Interaction of high flux Deuterium/Nitrogen plasmas with Beryllium
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Before nitrogen can be used as radiator for edge plasma temperature control in experiments with
beryllium as the wall material, the compatibility of nitrogen containing plasma with beryllium has
to be tested. Therefore beryllium samples were exposed to a variety of mixed N2/D, plasmas in
PISCES-B and codeposits from the sputtered material were collected. It was found that introducing
N3 to a Ds-plasma reduces Be erosion significantly but recovery to the pre-N2 levels is possible in
pure Ds plasma. Berylliated vessel walls can be a reservoir for N2 and chemical processes probably
play a significant role during nitriding and N2 removal. Nitrided target samples remain conductive
and did not lead to additional arcing but codeposits are insulating. Thermal desorption measure-
ments of nitrided and un-nitrided target samples were comparable, while codeposits show a slightly
reduced D retention. However D release for both target and codeposits is shifted ~ 100K to higher

temperatures, above 510 K.

PACS numbers: 77.84.Bw 52.40.Hf
I. INTRODUCTION

Reliable edge plasma temperature control through ra-
diative cooling is considered crucial to protect plasma
facing components in high performance discharges in cur-
rent and future fusion devices. Positive results from
ASDEX Upgrade with nitrogen (N2) seeding in an all-
tungsten tokamak|[1] lead to the question whether No
seeding would be a viable option within the ITER-like-
wall project at JET[2] or in ITER. One of the open issues
is the compatibility of Ny seeding with Beryllium (Be) as
the wall material. This is because some fraction of the ni-
trogen injected in the divertor region will be transported
to the main chamber wall where it can be codeposited
or implanted. Codeposition of nitrogen with Be is also
expected in deposition dominated regions in the diver-
tor. It has been shown that Be forms a stable nitride
(BesN2) with an optical band gap of ~4 €V [3, 4] and is
essentially insulating. Since insulating layers increase the
risk of detrimental arcing, the formation of such layers ei-
ther by ion implantation, or by codeposition, could limit
the use of N seeding in the presence of a Be first wall.
Understanding the interaction of Ny with Be is there-
fore important to make reliable predictions regarding Ny
seeding in tokamaks.

In a recent study of bombarding Be with energetic deu-
terium and nitrogen ions, the formation of mixed Be,N,
compounds was observed [5]. These compounds were
thermally stable and showed no nitrogen release up to
1000K. However, ion beam experiments alone are prob-
ably insufficient to predict the influence of N5 in a toka-
mak containing Be since energetic particles and radiation
from a plasma can open additional chemical pathways

*Electronic address: tdittmar@ucsd.edu

(e.g. ammonia production). It is therefore important
to study the interaction of nitrogen with beryllium di-
rectly under fusion relevant plasma conditions. The lin-
ear divertor plasma simulator PISCES-B [6, 7], capable of
handling berylliated samples, is ideally suited for these
experiments. Directly exposed beryllium samples and
codeposits from the sputtered material were produced
from a variety of mixed No/Dg plasmas. This paper re-
ports on the first results of exposure and post mortem
analysis of these samples regarding the effect of the ni-
trogen on target erosion and the Daretention in targets
and codeposits.

II. EXPERIMENTAL METHODS

All samples were exposed in the PISCES-B device
using the setup described in [6, 7]. Be samples were
exposed at the target position and sputtered material
was collected on tungsten or tungsten coated graphite
disks on the witness plate manipulator. The plasmas
were either generated in pure Do or in No/Domixtures
feed directly into the plasma source. For the gas mix-
tures the neutral partial pressure fractions were mea-
sured with a capacitive pressure gauge prior to plasma
operation (cold plasma cathode) and set from 0.6 to 15%
N5. Plasma conditions near the target were measured
with a reciprocating double Langmuir probe. Typical
values were electron densities n, = 2—3 x 10'® m™3, elec-
tron temperatures T, =4 — 12eV, and ion fluxes about
2 — 4 x 1022m 257!, Fluences of 1.5 — 6 x 1026 m—2
were typical for exposures. Both the target and witness
plate sample holders were actively cooled and the sam-
ple temperatures were measured with thermocouples on
the backside. Typical target temperatures ranged from
310K to 420K and the witness plate was kept between
290K and 310K.



