in a commercial electron impact
ion source (SPECS IQE 12/38), which is equipped with a Wien filter for mass
separation. To investigate the saturation dynamics, the projectile ions are
accelerated from the ion source with a voltage of 5000 V, which result in a
surface impact energy of 2500 eV per constituent nitrogen or deuterium atom.
By means of two lenses and a pair of deflection plates the extracted ion beam is
guided and focused onto the sample position in the experimental chamber. A
pair of deflection plates at the end of the ion source is supplied with two AC
voltages of different frequency in order to rapidly scan the ion beam across the
whole active area of the crystal (i.e. an area exceeding 7 x 7 mm?). By this, the ion
beam density covering the sample area is held constant and can be determined
accurately. In addition, any mechanical stress imposed on the crystal by non-
uniform erosion is avoided. For a more detailed description of the QCM setup see
e.g. [17, 18,19, 23].

After ion beam exposure, the total amount of retained nitrogen and deuterium
projectiles is determined using non-resonant nuclear reaction analysis (NRA).
These measurements are conducted with the tandem accelerator located at IPP
Garching, exploiting the D(3He, p)*He and the 14N(*He, p)17’0 reaction with
2.00 MeV 3He* and 4.94 MeV “He* ions, respectively.

The experimental results obtained in our studies are compared to computer

simulations using the TRIDYN-FZR simulation package and SDTRIM.SP [24, 25,



26] (in the following referred to as ‘TRIDYN’ for simplicity), which is a Monte
Carlo Code approximating the particle - substrate interactions by a series of
binary collisions and accounting for dynamic compositional changes of the
surface as a result of high fluence particle irradiation. The simulations are used
to verify the experimental findings and to elucidate the individual contributions
of the interaction mechanisms involved in the saturation dynamics of the

beryllium surface under N and D impact.

3. Transient and Steady State Sputtering of Beryllium by Nitrogen

3.1 Nitrogen Saturation

The transient saturation behavior of a beryllium surface under nitrogen impact
is determined for the impact of NJ projectiles at an energy of 2500 eV per
nitrogen atom (i.e. 5000 eV per molecular projectile). The impinging ion flux is
kept constant throughout the entire surface irradiation, at approximately
~ 2-1013 nitrogen atoms per cm? and second.

To estimate the range of the nitrogen projectiles in a clean beryllium surface, a
static TRIDYN simulation is conducted in which any implantation of projectiles is

suppressed. In Figure 1 the fraction of stopped projectiles as a function of the
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Figure 1: Comparison of the fraction of stopped projectiles according to TRIDYN for all investigated target -
projectile combinations (N on beryllium, D on beryllium, D on beryllium nitride) at 2500 eV impact energy.
From the maximum of these implantation profiles, the projectile ranges, i.e. the most probable implantation
depths can be estimated. They are ~ 87 A for Nin Be, ~ 542 A for D in Be and ~ 415 A for D in BesNo.



depth below the surface is shown (in green). For the subsequent deuterium
implantation experiments (see section 4), corresponding implantation profiles
for deuterium in stoichiometric beryllium nitride (red) and in beryllium (blue)
are also shown for comparison.

The maximum of the nitrogen implantation profile, i.e. the most probable
implantation depth, lies at about 87 A below the surface. As nitrogen projectiles
are not observed to diffuse much beyond their implantation zone in a beryllium
surface [15], it can be expected that first a nitrogen concentration profile builds
up in the surface, which is based on the implantation profile in Figure 1. By
continuous surface recession due to erosion and simultaneous implantation of
projectiles, this implantation profile will broaden with the applied fluence.

This is also supported by a dynamic TRIDYN simulation for the evolution of the
nitrogen concentration with accumulated nitrogen fluence. In Figure 2 results for
three surface composition profiles at different cumulative projectile fluences are
shown, i.e. for low (® = 3-10® N per cm?), intermediate (& = 6 - 101 N per
cm?) and high flunece (® = 10 - 10'® N per cm?) with respect to the implantation
profile.

In the simulation the nitrogen content in the surface is restricted to the
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Figure 2: Reults from a TRIDYN simulation for the evolution of the surface composition profiles as a
function of the applied nitrogen fluence. The initial implantation profile (® = 3-10'® N per cm?)
broadens for intermediate fluences (® = 6 -10° N per cm2). In steady state a nitrogen saturated
surface region is established, which extends from the surface to below the maximum of the initial
implantation profile (® > 10 - 101® N per cm?). The impact energy of the nitrogen projectiles in the
simulation is 2500 eV.



stoichiometric concentration in BesNy, i.e. to an atomic fraction of 0.4. The local
saturation concentration is first established at the maximum of the implantation
profile (cf. profile at ® = 6 - 101® N per cm? in Figure 2). This saturated surface
region then broadens with increasing fluence until steady state conditions are
reached and a nitrogen saturated region is established, which extends from the
surface to beyond the maximum of the initial implantation profile (cf. profile at
® =10-10 N per cm? in Figure 2). The thickness of the resulting nitrogen
saturated region therefore depends on the projectile impact energy.
In Figure 3 the experimentally observed evolution of the mass change rate
Am/A® is shown as a function of the applied fluence of nitrogen atoms. This
curve comprises the nitrogen saturation behavior of the beryllium sample from
an as-received to a nitrogen saturated surface with a steady state surface
composition.
The saturation curve can be devided into four sections [19], as is indicated in
Figure 1 by the dashed vertical lines:
® @& < 0.4-10' N/cm?: an initially very pronounced negative mass change
rate, which slows down quickly with increasing fluence.
@ 0.4-10° < ® <12-10%N/cm?: a regime of positive net mass change
rate (i.e. positive Am/A®).

® 12-10% < ® < 83-10%° N/cm?: a regime of negative net mass change
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Figure 3: Evolution of the total mass change rate observed when saturating a virgin beryllium surface
with nitrogen ions at an impact energy of 2500 eV per atom. Four interaction regimes can be
distinguished. For details see text.




rate, where the erosion rate still changes with the ion fluence (i.e.
negative Am/A®).
@ & >83-10'° N/cm?: steady state erosion, where the observed erosion

rate remains constant with increasing ion fluence.
The total observed mass change rate represents the balance of different
processes which occur simultaneously as the surface is bombarded with
nitrogen projectiles: Impinging nitrogen projectiles are implanted according to
the implantation profile in Figure 1. They are retained at a depth at which they
come to rest in the surface. At the same time material is simultaneously eroded.
As sputtered particles predominantly originate from within a rather shallow sub-
surface region [27], the implanted nitrogen projectiles will at first not contribute
as much to the total sputtering yield. By continuous surface recession due to
erosion and simultaneous projectile implantation, the nitrogen concentration
profile will eventually broaden while at the same time the nitrogen content at the
surface will gradually increase (cf. Figure 2). A dynamic equilibrium of the above
processes is established, as soon the composition depth profile becomes
constant which results in a saturation of the nitrogen content in the surface. In
this case, the observed mass change rate becomes independent of the applied
nitrogen fluence.
This interaction scheme is reflected in the four individual interaction regimes

indicated in Figure 3, as will be discussed in the following.

(1) Removal of surface adsorbates (® < 0.4 - 101® N/cm?)

Initially a very efficient mass removal is observed, which decreases rapidly with
applied ion fluence. This can be attributed to the removal of surface adsorbates
from the fresh, un-irradiated surface.

