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ARTICLE INFO ABSTRACT

Keywords: This study reports on deuterium plasma-boron layer interaction investigated at the linear plasma device PSI-2.
Boron In preparation, RF magnetron sputtering deposited 115 nm thick boron layers onto tungsten substrates. Exposing
Ero?“’“ the samples to a deuterium plasma in PSI-2 provided the bombardment by ions. The discharge conditions
z“sui" in PSI-2 were chosen such that the bombardment was predominantly due to deuterons (D*) impinging at
pectroscopy

normal incidence. This operating scenario yielded a typical ion flux density onto the sample of 4x10?' m2s~!.
Varying the bias applied to the sample from —43 V (floating potential) to —100 V allowed for investigating the
near-threshold erosion regime.

The B I 2p-3s transition (249.7 nm), and the BD A-X transition (432.8 nm) provided the time-resolved (10s)
spectroscopic fingerprint of physical and chemical erosion during the plasma discharges of 70 s duration.
The emission of the BD molecular band depends only weakly on the bias applied to the sample. Notably,
this emission is also present at the lowest impact energies, suggesting a contribution by chemical erosion.
Contrary to that, atomic boron emission follows reasonably close to the expectations by the binary collision
approximation (BCA). The post-mortem layer thickness characterization reveals net sputtering yields that
exceed the predictions by BCA and agree well with data from Hechtl et al. (1992).

Low-temperature plasma

1. Introduction Fig. 3 of [6] (ASDEX) and Fig. 4 of [8] (W7-X) illustrate the influence

of boronization on the oxygen concentration via emission spectroscopy.

The ITER Organization proposed a new baseline that primarily
focuses on reevaluating the wall material [1,2]. Tungsten is now con-
sidered the first-wall material, as opposed to the previously selected
beryllium. A key weakness of beryllium is the much lower melting
point (1290 °C) compared to tungsten (3400°C), so that fast transient
events are potentially more destructive in the case of a Be first-wall.
In addition, the physical sputtering by fuel particles (D, T) is orders
of magnitude smaller for tungsten [3], significantly prolonging the
lifetime of the wall material. This re-baseline comes at the cost of losing
the strong oxygen gettering capabilities of beryllium.

Minimizing oxygen concentration in fusion plasmas through the
gettering process has immensely enhanced discharge stability [4]. One
way to reduce the oxygen concentration is to introduce additional
chemistry by conditioning the reactor wall. A highly successful method
addressing this challenge is the boronization of the reactor wall. It was
initially developed for the TEXTOR tokamak [5] and has since seen
a lot of application in other fusion experiments [6-10]. For example,

The contribution of impurities to the spectra measured dropped notably
due to wall conditioning via boronization. At the same time, this
impurity control — mainly the reduction in oxygen concentration —
significantly reduces the sputtering of high-Z elements such as tungsten.

However, any notable changes in the elemental composition of the
reactor wall at ITER modify the plasma-wall interaction (PWI). These
changes can drastically influence the erosion behavior of the plasma-
facing components and the migration of this material into receded
areas. One code simulating the PWI for ITER, and gives information
about W sources and W screening, is the kinetic Monte Carlo code
ERO2.0 [12-14]. As another example, it predicts the deposition of
sputtered material onto the first mirrors of optical systems in ITER [15,
16]. Retaining high specular reflectance of the mirrors is essential for
ensuring acceptable working conditions for diagnostics, such as the
core charge exchange recombination spectroscopy system [17] or the
core Thomson scattering diagnostic [18]. As it turns out, boron causes
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Fig. 1. Schematic of the optical emission spectroscopy setup used at the linear plasma device PSI-2 during plasma-boron layer interaction in deuterium discharges.
The Balmer Monitor is a 4-Channel Avantes USB spectrometer providing information on the plasma stability. The Czerny-Turner spectrometer (Fig. 3.6 of [11])
measures the resonant 2p-3s transition of boron, and the Littrow spectrometers (Fig. 3.4 of [11]) detect the resonant BD AX Q-branch. Sections 3 and 4 motivate

the choice of the optical transitions studied in this work.

unfavorable deposition on such diagnostics since even thin films can
drastically degrade the optical properties of the first mirrors [19].