Two different kinds of experiments were performed: (i)
target and witness plate samples were exposed to steady
state plasma or (ii) targets experienced different plasma
conditions during a single exposure. In the first, abso-
lute erosion rates (from net-mass change during expo-
sure) and Dy retention were examined. In the second,
changing exposure conditions were utilized to examine
relative erosion rates using optical emission spectroscopy
(OES): The radial, line-of-sight integrated emission of
different species (i.a. Bel (457.3nm), BeD (498 nm), N
(427.8nm), and ND (335.5nm)) in the target region was
observed with a Czerny—Turner type spectrometer (focal
length: 500 mm, Dove prism, and camera to measure ax-
ial emission profiles). A camera (VIS, IDS systems uEye,
10Hz frame rate) looking at the target surface, was used
to infer changes of the target morphology and recorded
arcing events. In addition to the optical diagnostics,
the neutral gas composition in the vacuum chamber was
monitored with mass spectrometry (MS) installed in a
pumping duct (Ferran Scientific MPAG6/65C RGA).

After plasma exposure selected target samples were
transferred in vacuo to a surface analysis station (PHI
Systems) to be analyzed with X-ray photoelectron spec-
troscopy (XPS) and Auger electron spectroscopy (AES).
Both target and witness plate samples were analyzed ex-
situ using a combined SEM/EDX (JEOL-JSM 6360) sta-
tion to study elemental composition and surface morphol-
ogy after the exposure. Deuterium retention in the sam-
ples was measured using programed thermal desorption
mass spectroscopy (TDS) in a infrared heated quartz-
tube oven. Typically, a linear temperature ramp with
0.3K/s up to 923K and a hold time of 30min at the
maximum temperature were used. Partial pressures dur-
ing desorption were recorded with a high resolution MKS
Microvision 6u RGA and a Stanford Research Systems
RGA100.

III. RESULTS

The addition of up to 10% of N3 to the plasma had only
insignificant effects on the plasma performance. Plasma
source voltage and current remained unchanged and the
D., emission showed no significant variation due to the
N5 injection. The double-probe measurements showed
no significant change in particle fluxes, electron density,
and electron temperature. After the injection of the ni-
trogen the sample temperature equilibrated usually 10—
20K lower than in the pure D5 case. The formation of
a thin nitrogen containing layer on the target samples
was confirmed by XPS and AES and these layers on the
targets were found to be still conductive when tested ex-
situ with a two contact probe and ohmmeter. This is in
contrast to the thicker codeposits on the witness plate
samples, which were found to be insulating.

At the beginning of exposures, arcing on the target
samples was observed both in pure Dy and mixed Ny /Do
plasmas. Initial analysis of the camera data showed no

influence of the N5 concentration on arcing frequency and
duration. Therefore, it is plausible to assume that the ob-
served arcing is mainly due to the natural oxide layer on
the Be targets but influences of the nitride layer can not
be excluded from the current data. However, it should
be noted that nitrided samples showed no stronger ten-
dency to form arcs than samples with the natural oxide
layer.

Sputtering yields of 4.5x1073 per ion at Ei,, =80eV
and 1.5x1072 per ion at 30eV were calculated from
mass loss measurements of the samples exposed to steady
state plasma conditions assuming single ionized ions and
Eion = Viias—2kpT. [8]. For the the pure deuterium plas-
mas D is assumed as being the dominant ion species [9)]

Adding 10% Ns to the discharge reduced the target
erosion rates at Fj,, =80€V by a factor of ~2 to a value
of 2.4x1073 per incident ion (all ion species). For 30eV
ions, the addition of 10% Ny resulted in a mass loss at or
below our detection limit. Similar results were obtained
for exposures with 4% No.