X-ray photoelectron spectroscopy investigations performed on a virgin
beryllium sample suggest that initially the surface is covered by some carbon
contamination and a native beryllium oxide layer, originating from the storage of
the samples in air between their production and the installation in the

experimental UHV chamber.
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(2) Implantation dominated regime (0.4 - 101 < ® < 12 - 10'® N/cm?)
Following this initially very efficient mass removal, a regime of net mass
increase, i.e. positive mass change rate is observed for a nitrogen fluence ranging
from® ~ 0.4 -10° to ® ~ 12 - 101® N per cm? (cf. Figure 3). In the balance of
nitrogen implantation (Yimp) and simultaneous surface erosion of both,
implanted projectiles and the beryllium substrate (Yy and Yz, respectively) the
mass increase rate due to implantation in this regime exceeds the total
sputtering yield, i.e.:

Yimp > Yge + Yy
It is however not straightforward to disentangle these contributions in the mass
change rate observed in the experiment. The evolution of the implantation rate
Yimp with increasing fluence will depend on the local nitrogen concentration at
the depth, where the projectile comes to rest (cf. Figure 2). Above a certain local
saturation concentration (for stoichiometric Be3sNz 40 at. %), additional nitrogen
cannot be retained and effuses out of the surface, which will result in a reduction
of Yimp. The evolution of Yimp with applied projectile fluence will therefore be
connected to the evolution of the implantation profile. On a fresh, clean surface,
the implantation rate should initially exhibit a maximum. As the saturation
concentration is reached around the maximum of the implantation profile, Yimp
will start to decrease.
In the experimentally observed mass change rate (Figure 3) this is reflected by a
relatively broad maximum in the mass change rate around a cumulative fluence
of ® ~5-10'® N per cm2. With increasing fluence the mass change rate is still
positive but decreases, as the implantation rate gradually decreases. At a fluence
of 12-10¢ N per cm? the N implantation is balanced by surface erosion.

A lower estimate for the initial (i.e. maximum) implantation rate Yi?np can be

deduced from the mass change rate at the maximum in Figure 3, i.e. Yl-?np ~

Am/A® |4 ~ 6 amu per N (or a fraction of 0.43 incident projectiles being
retained in the surface).
In this simple estimate, any simultaneous mass loss due to surface erosion is

however neglected and the actual initial implantation rate Yi?np will in fact be
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higher. A more accurate estimation of Y}, should include the total surface

imp
erosion rate, i.e. Yy, = Am/A® |0, + Y, + Yy

In contrast to Yimp, the evolution of the partial sputtering yield of both, implanted
nitrogen Yy and the beryllium substrate Yz, will only depend on the near surface
concentrations of the individual species (not on the entire composition profile),
as the escape depth of sputtered particles is shallow. For low projectile fluences,
the erosion of retained nitrogen does not substantially contribute to the total
sputtering yield, which is instead dominated by beryllium sputtering. With
increasing nitrogen fluence, nitrogen will also accumulate near the surface (cf.
Figure 2), which will lead to an increase in Yy, and simultaneously reduce the
availability of beryllium in the escape zone of sputtered particles. In addition the
evolution of the partial sputtering yields of beryllium and nitrogen will also be
influenced by differences in the energy distribution to the two surface
constituents. In the collision cascade, which is initiated by the impinging
projectile, the energy transfer between two colliding particles depends on their
reduced mass. This mass effect will result in a higher near surface energy
deposition to the nitrogen atoms, thereby favoring the sputtering of nitrogen as
compared to beryllium. On the other hand the escape probability of surface
atoms also depends on their range in the surface, which is usually larger for

lighter particles, i.e. in this case for the beryllium atoms. In addition, differences
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Figure 4: Evolution of the mass change rates for the involved processes (Yn, Yz, Yimp) as estimated with
TRIDYN. The nitrogen impact energy in the simulation is 2500 eV.
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in the chemical bonding of the surface constituents might lead to a preferential
sputtering and consequently depletion of the component, which is more weakly
bound.

Both, bonding as well as mass effects, are included in the TRIDYN simulation of
the collision cascade, which can thus give a better estimate for both, the
implantation, as well as the individual sputtering rates. The evolution of all of the
involved processes (Yn, Yge, Yimp) obtained in the TRIDYN simulation is shown in
Figure 4. The simulation predicts that initially, essentially all impinging
projectiles are retained. The implantation rate then reduces drastically, as the
saturation concentration is being reached at the maximum of the implantation
profile, i.e. at a fluence of ~ 6:101¢ N per cm? (cf. Figure 2). This fluence is in good
agreement with the fluence, at which a reduction of the overall mass increase
rate is also observed in the experiment (cf. Figure 3).

For a better estimate of the experimentally observed initial implantation rate
Y., the initial surface erosion rate from this simulation can be added to the

mass increase, ie. Y, ~ Am/A® | + Yo + YR ~10.7 amu per N (or a

imp
retained projectile fraction of ~ 0.76).
Another approach is to neglect Y\ to a first approximation (cf. Figure 4), and
approximate the beryllium sputtering yield Y2, by the mass loss rate observed in
steady state, i.e. when finally nitrogen implantation exactly balances nitrogen
erosion and the nitrogen surface content does not change anymore. In this case
the observed surface erosion rate is solely due to beryllium sputtering, i.e.
@ = Ygo. At this point the near surface region is composed of both nitrogen and
beryllium. To account for this, the steady state sputtering yield should be scaled
with an appropriate value for the beryllium surface concentration. In accordance
with previous investigations [15] for the interaction of nitrogen projectiles with
beryllium surfaces, the atomic nitrogen concentration of a stoichiometric
beryllium nitride BesN; compound, i.e. ©f,~0.6 can be used. This gives an
estimate for the initial implantation rate of Y5, ,~ 82.7%. In this approximation
any influence of the nitride formation on the beryllium sputtering yield other
than the surface dilution (i.e. mass effects on the collision cascade and changes in

bonding) is neglected.
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(3) Erosion dominated regime (® = 12 - 10'® N/cm?)

Eventually the local nitrogen saturation concentration is reached and additional
nitrogen projectiles are implanted less efficiently into the beryllium substrate.
Excess nitrogen projectiles are re-emitted from the surface. At some point the
erosion of the surface then outbalances the mass increase due to projectile
implantation. In the experiment this is reflected by a transition to a regime of net
mass removal for fluences = 7.6:1016, which can be seen in Figure 3. This fluence
dependency is in principle in good agreement with the TRIDYN simulation (cf.
Figure 4).

From the TRIDYN simulation one would however assume that after reaching the
local nitrogen saturation concentration, dynamic equilibrium conditions are
attained at a fluence of ~10-101¢ N per cm?. At this point the entire implantation
region is saturated with nitrogen (cf. Figure 2) and the retained atomic fraction
amounts to approximately 0.15-0.2. As a consequence Yz decreases slightly from
an initial value of Y9, ~ 4.7 amu per N to Y52~ 4.2 amu per N, while Yy rises from
initially zero to Yy°~ 2.5 amu per N. implantation rate Yinp but also the partial
sputtering yields of the involved species (Yy and Yz.) become constant.