Currently, there are still significant uncertainties regarding the
physical and chemical erosion rates of the boron layer [20]. Experi-
mental data measured by [21] give sputtering yields that significantly
exceed the predictions by the binary collision approximation in the
near-threshold regime of physical sputtering [3]. The source of the
boron erosion, in essence, physical or chemical erosion, has a mas-
sive implication for the migration of boron within a fusion reactor:
Typical energies of sputtered particles are on the order of the surface
binding energy - a few eV [3]. Chemically released species often carry
energies reflecting the thermal energy of the surface, which is well
below 1eV (11604K) [22]. This mismatch in kinetic energy provides
different ionization lengths, and plasma chemical processes, such as
dissociation, must be considered for molecules [23]. Another challenge
is the need for validated collisional data of the molecules (cf. data for
CH, in [24]). Thus, further experimental data is needed to investigate
the near-threshold erosion of boron by deuterium bombardment.

This work reports on plasma-boron layer interaction studies per-
formed at the linear plasma device PSI-2. A 115nm thick boron layer,
deposited by magnetron sputtering, covering a polished tungsten sub-
strate, was subjected to particle irradiation. Pure deuterium discharges
at PSI-2 provided the deuterons to bombard the boron layer. Varying
the bias applied to the sample allowed us to investigate the near-
threshold regime of the physical sputtering. The plasma-boron layer
interaction releases atomic boron and boron deuteride. Specifically,
the BD molecule is assumed to be produced via chemical erosion,
and its emission provides the spectroscopic fingerprint for this ero-
sion process. So, time-resolved atomic and molecular spectroscopy
enables the qualitative evaluation of the physical and chemical erosion,
respectively.

This paper is structured in the following way: Section 2 introduces
the experimental setup and provides information on the plasma param-
eters. It also discusses the plasma scenario chosen. Sections 3 and 4 deal
with selecting adequate optical transitions for measuring the emission
by the atomic and molecular species. Moreover, it outlines the steps
taken for the spectral calibration and validates the molecular modeling
by using the BH molecule as a proxy for BD. Section 5 reports on the
erosion experiments and describes the information contained within the
atomic and molecular spectra. The erosion rates at different impact
energies of the deuterons are given in Section 6. Finally, Section 7
concludes the paper and Section 8 provides a brief outlook.

2. Experimental setup

Fig. 1 presents a sketch of the linear plasma device PSI-2 [25]. It
is based on an arc discharge, ignited between a hollow-ring-shaped
cathode and anode. Six solenoids create the axial magnetic field, shap-
ing the plasma into the characteristic linear column. This plasma
terminates at the target plate, providing the plasma-wall interaction.

A radially movable Langmuir probe provides the current voltage
characteristic for estimating plasma parameters, as Figs. 2(a) and (b)
illustrate. In this study, the electron temperature peaks at 10eV, and
the highest electron density is 3x 10'” m~3. The geometry of this source
creates a hollow plasma profile. That is the ion flux density peaks for
standard deuterium discharges at a radius of 2.2cm. In this case, the
cathode current is 100 A, and the D, gas flux into the source is 100 sccm.
A differential pumping stage allows for the decoupling of the ions from
the neutral particles. So, the pressure within the region dedicated for
plasma-wall interaction studies was, in this case, 0.014Pa. A critical
parameter is the ionic species that bombard the plasma-contacting
surface. Therefore, choosing the discharge conditions known for the
lowest D; and D;’ concentrations in PSI-2 ensured the erosion of the
plasma-contacting surface primarily due to deuterons (D*). This choice
requires setting the power of the arc discharge to 6.7kW (cf. Tab. 1
of [26]).

Additionally, impurities, monitored by a quadrupole mass spec-
trometer, may also provide significant erosion of the boron layers.
The main impurity in deuterium discharges in PSI-2 is oxygen with a
concentration below 0.3% - see discussion in Section 4.1.1 of [27]. So
the erosion of the low-Z boron layer by the mid- and high-Z impurities
is insignificant.