Figure 1 shows OES and MS data of a target nitriding
at 1.4 % Ny and subsequent recovery after closing the Ng
feed. Panels a) and b) show line-of-sight integrated opti-
cal emissions of Bel and NJ directly in front of the target
and for the bulk plasma (100mm upstream). All emis-
sion signals shown are normalized to the D, emission to
account for any variation in the plasma conditions while
the concentration of the nitrogen was increased in the
plasma. Panel c) shows neutral gas mass spectrometry
traces for masses 4 (D2, He), 18 (H20, ND3), 20 (D20,
NDs3) and 28 (N3). During the first 240s only D2 was
injected. Nevertheless, the mass spectrometry shows a
small amount of Ny and NDj3 in the neutral gas which
is attributed to the Ny inventory from previous experi-
ments on the chamber wall. At t = 240s the Ny injec-
tion started. Immediately the Be erosion decreased, as
seen by the reduction of the Bel emission which stabi-
lizes after =~ 100s. This reduced erosion is probably due
the formation of a thin nitride layer, being in a dynamic
equilibrium of constant formation and erosion. Whether
this layer is simply more resistant to chemical or physical
sputtering, or if the insulating properties of the beryllium
nitride generate a potential drop reducing the energy of
the incident ions, has still to be determined.

The Ny content in the plasma and neutral gas rises
during the duration of the Ny injection. The rise time
of the nitrogen species during plasma operation is also
much longer compared to gas puffing experiments with-
out plasma. This is explained by additional chemical
“pumping” of the berylliated walls of PISCES-B which
have a much larger area than the target structure. Note
that the plasma column is not in direct contact with the
chamber walls and this reaction has to be driven by radia-
tion or neutral radicals. At t = 600s the Ny was switched
off. Recovery of the surface properties took longer than
the initial nitriding, but the Bel emmision eventually re-
covered to the same levels as prior to the Ny injection.
The recovery time is likely to be limited by the pump out
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Figure 1: Nitriding and recovery: normalized optical
emissions of (panel a) Bel and (b) N directly in front
of the target and for the bulk plasma (d¢qrger =100
mm). Neutral gas mass spectrometry traces (c) of the
masses 4 (D2, He), 18 (ND5, H50), 20 (ND3, D20O) and
28 (N3). The exposure conditions were
Ip+ =2 x 1022m 257!, Trrarget = 350K, Viias = =75V
resulting in E;ons &= 50eV during the nitriding and
Ip+ =2 x 102m™ 257!, Trrarger = 410K,

Viias = —120V resp. Eions &~ 95eV during the No
removal phase.

of the Ny from the chamber and the re-supply of nitrogen
species from the chamber walls: even after 400 s of oper-
ation with only the Dy flow-controller open, the amount
of nitrogen species in the neutral gas is still larger than
at the beginning of the experiment.

In a separate experiment the influence of the N5 con-
centration was examined. Figure™2 shows optical emis-
sions for BeD, Bel and NJ both directly in front and
100 mm upstream of the target for different concentra-
tions of Ny in the fill gas. During the first 2700 s of the
exposure (region A) PISCES was operated in a pure Do
plasma. During this time the emission of both eroded
Be species decayed while the observation with the target
camera showed a change from a shiny, highly reflective
to a blackened target surface associated with the devel-
opment of surface morphology. At t =2700s 0.7% Ny
was introduced into the filling gas resulting in a slight
reduction of the Be erosion but no significant increase of
the N; emission due to the No-pumping of the chamber
walls (region B).

In the first 1000 s after increasing the amount of Ny to
1.4% (t = 35005 , region C) the NI emission remained
low while the Be emissions decreased slowly. The appear-
ance of NJ emission in the bulk plasma around 4500 is
probably an indication of a Nssaturation on the vessel
walls and was accompanied by a significant drop in the
Be erosion.

After the Ny flow was switched off at t =~ 5400s, the
Be erosion signals recovered to the pre-nitrogen levels (re-
gion D). Further increases of the Ny neutral pressure up
to 12% (regions E-G) showed no additional decrease of
the emission signals from Be and BeD within the exper-
imental uncertainties although the emission signal from
N3 confirmed the increased N content in the plasma.

In contrast to the recovery in Ds, helium plasmas
showed little to no effect in removing the nitrogen from
the target sample and the machine. Although an absolute
comparison with the recovery in D plasma is complicated
due to the difference in densities and ion energy distri-
butions, these results indicate that chemical processes,
possibly involving ammonia, could play a significant role
in the removal of the nitrogen from the Be surface.