In the experiment, however, it takes much longer until steady state surface

conditions are established and the mass change rate becomes constant. While
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Figure 5: Cumulative mass change Am and corresponding surface recession during the nitrogen saturation
of a beryllium surface as a function of the applied nitrogen fluence at an impact energy of 2500 eV per N. For
low fluences the mass change is dominated by projectile implantation. In the sputtering dominate regime,
two sections of about constant mass loss are observed (blue and black dashed lines). The initial N
implantation profile is also indicated (in grey). For details see text.
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Figure 6: Comparison of the cumulative mass change during N saturation obtained from the experiment
(green, see also Figure 3) to results from a TRIDYN simulation (black). The cumulative mass change of the
TRIDYN curve incorporates erosion of beryllium and nitrogen species as well as projectile implantation.

this is not so obvious from the trend of the mass change rate in Figure 3 it
becomes much more clear when taking a look at the cumulative mass change Am,
i.e. the integrated mass change rate, which is shown in Figure 5.
Although the implantation dominated regime is followed by a regime of about
constant mass loss rate, i.e. is proportional to the cumulative mass change (blue
dashed fit in Figure 5), this initially constant erosion rate of approximately
ytrans~ 2 amu per N is surpassed by a transition region around a fluence of
roughly ~ 60-1016 nitrogen atoms per cm2. At this point the observed sputtering
yield starts to gradually increase again (the measured curve deviates from the
linear fit in Figure 5). Steady state surface conditions are finally reached only
after a total fluence of 83:1016 nitrogen atoms per cm? has been applied to the
surface. The observed sputtering yield becomes constant and from this point
onwards does not change anymore with increasing ion fluence (black dashed
line in Figure 5).
In steady state the number of implanted projectiles exactly balances the number
of eroded nitrogen atoms (Y, = Yy). Therefore, the observed erosion rate
arises from beryllium sputtering only, i.e.:

Y® =Yg, = 0.4 BeperN
The nature of the two separate regimes of constant sputtering yield is not
entirely clear. In Figure 6 the experimentally obtained cumulative mass change

(in green, cf. Figure 3) is compared to the cumulative mass change as predicted
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by TRIDYN (in black). The TRIDYN curve combines the simulated mass change
rates due to projectile implantation and sputtering of all involved species
(beryllium as well as nitrogen). The shape of the two curves in Figure 6 is
similar, but there are some distinct differences. As stated above, TRIDYN would

. s g . . 0
expect a higher initial nitrogen retention rate (Y,

»)» Which is reflected in a
steeper increase of the cumulative mass change of the TRIDYN curve in the
implantation dominated regime at fluences below ® < 10 - 1016 nitrogen atoms
per cm?. After the nitrogen saturation concentration of 40% has been reached in
the implantation zone of the surface, TRIDYN predicts a net surface erosion, with
a constant erosion rate of in total Y °~ 0.5 beryllium atoms per nitrogen atom. In
the TRIDYN simulation, the transition to net erosion is promptly followed by
achieving steady state surface conditions. In contrast to this, steady state erosion
conditions are only reached at a much higher fluence in the experiment (i.e. ~
83:1016 N per cm?). Although the steady state sputtering yield obtained from
TRIDYN is very similar to the steady state sputtering yield observed at the end of
the experimental curve, the intermediate regime of constant erosion succeeding
the implantation dominated regime in the experiment, is not reflected in the
simulated data.

As the diffusivity of implanted nitrogen projectiles in the beryllium bulk is
expected to be small [15], the nitrogen concentration in the surface will be
mostly concentrated around the ion penetration depth of about ~ 87 A (cf.
Figure 1). This is supported by the observation [15] that upon interaction of
energetic nitrogen projectiles with a beryllium surface, the thickness of the
resulting steady state beryllium nitride layer is of the order of the ion
penetration depth. In this case a surface layer as thick as the ion range has to be
eroded before the nitrogen-rich mixed material layer emerges to the surface and
steady state conditions are obtained. From the cumulative mass loss in Figure 5
and an appropriate value for the surface density, the total surface recession can
be estimated. In Figure 5 the cumulative mass change (left axis) is converted into
a surface recession (right axis), using a linear interpolation between the density

of beryllium, i.e. pg,~1.8 g/cm3

, and beryllium nitride for higher fluences, i.e.
PBesn, ~2.7 g/cm3. In order to estimate at which point in the nitrogen saturation

curve, a surface layer of the order of the ion penetration depth has been eroded,
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the most probable range below the initial surface as predicted by TRIDYN is also
indicated in Figure 5 by the N implantation profile depicted on the right.
According to this estimation, the experimentally observed surface recession
exceeds the most probable ion penetration depth of ~ 87 A only at a fluence of
about 74-1016 nitrogen projectiles per cm?, i.e. slightly below the fluence that is
needed to obtain steady state surface conditions in the experiment. In this case
the local nitrogen saturation at the center of the implantation profile
(corresponding to the TRIDYN implantation profile at ® = 3 - 10 N per cm? in
Figure 2) might indeed be reflected in the experimental data by the transition
from net mass gain to net erosion, as at this point the implantation probability is
strongly reduced and the erosion of the surface starts to dominate the observed
mass change rate. A considerably higher nitrogen fluence might however be
needed until this nitrogen saturated sub-surface zone extends into the first few
monolayers, from which sputtered particles originate (cf. implantation profile at
® = 10 - 10%® N per cm? in Figure 2).

The about constant total erosion rate, which is observed in the experiment
following local saturation of the nitrogen concentration, i.e. for fluences
20-10%° < @ < 40-10'° N per cm?, suggests an about constant near surface
composition. This implies that initially, implanted nitrogen does not contribute
much to the total erosion rate as the surface layer from which sputtered particles
originate is mainly composed of beryllium. At a fluence of about 40-101¢ nitrogen
atoms per cm? the nitrogen-rich layer finally starts to contribute to the surface
erosion and the partial nitrogen sputtering yield gradually increases, which is
marked by the observed relatively broad transition region to steady state
erosion conditions in Figure 5. Once the surface recession exceeds the initial ion
penetration depth, dynamic equilibrium conditions are obtained and the surface
composition within the entire ion penetration depth becomes constant.

In this simplified picture the three regimes of interaction regimes observed in
the experiment (cf. Figure 3) can then be explained and summarized in the
following way: first a predominant nitrogen implantation until local saturation is
reached (implantation dominated regime), second a constant erosion rate as the
nitrogen saturated sub-surface layer does not yet contribute to erosion (erosion

dominated regime) and third steady state conditions at which the nitrogen
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saturated layer has finally emerged to the surface and the composition in both,
the implantation zone as well as the layer from which sputtered particles
originate become constant (steady state).

In the erosion dominated regime, a balance between beryllium sputtering and

(o]

the steady state nitrogen implantation rate Y;;,,, exists, since at the implantation

depth the saturation concentration is already reached. With the steady state

beryllium sputtering yield Ygg, an estimate for Y;7;, is then achieved in the same
way as for Y, i.e.

From the TRIDYN simulation a steady state implantation rate of 18 % would be
expected.

An alternate explanation for the observed saturation dynamics and especially the
two distinct regimes of about constant mass loss rate could be found in the
surface morphology. Scanning electron microscopy images of the nitrogen-
saturated surface in comparison to an unirradiated sample reveal that the
nitrogen exposure results in a roughening of the surface. At normal incidence the
sputtering yield will generally increase with surface roughness [28]. Based on
the evolution of the mass change rate alone, the transition from the initial
erosion dominated regime to steady state sputtering in Figure 5 could reflect
both, a change in surface composition as well as an alteration of the surface
morphology.