The kinetic energy of the bombarding deuterons results from the
difference between the plasma potential and the potential applied to
the sample holder. The plasma potential developing in PSI-2 depends
on the difference in cross-field transport of electrons and ions: The
Larmor radius of the electrons at the 90 mT magnetic field of PSI-2
is much smaller than the diameter of the plasma column, resulting in
strongly magnetized electrons. Contrary to that, typical ions within PSI-
2 (noble gases, H, D, etc.) have a larger gyro radius, which can be in
the order of the 6cm plasma diameter. The imbalance in cross-field
transport of electrons and ions is compensated by a negative plasma
potential that develops in the center. This behavior is apparent in Fig.
2(b): the kinetic energy of the ions that bombard the sample holder has
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Fig. 2. The radially movable Langmuir probe (cf. Fig. 1) provides the sharply peaked plasma profile. During D plasmas, the electron density peaks at approximately
3% 10" m=3, and the highest electron temperature is on the order of 10eV. The curves in both figures show the data points smoothed by a Savitzky-Golay filter,
and the areas shaded in the same color as the curve represent the standard deviation. (a) shows the ion flux density of the discharge scenarios used during
plasma-boron layer interaction studies. (b) presents the kinetic energy the ions gain due to the potential drop between the plasma and the biased sample holder.

(a) Boron layer thickness and (b) Side-view into the linear plasma device during a deu-

sampler holder

terium discharge

Fig. 3. (a) shows the boron layer thickness characterization before plasma exposure, using FIB cutting followed by SEM at an angle of 54°. These samples are
mounted into the sample holder. In this case, we erode the boron layer, while the kinetic energy of D* (<100¢V) is insufficient for sputtering the Mo mask and

the seven W catcher samples.

a pronounced gradient in the radial direction. The post-mortem analysis
at positions 1-3 provides the local erosion rates following the plasma
exposure experiments, as reported in Section 6.

The choice of discharge condition based on [26] limits the minimal
amount of kinetic energy the deuterons can gain. Specifically, the
ion and electron currents on a floating target plate are inherently
self-compensating, resulting in a stable global floating potential in
the absence of an applied bias. It turns out that using the standard
deuterium discharge conditions at PSI-2 produces a floating potential
of —43V at the sample. Additional biasing of the target plate at PSI-2
can only lower the potential, increasing the overall drop in potential to
the plasma.

2.1. Preparation and mounting of boron samples for plasma exposure

Fig. 3(a) depicts the thickness of the boron layer deposited via mag-
netron sputtering onto a tungsten substrate. Houben et al. [28] present
more details on the production of these thin boron layers and their
characterization. The cross-section of the sample presented stems from

scanning electron microscopy (SEM) across a focused ion beam (FIB)
cut into the sample. The thin Pt layer on top serves solely to protect
the B layer during the FIB cutting process. Fig. 3(a) shows that the
boron layer and tungsten target can be clearly distinguished, making it
similar to the FIB line marking used in [29]. Thus, retaining a complete,
albeit partially eroded, boron layer enables local measurements of the
erosion rate at the positions indicated in Fig. 2(b). The thickness of
the boron layer amounts to approximately 115nm. This boron sample
(1cm X 1cm) is mounted in the top location of the water-cooled sample
holder, which is capable of holding eight samples. The remaining seven
samples consist of tungsten and act as catcher samples. Estimates using
the binary collision approximation show that the 100eV deuterons are
below the physical sputtering threshold of Mo and W [3,30]. This
ensures that erosion of the boron layer is dominant. Setting 100eV as
the maximal kinetic energy of the deuterons is also reasonable from
a physics point of view since the near-threshold erosion regime of
boron is of particular interest: the role of chemical and physical erosion
requires further investigation.
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Spectrometers used during this experimental campaign. The full width at half maximum obtained by line emission from metals gives the line width (44). The

resolving power is A/44.

Spectrometer Avantes® Czerny-Turner Overview Littrow High-resolution Littrow
Task Plasma Physical Chemical Chemical

stability erosion erosion erosion
Transitions D, ... Ds B I249.7nm BD 432.8nm BD 432.8nm
Grating Ruled Holographic Ruled Ruled (Echelle)
Lines/millimeter 1800 1200 1200 78
Spectral order 1 1 2P 56°
Spectral range 298-890 nm* 236-263 nm 431-437 nm 432.54-433.22nm
Line width (nm) 0.16 0.05 0.03 0.004
Resolving power 3000 5000 14000 110000

2 Type: AVS-DESKTOP-USB2, 4 channels (CH). CH1: 298-456 nm; CH2: 545-584 nm; CH3: 583-685 nm; CH4: 684-886 nm.

b 1. order is also possible but comes at the cost of worse spectral resolution.
¢ At the wavelength of 432.8 nm.