Lastly, the influence of Ny injection on fuel retention
was examined. Figure™3 shows TDS spectra of witness
plate and target samples. The TDS spectra of target
samples exposed to pure Do (subfigure a) and to mixed
N5 /D5 plasma (b) show very similar shapes of the des-
orption peaks, although the desorption temperatures are
shifted ~100K to higher temperatures for the nitrided
samples. Nearly all of the deuterium is desorbed as Do
or HD, with only small contributions of ND3 or D5O.
The total Do retention in both target samples, with
3.2 x 10'7atoms D for the pure deuterium and 2.7 x 107
atoms D for the nitrided case, is the same within the re-
producibility of the exposures. The desorption spectrum
of the nitrided codeposit (subfigure d) shows the same
shift in the release temperatures as the nitrided target
sample, but also an overall temperature broadening of
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Figure 2: Effect of Ny concentration in the plasma:
radially plasma column integrated emmisions of (a)
BeD, (b) Bel and (c) Nj for plasmas with different Ny
concentrations. The exposure conditions were
I'p+ =3 x 1022m_2s_1,TTarget = 330K, target bias
Vhias = —100V resulting in Ejons &~ 80eV.

the release peak (similar to the observations on code-
posits collected in argon-seeded plasma De Temmerman
et al. [10]) . , The evaluation of the retention in the code-
posits is more complex as the total amount of retained
D5 depends both on the thickness of the deposited layer
and the D/Be ratio within the deposit. Since the thick-
ness of the codeposited films on the witness plate sam-
ples was comparable to the substrate roughness, a pre-
cise thickness measurement was not possible. Assuming
that eroded Be from the target is the main driver for the

codeposition it seems feasible to normalize the retention
in the codeposits to the mass loss of the target samples.
Using the data from the target samples, this normaliza-
tion results in a ~ 20% lower retention in the nitrided
samples, but this result should not be overemphasized as
considerable uncertainties due to possible differences in
growth rates and plasma conditions exist.

IV. DISCUSSION AND CONCLUSIONS

The results of first experiments regarding the interac-
tion of mixed Ny /Dy plasmas with beryllium in PISCES-
B are described: injecting varying amounts of nitrogen
showed no severe consequences for plasma operation but
strong nitrogen pumping and wall-reservoir effects are
observed. This could be explained as plasma enhanced
chemical reactions of nitrogen species with the berylli-
ated walls of the PISCES vacuum vessel. Nitrogen pump-
ing and the wall reservoir might change the effectiveness
of Ny injection in the ITER-like-wall experiments in JET.

Although arcing was observed at the directly plasma
wetted targets in the beginning of exposures, nitriding
is found to be not more detrimental than the natural
oxide layer of the beryllium targets. The existence of
thin nitrogen containing layers on the targets was verified
with XPS and AES. The thin nitride layers of the tar-
gets remain conductive, but the thicker layers of nitrided
codeposits are insulating. In a tokamak, these insulating
codeposits could be potential source of arcing.

Small amounts of nitrogen in the source gas effectively
reduced the erosion of beryllium, especially at ion ener-
gies < 80 eV. Recovery from a nitrided surface is possible
in deuterium plasmas. The relatively slow recovery from
nitrided Be surfaces in helium plasma hints at the im-
portant role chemical erosion might play in the nitriding
and recovery.

Thermal desorption of target samples show no signif-
icant change in D, retention when exposed to mixed
N2 /Dy plasmas whereas codeposits exhibit a slightly
lower D5 retention. However, the main release peaks
both for target samples and codeposits show a significant
shift (= 100K) to higher temperature, above the 510K
main chamber bake-out temperature of the current ITER
design.
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Figure 3: Thermal desorption spectra of target (top) and wittness plate (bottom figures) samples exposed to pure

Dy (left) and mixed D2/Ny (right figures) plasmas. The linear temperature ramp was 0.3 Ks~!. Traces of the

masses 3 (HD), 4 (Ds), 18 (ND,, Hy0), 20 (ND3, D50) and 28 (N3) are shown. To verify the temperature scale, a
trace of mass 18 (H20) of a outgassing of the empty quartz-tube oven is included in each figure. The dashed vertical
lines at 513 K denotes the maximum main wall bake-out temperature in ITER.
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