Following the nitrogen saturation of the surface, post mortem non-resonant
nuclear reaction analysis (NRA) measurements were performed with helium
projectiles at an energy of 4.94 MeV. To estimate the total amount of retained
nitrogen, the protons from the reaction 1*N(*He,p)1’0 were detected. From the
observed reaction rate, the integrated areal density of nitrogen is approximately
14-1016 atoms per cm?. It is not straightforward to convert this value into an
atomic concentration of implanted nitrogen projectiles within the surface, since
the thickness to which the nitrogen saturated surface layer is confined, i.e. from
which the NRA signal originates, cannot be determined in this experiment. The
implantation depth can be estimated based on the implantation profile obtained
from TRIDYN (cf. Figure 1). Although the nitrogen range profile in Figure 5
suggests that the nitrogen concentration will peak at a depth of roughly 87 4, a
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significant amount of nitrogen will be implanted beyond this depth and above. In
an attempt of making a rough estimation for the nitrogen concentration in the
surface, the nitrogen range profile can be cut-off e.g. at 20% of its maximum
value, by which it is assumed that a representative integration depth for the
observed nuclear reaction is ~ 250 A. If the integrated areal nitrogen density
determined in the NRA measurement is then compared to the density of
beryllium nitride, i.e. 0.148 at per A3 [29], this would imply a nitrogen content of

on average Oy~0.37 (close to the stoichiometry of Be3N3).

3.2 () Steady state erosion (® > 83 - 10'® N/cm?)

As soon as steady state surface conditions are reached, the interaction of the
nitrogen projectiles with the beryllium surface is characterized by a constant
erosion yield. To estimate this steady state erosion yield as a function of the
projectile impact energy, a nitrogen-saturated surface was bombarded with
nitrogen projectiles of varying energy.

The nitrogen-saturated surface was prepared with a total fluence of 120-1016
nitrogen projectiles per cm?. The sputtering yield of the resulting beryllium
nitride surface was determined for normal particle incidence at impact energies
in the range of 375 eV per N to a maximum kinetic energy of 2500 eV per N.

These measurements were performed without any further treatment or analysis
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Figure 7: Steady state nitrogen sputtering yield of the nitrogen saturated beryllium surface as a function of

the projectile impact energy. Experimental data points (green symbols) are compared to data from a static
TRIDYN simulation for sputtering of a BesN2 (black solid line).
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of the surface. To keep any projectile induced surface modifications as small as
possible for all investigated impact energies, the impact energy of the projectiles
and consequently the projectile penetration depth was gradually decreased.

In Figure 7 the experimentally obtained total erosion yields are shown and
compared to a static TRIDYN simulation for sputtering of a beryllium nitride
BesN: surface (black solid line). The error bars to the experimental data include
the statistical error from a series of consecutive measurements (usually
approximately 3) at the same energy and a contribution from variations of the
impinging ion current density during surface irradiation as determined from an
ion current measurement before and after ion beam exposure.

In the course of the steady state sputtering yield measurements, a total nitrogen
fluence of ~ 9:101¢ N per cm? was applied to the surface. To check how this
might affect the observed yield, the measurement at 2500 eV per N was repeated
after the entire series of impact energies had been completed. Within the
experimental accuracy of the setup, the sputtering yield observed at the

beginning of the series was reproduced.

3.3 Oxidation of beryllium nitride

One of the advantages of using beryllium as a plasma facing material is its affinity
to oxygen, which might aid in reducing the impurity concentration in the ITER
vessel. When interrupting the nitrogen bombardment in the experiments, indeed
a distinct mass increase is at first observed, which can be attributed to the
formation a surface oxide from an exposure to the residual oxygen pressure in
the vacuum chamber.

Remarkably it is found that the characteristics of the observed oxidation curve
strongly depends on the nitrogen saturation level of the surface. When
interrupting the nitrogen bombardment at a comparably low cumulative
nitrogen fluence, the observed mass increase is much more pronounced than it is
for a surface with an almost saturated nitrogen content. This is shown in Figure
8, where two different oxidation curves, i.e. the mass accumulation rate observed
right after interrupting the nitrogen bombardment, are compared (mind the

different scaling of the ordinates). In the graph to the left the nitrogen
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Figure 8: Comparison of the observed surface oxidation for two different nitrogen saturation levels
(nitrogen fluences indicated in the insets). The nitrogen irradiation was performed without any
intermediate interruption.

bombardment was stopped after a cumulative fluence of 24-101¢ nitrogen per
cm?, i.e. during the initial erosion dominated regime of the saturation curve in
Figure 5. The curve on the right was obtained during an interruption at a much
higher fluence of 75-101¢ nitrogen per cm?, i.e. almost towards steady state
surface conditions. In both cases the respective nitrogen fluences were applied
without any intermediate interruption. Both oxidation curves were obtained at a
comparable residual gas pressure in the low 10-° mbar regime.

With an enthalpy of formation for BesN:z of AfH°~ — 6.1 eV per molecule,
compared to A;H°~ — 6.3 eV per molecule for BeO [30], the formation of
beryllium nitride is energetically only a little less favorable than surface
oxidation. From the experimentally observed oxidation behavior it seems as if
the formation of beryllium nitride on top of the beryllium substrate effectively
passivates the surface towards oxidation.

The clear difference in the two oxidation curves shown in Figure 8 also implies
that at a fluence of 24-101¢ nitrogen atoms per cm? (left graph), the nitrogen
saturation level at the surface is lower than after a cumulative fluence of 75-1016
nitrogen per cm? (right graph). This strongly suggests that during the initial part
of the erosion dominated regime, where a constant erosion rate is first observed
(i.e. at fluences 20 - 10 < ® < 40 - 1019), the nitrogen content at the surface
has not yet saturated. The two individual regimes of constant erosion yield in the
saturation dynamics of the surface therefore have to be at least partially linked

to the evolution of the nitrogen concentration at the surface.
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If the nitrogen bombardment is repeatedly interrupted during the saturation of
the surface, the passivation towards oxidation is apparently retarded by an
intermediate formation of an oxide layer, which then has to be removed again
upon resuming the exposure to nitrogen projectiles. The erosion of this oxide
layer is marked by an elevated surface sputtering yield compared to the mass

loss rate of the underlying beryllium bulk.

4. Interaction of Deuterium with Beryllium-Nitride and Beryllium

As demonstrated in the previous section, the introduction of nitrogen into the
vacuum vessel of ITER will result in the formation of nitrogen containing
beryllium mixed material layers. An important question that arises in this
context is whether the resulting surface compound will have an influence on the
fuel retention and recycling behavior of the ITER first wall.

In general it is observed (e.g [31, 32, 33, 34] and references therein) that
hydrogen isotope retention is influenced by material parameters such as the
diffusivity and the hydrogen solubility, but also depends on the specific material
type and the availability of defects, which can serve as trapping sites for
implanted hydrogen isotopes [35, 36]. In ITER radiation damage due to neutron
bombardment will therefore have a severe influence on the amount of retained
fuel in the wall materials [33]. Lattice displacements introduced by the impact of
energetic particles such as nitrogen impurity ions may serve as an additional
precursor for hydrogen isotope trapping.