2.2. Spectroscopy setup

All spectrometers, indicated in Fig. 1, fulfill vital roles in the boron
erosion experiments. Table 1 presents an overview of the spectrometers’
specifications, while the following discussion describes their contribu-
tion to the experiments.

The Balmer monitor is a 4-channel spectrometer (Avantes) that
measures the visible deuterium Balmer series (D,... Ds) at the same
cross-sectional plane as the Langmuir probe.

The resonant B I 2p-3s doublet at 249.7 nm is the line chosen for mea-
suring the emission by atomic boron — see Czerny-Turner in Table 1.
However, measuring in the UV spectral range can introduce additional
challenges, such as low transmission through lenses/windows (Fig. 3.9
of [31]), low reflectance of mirrors (Fig. 3.14 of [31]), and a significant
change in the effective focal length [32].

The spectrometers in the Littrow configuration, hereinafter Lit-
trow’s, measure the BD A-X band emission (transition) in the visible
spectral range.

3. Atomic boron lines and calibration

Boron’s electronic groundstate configuration is the 1s>2s*2p dou-
blet, and the next configuration lies within the core-excited quartet of
1s22s2p? at approximately 3.5eV. This difference in energy corresponds
to a transition occurring at a wavelength of 350 nm. However, it is an
extremely weak spin-changing (intercombination) line since relativistic
effects are still exceedingly small in boron. So, the line selection for
atomic boron requires additional discussion.

The electronic structure of boron guarantees that the sputtered
atoms are only within the ground state before entering the plasma,
whereas other levels obtain population via electron impact excitation.
The transition probability serves as the primary selection criterion for
the B I lines: Strong electric dipole transitions of neutral atoms within
the visible range have transition probabilities of around 1 x 108 s~! (cf.
Eq. (3.57) of [33]). The actual cutoff chosen is 1 x 10°s~! to get better
insights into all possible transitions, especially in the visible range.
The second selection criterion is a high electron impact excitation rate
coefficient ((cv)) that depends, of course, on the electron tempera-
ture. Section 2 presented typical plasma parameters of the standard
deuterium discharge in PSI-2, where the peak electron temperature is
10eV. Thus, we only consider atomic states below 10eV. The angular
momentum (J) resolved Grotrian diagram in Fig. 4 visualizes the dipole
transitions that meet the requirements.

The transitions highlighted by the bold and colored lines have
sizeable transition probabilities (>1 x 107 s~!) within the doublet sys-
tem of boron. Photon emission coefficients [cm~3s~!] tabulated in
the ADAS [35] database (file ionelec_pec#b0.dat), which are calculated
by solving the stationary rate equations (& = ) for electron im-

dr
pact excitation, confirm that these should be intense lines at PSI-2.

The green lines are the 2p-3s transitions. These lines benefit from
abundant experimental and theoretical data on isotope and hyperfine
splitting [36-38]. However, they can suffer from line blending. The
alternative is the strong 3s-3p transition, occuring at a wavelength of
1166 nm (violet-colored lines) [39].

In this study, the major constraint was the camera installed in the
available Czerny-Turner spectrometer. Its pixels are silicon photodi-
odes, whose bandgap is 1.12eV [40]. The energy of a 1166 nm photon
(1eV) is insufficient to overcome this gap, making it impossible for the
camera to measure the IR line. Consequently, the choice is the 2p-3s
transition, which is a doublet in the UV region around 249.7 nm.

The 2p-3s transitions have one striking advantage compared to the
3s-3p (1166 nm) lines. The intensity ratio of the 2p-3s lines, omitting
self-absorption, is well defined by the branching ratio. That is, the
transition into the lower level with J=3/2 is twice as strong as the one
into J=1/2. This behavior is simply a result of the degeneracy (2J+1).

Calibrating the Czerny-Turner spectrometer follows the same recipe
shown in [41]. In this case, the spectroscopic fingerprint of Si and B
hollow cathode lamps (HCLs) provided the data need for deriving the
reciprocal linear dispersion. The spectral range covered is 27 nm, and
the spectral resolution (1/44) greater than 2500 is sufficient to separate
the two B I 2p-3s lines (44 =100 pm).

4. BD transitions and calibration

Selecting the transition of the BD molecule is more straightforward,
as Table 1 of [42] indicates: An electric dipole-allowed transition into
the ground state (X! X) originates from the first excited level within the
singlet states (Al IT). The energy separation (7;) of A IT to the ground
state is 2.9eV. Therefore, one expects a large rate coefficient due to
electron impact excitation in the T, =10eV deuterium plasma at PSI-2.
Many fields investigating BH or BD spectra rely on this transition as a
fundamental reference point [43-46].