Oberkofler and Linsmeier [15] observed that for low deuterium fluences, the
retained deuterium projectile fraction is slightly reduced in nitrogen-saturated
surfaces compared to pure beryllium. They attribute this to an increased
reflection rate of deuterium projectiles by the heavier nitrogen atoms in the
surface as compared to the beryllium substrate. At high fluences however, the
authors report that the amount of retained deuterium is overall not affected by
the presence of nitrogen. For disordered, i.e. not-annealed surfaces, they find
that implanted deuterium 1is released at noticeably different surface
temperatures, which they ascribe to a reduced diffusivity of deuterium through

the disordered beryllium nitride layer.
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For the general retention mechanisms of deuterium projectiles in pure beryllium
surfaces it is found that at low fluences, essentially all deuterium is retained [37,
38]. At fluences of about ~ 10-1016 deuterium per cm?, the deuterium content in
the surface usually starts to saturate. By means of temperature programmed
desorption (TPD) it could be shown that below this fluence, implanted
deuterium is mainly bound to defects in the surface, which are either
intrinsically present or induced by preceding projectile impact [37, 39, 40, 41,
15]. Beyond this local saturation concentration fluence of ~10-101¢ D per cm?, all
available defect sites are occupied and additional deuterium is retained in
supersaturated binding sites [42]. This is usually accompanied by structural
surface changes, like the formation of bubbles, which are filled with molecular D>
[44] and generally a porous structure in the implantation zone [33]. At elevated
surface temperatures above ~ 440 - 470 K (which corresponds to the sample
temperature in the present study), these binding sites cannot be occupied [39,
44]. Instead deuterium above the bulk saturation concentration is retained at
sites, which can be attributed to a thermally activated formation of beryllium-
hydride or hydroxide within the implantation zone or at the surface.

The deuterium saturation concentration within the saturation zone is found to
be of the order of D/Be~ 0.35-0.4 [15, 38]. The overall inventory and the exact
fluence at which saturation is observed, depend on the projectile energy, i.e. the
projectile range in the surface.

In the following real-time studies on the dynamics of deuterium retention in
beryllium will be presented. The influence of the presence of implanted nitrogen
projectiles on the retention behavior of the beryllium surface is studied by
performing comparable experiments on clean, as-received beryllium and on a
nitrogen-saturated beryllium surface. The nitrogen-saturated beryllium surface
is prepared by applying ~ 100-1016 N per cm? at an impact energy of 2500 eV per
N, which results in steady state surface conditions (cf. section 3) for continuous
N bombardment. The thus established surface is used for the subsequent
investigations without further treatment (like e.g. annealing) or breaking the
vacuum.

To investigate the deuterium saturation dynamics, molecular D ions are used at

the same surface impact energy of 5000 eV (i.e. 2500 eV per D). It can be
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expected that the majority of the deuterium projectiles will penetrate the nitride
layer, and will only be implanted in the underlying beryllium bulk. A static
TRIDYN simulation of the respective implantation profiles shows that the most
probable implantation depth for deuterium projectiles at this energy is 542 A in
pure beryllium and 415 A in stoichiometric BesN; (cf. Figure 1), which both lie
much beyond the maximum of the nitrogen implantation profile at 87 A.

Both during N and D bombardment as well as in between, the surface
temperature is kept at 460 K. At this temperature it is anticipated that deuterium
will continuously desorb, as it coincides with a deuterium release peak usually

observed in TPD [39].

4.1 Deuterium Saturation

On an as-received and a previously nitrogen saturated beryllium surface, the
saturation behavior for the impact of 2500 eV per D molecular deuterium ions
were studied. The observed cumulative mass change as a function of the
deuterium fluence and the elapsed time is shown in Figure 9 for both, the
beryllium nitride surface (in blue) and the beryllium sample (in red). The ion flux
to the surface was kept constant in both cases, but differed slightly (i.e. 4.6-1013
D per cm? and second on the pure beryllium surface, 4.3-:1013 D per cm? and
second on the beryllium-nitride surface). To account for this and to make the two
curves in Figure 9 actually comparable, the saturation dynamics obtained on
beryllium-nitride was scaled by a factor of 4.3/4.6 ~0.93. Thus the fluence axis
(top) corresponds to the saturation dynamics observed on pure beryllium but
matches the scaling of the curve obtained on nitrogen-saturated beryllium.

As the fluence, which is required to establish steady state surface conditions
under deuterium impact, was rather high, both saturation curves in Figure 9
were recorded in two consecutive measurements, interrupted by an
intermediate break. This is indicated in Figure 9 by the shaded areas. During the
entire interruption a continuous cumulative mass decrease could be observed,
which can be ascribed to thermal desorption of implanted deuterium, as the
surface temperature of 460 K corresponds to a deuterium desorption peak

usually observed in TPD [39].
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Figure 9: Cumulative mass change Am during deuterium saturation of a beryllium surface (in red) and a
saturated beryllium nitride surface (in blue) as a function of elapsed time and fluence, respectively. For
comparability, the curve obtained on BexNy is scaled according to the slightly different projectile fluxes in
the two measurements. The shaded areas indicate intermediate interruptions of the D irradiation. For
details see text.

The continuous mass loss observed when interrupting the surface irradiation
also implies that the second part of the deuterium saturation curves cannot be
considered to be a smooth continuation of the mass change rate observed prior
to interrupting the deuterium beam exposure. This is indeed reflected in the
discrepancy of the trend of the sub-curves before and after interrupting the
deuterium irradiation. The indicated fluences of the two consecutive deuterium
irradiations (top axis) are therefore not added to a combined total fluence.

In an attempt of merging the two sub-parts of the individual deuterium
saturation curves, the effective cumulative deuterium fluence for the second part
of the entire deuterium irradiation can be determined by correcting the total
fluence (first and second irradiation combined) by a value corresponding to the
deuterium fluence overall released during the intermediate interruption. By this
it is attempted to correct for the continuous release of implanted projectiles
during the interruption, as it results in a reduction of the deuterium content in
the surface. In doing so it is assumed that the cumulative mass change observed
when ceasing the deuterium irradiation is solely due to desorption, i.e. any
simultaneous processes resulting in a (counteractive) cumulative mass change
such as e.g. surface oxidation are neglected. On a nitrogen-saturated surface, the
oxidation rate is however expected to be small (cf. section 3.3) and this effect is

probably negligible. For pure beryllium on the other hand, a pronounced surface

25



oxidation can be expected. In this case the effective nitrogen fluence estimated in
the above-described way might therefore constitute an underestimation of the
total deuterium amount actually released during the interruption.

In addition the surface composition might also be changed due to e.g. diffusion of
implanted deuterium beyond the implantation zone, which is not taken into
account here either.

In Figure 10 the resulting total mass change rate for both nitrogen-saturated
(left) and pure (right) beryllium is shown as a function of the thus obtained
‘effective’ deuterium fluence applied to the surface.

On nitrogen-saturated beryllium, the two sub-parts of the deuterium saturation
curve obviously connect very nicely. Still, the observed curve trend upon
resuming the deuterium irradiation (light blue) is slightly different at first
compared to before the interruption (dark blue). The reason for this might be
that processes like surface oxidation or deuterium diffusion do indeed have
some influence on the evolution of the surface during the interruption.

On pure beryllium it seems as if the deuterium fluence applied in the second sub-
part of the measurement just suffices to balance the intermediately desorbed
deuterium amount. The somewhat more pronounced difference in the mass
change rate when resuming the deuterium irradiation of the pure beryllium
surface, might underpin that a change in the surface composition plays a more
important role here compared to the nitrogen saturated surface.

It is generally not straightforward to estimate the rates of all the processes that
are involved in the deuterium saturation dynamics of the two surfaces as shown
in Figure 9. In comparison with the nitrogen saturation dynamics (cf. section 3),
the total mass change rate found under deuterium irradiation is an even more
complex superposition of a variety of different processes. Apart from erosion of
the involved species, i.e. of beryllium (Yge) but also implanted deuterium (Yp)
and in the case of the nitrogen-saturated surface nitrogen (Yn), deuterium
projectiles are simultaneously implanted (Yimp). In addition at a surface
temperature of 460 K, retained deuterium projectiles are continuously desorbed
from the surface (Ydes). In the observed mass change rate these processes are all
superimposed. The respective rates depend on the concentration of the related

species and will therefore change with the applied deuterium fluence.
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At first glance the shape of the two saturation curves in Figure 9 seem in
principle similar. In contrast to the nitrogen-saturated surface, the deuterium
saturation curve on pure beryllium is at first marked by a pronounced
cumulative mass removal. This can be attributed to the removal of loosely bound
surface contaminants (such as carbon), which for the nitrogen-saturated surface
have already been removed in the preceding nitrogen bombardment (cf. Figure
3).

Following this, for fluences below ® < 25-10'® D per cm?, the interaction for
both investigated surfaces is then marked by a net mass increase rate which is
constant with fluence pointing to predominant deuterium retention with a
constant retention probability (cf. Figure 9 and Figure 10).

A lower estimate for the initial deuterium retention rate (i.e. deuterium
implantation and desorption rate combined, Y,%, = Yi?np —Y2..) can be deduced
from the slope of the saturation dynamics in Figure 9. On nitrogen-saturated
beryllium, the deuterium retention rate is estimated to be Yr%t(BexNy) >
1.3 amu per D (i.e. 65%), if to a first approximation simultaneous deuterium
desorption and mass removal due to surface erosion are neglected. In a more
rigorous approach, a suitable estimate for the erosion yield can be made based
on the erosion rate observed at the end of the saturation curve. At this point
deuterium release from the surface (due to either sputtering or desorption) is
balanced by implantation. The remaining surface erosion yield is rather small, i.e.

thft(BexNy)~0.12 amu per D. This is also supported by TRIDYN, which

estimates a surface erosion yield of stoichiometric beryllium-nitride of (Y, +
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Figure 10: Mass change rate of a nitrogen-saturated (left) and a pure (right) beryllium surface during D
saturation. The graphs combine the two consecutive D irradiations by correcting the effective D fluence for
the second sub-part by a value corresponding to the total deuterium fluence overall released during the
intermediate interruption. For details see text.
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Yy) ~ 0.3 amu per D. Accordingly a more realistic estimate for the overall initial
deuterium retention rate on beryllium-nitride is YT%t(BexNy) ~ 1.42 amu per D,
which corresponds to a probability of ~ 70% of the projectiles being retained in
the surface.

On pure beryllium on the other hand the initial slope of the saturation curve in
Figure 9 is somewhat smaller, whereas the erosion yield at the end of the curve
is negligible. From this it is estimated that the initial retention rate is
Y,2,(Be) ~ 1.15 amu per D or ~58%.

At a fluence of @ ~ 25 - 101° D per cm?, a gradual reduction of the mass increase
rate is observed for both surfaces as the deuterium content in the surface
apparently starts to saturate. This is in good agreement with observations
reported in the literature [15, 38, 39] for reaching the local saturation
concentration in the implantation zone at comparable deuterium fluences.

In TPD investigations performed at elevated surface temperatures (above 480 K)
Reinelt and co-workers [39] found that for fluences above this local deuterium
saturation concentration, deuterium is retained in energetically less favorable
binding sites, which can be ascribed to a thermally activated formation of
beryllium hydride (SUPERSATURATED?!) [42] or hydroxide. For the beryllium-
nitride surface, indeed a second regime of about constant mass change rate is
found after the initial retention rate has saturated, for fluences of 25 - 10%® <
® <80-10' D per cm?2 The corresponding retention rate in this fluence
interval can again be estimated based on the erosion rate observed in steady
state. It corresponds to Y;35i* (Be,N,) ~ 0.22 amu per D (i.e. ~ 11%).

Following these two individual regimes of about constant retention probability,
at a fluence of ~ 80-101¢ D per cm? the observed mass increase rate of the
beryllium-nitride surface starts to gradually decline. Finally, at an effective
fluence of ®,,(Be,N,) ~120-10'° D per cm? steady state surface conditions
are obtained. From this point onwards the surface is gradually eroded with a
constant total sputtering yield of Y,7;(Be,N,) ~ 0.12 amu per D. In this case the
deuterium content in the surface is in equilibrium, i.e. deuterium release due to
thermal desorption and self-sputtering is balanced by the implantation of

projectiles.
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In contrast to the nitrogen saturated surface, establishing the local saturation
concentration is not followed by a second regime of about constant retention
rate on pure beryllium. Instead a slow and gradual decrease of the mass increase
rate is observed until, after a total effective fluence of ®,,(Be) ~ 230 - 101 D per
cm?, steady state conditions are reached. This amounts to about twice the
fluence that is needed for establishing dynamic equilibrium when bombarding a
nitrogen-saturated surface with deuterium. While for beryllium nitride minor
surface erosion was observed, on pure beryllium all involved interaction
processes seem to balance each other and the observed mass change rate from
this point onwards is virtually zero.

The evolution of the observed mass change rate during deuterium saturation can
be compared to a TRIDYN simulation. In the simulation a stoichiometric Be3N>
surface compound was assumed to model the nitrogen saturated surface. The
maximum deuterium content in the surface was limited to 35% for both
investigated surfaces, according to values reported in the literature [15, 39]. The
most severe shortcoming of this simulation is its lack of incorporating or
reproducing thermally induced desorption of deuterium from the surface and
possible chemical reactions like the formation of a beryllium hydride phase.

In Figure 11 the total cumulative mass loss deduced from the measured data (in
blue and red) is compared to the total cumulative mass change derived from
TRIDYN (in black) for both investigated surfaces. The TRIDYN curve includes
erosion of deuterium, beryllium and in case of the nitrogen-saturated surface
also nitrogen, as well as projectile implantation.

In the very beginning TRIDYN predicts a cumulative mass change, which is
mostly dominated by deuterium implantation with an initial retention rate of
100% for both surfaces. The resulting total cumulative mass change is higher
than the cumulative mass increase actually observed in the experiment. Given
that thermal desorption of deuterium from the surface is not reproduced by the
simulation, this discrepancy, however, is within the expectable limits. According
to TRIDYN, the deuterium content in the nitrogen-saturated surface saturates at

a fluence of ®y,.(BeyN,) ~60-10" D per cm? In pure beryllium a slightly

higher fluence is needed to saturate the surface, i.e. ®,.(Be) ~ 64 - 10° D per

cm?. At this point the retention probability is reduced to approximately 5% for
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Figure 11: Comparison of the cumulative mass change during D saturation observed in the experiment for
BexNy (left) and Be (right) to results from a TRIDYN simulation (black). The cumulative mass change of the
TRIDYN curve incorporates erosion of beryllium, nitrogen and deuterium, as well as projectile
implantation.

both surfaces and steady state conditions are established. According to TRIDYN,
the deuterium bombardment henceforward results in a minor erosion rate of
0.02 amu per D for both, the nitrogen-saturated and the pure surface.

Compared to the experimental data TRIDYN is not capable of reproducing
deuterium retention in super-saturation, as it is observed in the experiment. In
line with this, steady state conditions are reached only at much higher fluences
in the experiment (i.e. 120-101¢ D per cm? for BexNy and 230-101¢D per cm? for
pure Be) than predicted by TRIDYN. The simulation agrees with the experiment
concerning the fact that higher deuterium fluences are needed to establish the
saturation concentration in pure beryllium compared to nitrogen-saturated
beryllium, albeit the predicted difference is not as severe as observed in the
experiment.

Immediately after the measurement curves in Figure 9 were finished, the
samples were removed from the vacuum. Post mortem nuclear reaction analysis
was performed with 2 MeV helium projectiles. The areal density of deuterium
retained in nitrogen-saturated beryllium was determined to be ~ 25-1016 D per
cm?, which corresponds to ~ 18% of the effectively applied deuterium fluence
(i.e. of the applied D fluence corrected by the total D fluence released during the
interruption). On pure beryllium the corresponding nitrogen content is
noticeably lower with 17-101® D per cm? being detected. (i.e. ~14 %).

The pronounced discrepancy in the fluence, after which dynamic equilibrium
conditions are established on the two surfaces in the experiment, but also the

general trend of the observed differences for the deuterium saturation dynamics
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can be understood on the basis of some fundamental considerations. The atomic
density of pure beryllium (pg, ~ 0.12347 at per A3) is lower than the density of a
stoichiometric beryllium-nitride (pge,n, ~ 0.21216 at per A3) [29]. Consequently
the expected deuterium ion range is higher in beryllium than it is in beryllium
nitride as confirmed by the static TRIDYN simulations displayed in Figure 1. In
pure beryllium the deuterium-saturated surface zone will therefore extend
further into the bulk than in a nitrogen-saturated surface. From this it could be
expected that the total amount of retained deuterium saturates at a higher value
for pure beryllium than for the nitrogen-saturated surface. Contrary to this, post
mortem nuclear reaction analysis suggests that it is just the other way around: in
the beryllium surface the areal density of retained deuterium in steady state is
only about 68% of the deuterium amount detected in the nitrogen-saturated
surface. In the un-ordered nitrogen-containing surface, lattice displacements
induced by the preceding nitrogen bombardment might either serve as
additional trapping sites for implanted deuterium or also increase the diffusivity
of implanted deuterium. All in all, this effect seems to exceed any differences in
the layer thickness of the deuterium-saturated surface zone due to unequal

projectile ranges.

BesN: Be
D range (TRIDYN) 42 nm 54 nm
Atomic density? 0.21216 at/A3 0.12347 at/A3
Y,2, (measurement) 0.65 - 0.7 0.58
®,, (measurement) ~120-10% D/cm? ~ 230-101% D/cm?
Y.l (measurement) ~0.12 amu/D ~ 0amu/D
Retained D density (NRA) | ~25-101¢ D/cm? ~ 171016 D/cm?

Table 1: Comparison of the main differences of the deuterium saturation dynamics on the two investigated
surfaces. 1 [29].

From a comparison of the mass change rate observed in steady state, the erosion
rate of nitrogen-saturated beryllium is apparently a bit higher than for pure
beryllium (where essentially no surface erosion is observed in dynamic
equilibrium). This is in line with the respective surface binding energies of the
two surfaces. Usually the enthalpy of formation is considered to be a suitable

measure for the surface binding energy, which is ~4.9 eV/at for beryllium nitride
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compared to ~3.4 eV/at for pure beryllium [29].In Table 1 the above comparison

is summarized.
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4.2 Deuterium Desorption

From the mass change rate observed upon interrupting the deuterium
irradiation, the dynamics of the deuterium release can be studied. This was done
for both surfaces during the intermediate interruption at deuterium fluences of
~ 7810 D per cm? in the case of the nitrogen-saturated surface and at
~230-10%® D per cm? for the pure beryllium surface. In Figure 12 the observed
mass loss rates are depicted as a function of the time, which elapsed after
shutting the deuterium beam off. The data recording was started ~ 400 seconds
after interrupting the ion beam exposure.

For the nitrogen-saturated surface (in blue in Figure 12) a pronounced mass loss
can be observed during the entire observation interval of almost 30,000 seconds.
At first, the detected desorption rate, which corresponds to approximately 2-1013
D per cm? and second (estimated by extrapolation to 0 on the time axis),
decreases very quickly. After about 3000 s the slowing down of the desorption
rate moderates and from this point onwards is not as fast as in the very
beginning. It shall be noted here that any surface oxidation will in principle lead
to a simultaneous, counteracting mass increase and will therefore result in an
underestimation of the observed deuterium desorption rate. However, for the
nitrogen-saturated beryllium surface it was found that surface oxidation is
suppressed to below any detectable limit (see section 3.3). It is therefore

assumed that the surface oxidation rate only plays a minor role in this case.

0.0010 T T T ™ 15 | >
—BeyN, (©~7810 D/cm )

0.0005 16 2
— Be (® ~230-10 D/cm)

0.0000 [ -~-==-=-mmmmo 3

-0.0005[ .

16
Am/A® (10 D percm ands)

-0.0010

-0.0015 7

_0-0020 L 1 1 | | .
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Figure 12: Observed mass change rate of a nitrogen-saturated (in blue) and a pure beryllium (in red)
surface as a function of the elapsed time after ceasing the ion irradiation. The cumulative D fluence is
78-1016 D per cm2for the nitrogen-saturated, and 230-1016 D per cm? for the pure beryllium surface. At the
beginning a continuous mass decrease is observed for the nitrogen-saturated surface, which points to
outgassing of implanted D. For the pure beryllium surface initially a mass increase is found, which is
probably due to surface oxidation. For longer waiting times both curves are dominated by a slowly
decreasing D release of similar dimensions.
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More detailed information of the initial deuterium release kinetics is contained
in the shape of the desorption curve in Figure 12. The amount of released
deuterium will be connected to the deuterium content in the surface ©,. The
actual reaction kinetics depends on the rate-limiting step of the deuterium
release process. The initial part of the deuterium desorption curve in Figure 12
can best be fitted according to a second order process, i.e. the desorption rate
Y45 is proportional to ©3:
Yies = Tges - 05
if [;;.5 is the respective reaction coefficient. In this case the following relation

between desorption rate Y., and deuterium surface content @, should apply:
1 1

Ydes I‘ties@% G)D

t + [gps - t2

In Figure 13 a fit (in light blue) of the initially observed inverse desorption rate
(in dark blue) according to the above equation is shown. The fact that the initial
part of the observed deuterium desorption curve (cf. Figure 13) follows the
kinetics of a second order process, implies that the rate limiting step in the
desorption of deuterium from the surface requires the presence of two
deuterium atoms. In this case the deuterium desorption rate is most likely
limited by the D; recombination preceding the release from the surface. From
the desorption rate observed at this point of the deuterium saturation curve, it
can be estimated that about half of the impinging deuterium flux during surface
irradiation is re-emitted due to thermal desorption.

For longer observation times (t = 3000 s) the kinetics of the desorption process
from the nitrogen-saturated surface clearly changes. This second part of the
desorption curve rather follows e.g. a square root dependency, which would
indicate that after some time the deuterium desorption rate is limited by
deuterium diffusion to the surface.

The corresponding mass change rate of the pure beryllium surface on the other
hand looks somewhat different (in red in Figure 12). For the first ~ 600 s a
positive mass change rate, i.e. a dominant mass gain of the surface is found. In
this case a counteracting, superimposed mass increase apparently outbalances
the mass loss due to thermal desorption of implanted deuterium. Most likely this

can be attributed to surface oxidation, as pure beryllium is known to readily
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Figure 13: The initial D release curve (dark blue) (cf. Figure 12) can be fitted according to a second order
process (light blue), indicating that the observed release rate is limited by D2 recombination. For details see
text.

react with the ambient oxygen. Such a surface oxidation was also observed
during the course of the nitrogen saturation, for surfaces where dynamic
equilibrium conditions had not been established. Any mass loss rate, which is
observed for the pure beryllium surface during the intermediate interruption of
ion beam exposure, should therefore only be regarded as lower estimate for the
deuterium desorption rate from the surface.

Subsequent to the initially observed dominant mass increase, an overall mass
loss is observed, which after approximately 1,500 s even exceeds the desorption
rate found for the nitrogen-saturated surface. Similarly, in previous studies [15]
a shift of deuterium desorption towards higher surface temperatures was found
for Be as compared to BexNy. This was attributed to a reduced diffusivity of
deuterium through the disordered nitrogen-containing surface layer as
compared to pure beryllium, which retards the release of deuterium from the
surface.

After about 11,000 seconds the observed deuterium release rate on beryllium
equals the mass change rate found for the nitrogen-saturated surface until the

end of the investigated time interval.

5. Summary & Concluding Remarks
The saturation dynamics of a beryllium surface under the impact of energetic
nitrogen and deuterium projectiles has been studied in real-time and in situ. In

addition the influence of implanted nitrogen projectiles on the saturation
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dynamics of deuterium projectiles was investigated by performing comparable
deuterium experiments on pure as well as on nitrogen-saturated beryllium.
From the saturation curves and supported by TRIDYN, the individual processes
contributing to the overall interaction dynamics could be elucidated and their
respective rates were successfully estimated.

Under nitrogen impact, the saturation dynamics of the beryllium surface can be
subdivided into basically 4 sections: At first a fast removal of loosely bound
surface adsorbates is observed. This is followed by an implantation dominated
regime (1-1016 < ® < 7-101¢ N per cm?), which is marked by a net mass increase
and a retention probability of about 76%-86%. At a fluence of ~ 12:101¢ N per
cm? a transition to dominant surface erosion is observed, which is most likely
linked to obtaining the local nitrogen saturation concentration at the projectile
implantation depth. The erosion dominated part of the saturation curve is
composed of two regimes of about constant mass loss rate, which are separated
by a transition region at a fluence of ~ 40-101® N per cm?. Initially a constant
erosion yield of ~ 2 amu per N is observed. In steady state (& = 83:101¢ N per
cm?) a sputtering yield of ~ 0.4 Be per N is found. While these two regimes are
not reflected in TRIDYN simulations, they are still most likely linked to the
nitrogen saturation dynamics of the surface. They probably arise from the fact
that different N fluences are needed to saturate the surface at the implantation
depth (transition from implantation dominated to erosion dominated) and in the
near surface escape zone of sputtered particles (transition to steady state). Some
influence of a change in surface morphology on the erosion yield cannot be
excluded.

Moreover it was found that the oxidation rate of the surface decreases strongly
with the nitrogen content in the surface. Towards steady state conditions, the
surface oxidation is almost entirely suppressed and the observed mass change
rate due to oxidation virtually falls below any detectable limit. A nitrogen
saturated surface seems to passivated effectively towards oxidation. Using
nitrogen as a seeding gas in ITER might therefore reduce the expected ability of

the beryllium first wall to actually getter oxygen.
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The dynamics of the deuterium saturation behavior is more difficult to interpret
due to the variety of involved processes, ranging from sputtering of Be, N and D
to D implantation and thermal desorption of implanted projectiles (as the
surface temperature was kept constant at 460 K).

When comparing the saturation dynamics of pure and nitrogen-saturated
beryllium, some distinct differences but also similarities are found. For low
fluences, an about constant deuterium retention probability is found, which is a
bit higher for nitrogen-saturated (~0.7) compared to pure beryllium (~0.58). In
the disordered nitrogen-saturated surface, defects introduced by the preceding
nitrogen bombardment might serve as binding sites for implanted deuterium
and might therefore be responsible for this slightly elevated retention
probability. In the environment of a fusion reactor, this might eventually result in
a higher overall D retention rate in nitrogen containing, mixed material layers
compared to as-received, pure beryllium surfaces. This is also supported by post
mortem NRA measurements conducted on both surfaces after steady state
surface conditions had been reached, which showed that the amount of retained
deuterium is noticeably higher in the nitrogen-saturated compared to the pure
beryllium surface.

On both surfaces, the retention rate starts to saturate at a fluence of ~ 25-101° D
per cm?, which in analogy to observations reported in the literature [15, 37, 39]
can most likely be explained by a local saturation of the deuterium concentration
at the ion implantation depth.

Subsequently, the retention dynamics observed for the two surfaces becomes
slightly dissimilar. On the nitrogen saturated surface a second regime of about
constant retention rate is observed, where the retention probability of
deuterium now is ~ 0.11. This second retention regime can most likely be
ascribed to a thermally activated retention of deuterium in a beryllium-hydride
phase [39] but probably also to the formation of ternary Be-N-D compounds
[15]. On the pure beryllium surface on the other hand, establishing the local
deuterium saturation concentration is followed by a slow, gradual decrease of
the retention rate.

Finally dynamic equilibrium conditions are established for both surfaces,

whereas the necessary deuterium fluence is about twice as high for pure
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beryllium (®.,(Be) ~230-10" D per cm?) than for the nitrogen-saturated
surface (®,,(BeyNy) ~ 120 - 10'¢ D per cm?), which is most likely a result of the
higher projectile range in pure beryllium compared to stoichiometric beryllium
nitride as well as the reduced diffusivity of BexNy. Steady state conditions are
marked by a mass change rate of about zero for pure beryllium, i.e. all involved
process balance each other. For the nitrogen-saturated surface a constant
erosion yield of ~0.12 amu per D is observed.

The deuterium release behavior right after ceasing deuterium bombardment was
investigated for both surfaces. On the previously nitrogen saturated surface,
overall a net mass loss is observed, implying that the deuterium desorption at
least exceeds any surface oxidation (which is expected to be suppressed on
nitrogen-saturated beryllium). The desorption kinetics implies that initially the
deuterium release rate is limited by D: recombination, until eventually other
reaction steps such as e.g. deuterium diffusion become rate limiting.

On pure beryllium the desorption dynamics has a markedly different shape. At
first a mass increase is observed, which can probably be attributed to dominant
surface oxidation. This is followed by a transition to a dominant mass loss, which
after ~1500 seconds already exceeds the respective desorption rate observed on
nitrogen saturated beryllium. In accordance with previous findings [15] the
disordered nitrogen containing surface layer might reduce the deuterium
diffusivity towards the surface and by this might retard the deuterium release as
compared to pure beryllium. After about some time, the desorption rate from the

two surfaces becomes very similar.
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