The calibration procedure for the Littrows to measure the BD emis-
sion spectra is analogous to that of the Czerny-Turner spectrometer, as
described in Section 3. The Mo and V HCLs (typical electron tempera-
ture below 1eV [47]) provide excellent wavelength calibration data in
the spectral region around 433 nm. In addition, the B HCL used contains
small amount of hydrogen. Thus, the A! IT to X! X transition of BH could
be measured. Such spectra allow for benchmarking the modeling code
of the rotational band spectrum.

The molecular constants of BH and BD, tabulated in Tables III and
IV of [48], are used for the modeling. Plugging the constants into Eq.
(1) of [48] provides the energy shift of the A'IT and X'X molecular
levels, depending on the rotational quantum number J and vibrational
quantum number v.

The electronic transitions of the BH AlIT |J, v > to X'X |J/,
v/ > system have a vanishingly small probability for 4v # 0, as the
Franck-Condon factors shown in Table X of [49] indicate. Therefore,
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this transition.

the spectra measured and modeled are only the rotational band spectra.
That is, the selection rules for the quantum numbers are Av = 0 and
AJ = +1,0,—1, known as the R-, Q-, and P-branch, respectively (cf.
Chapter IV Section 4 (b) of [50]). In the following, the notation is
compressed by referring to the A'IT |v) to X! X |v) rotational band
spectra as A-X (v, v).

The rotation of the diatomic molecules also influences the line
strength of the transition. Therefore, we use the Honl-London factors
from Eq. (IV, 82) of [50]. The final element needed is the population
distribution across the rotational levels, which typically is a Boltzmann
distribution

E,;
N; o« (2J + Dexp 7 ) (@)
B rot

where E; is the energy eigenvalue of the rotational level, kg is the
Boltzmann constant, and T, is the rotational temperature. As a first
step, we compared the output of the procedure described above to
the results of the PGOPHER [51] code when feeding the molecular
constants [48] into it and by assuming a rotational temperature of
2000 K. Both approaches yield identical line positions and intensities,
validating the approach.

Figs. 5(a) and (b) present the rotational band spectra of the A-X
transition measured using the boron HCL (Ne atmosphere, trace amount
of H) at different spectral resolutions. The overview spectrum, recorded
with the overview Littrow in first spectral order, has contamination by
several Ne II lines. However, the BH Q-branch of A-X (0,0) does not
suffer from significant line blending, and the gray shaded area indicates
the region where we performed the line fitting. The spectral profile
optimized while fitting is a Voigt profile. The fit reproduces the Q-,
R-, and P-branches nicely, and the rotational temperature obtained is
557(21) K. Fitting the spectrum of the A-X (1,1) spectrum is a bit more
challenging due to the blending with Ne II lines. For instance, the red-
shaded direction of the Q-branch indicates a substantial contribution
by the Ne II 437.1nm transition. Thus, the region with line blending
was excluded in the fitting the rotational temperature was fixed to the
value derived from the A-X (0,0) Q-branch fitting. This fit is in good
agreement with the spectrum.

However, the overview Littrow does not resolve the individual
transitions within the Q-branch. A higher resolution spectrum would
enable the study of possible line blending in a more narrow spectral
region. At the same time, the results gain more credibility if the fitting
provides essentially the same rotational temperatures at several spectral
resolutions. The Littrow with Echelle grating measures at 433 nm in
the spectral order 56 and resolves the individual lines of the BH Q-
branch, as shown in Fig. 5(b). A narrow bandpass filter with a full width

at half maximum of 10nm suppresses the overlap with other spectral
orders. The wavelength calibration reveals that the spectrometer covers
a spectral range of 0.67 nm. Fig. 5(b) presents a zoom into the BH A-
X (0,0) Q-branch. In this case, one can resolve the individual lines of
the branch and distinguish between the two isotopes of boron. Their
relative natural abundance matches precisely with the contribution to
the spectrum. The rotational temperature amounts to 601(3)K and,
thus, differs by less than 7% compared to the one derived using the
overview spectrum, validating the spectral analysis.

5. Erosion experiments at PSI-2

The tungsten substrates with approximately 115nm thick boron
layers were exposed to deuteron bombardment at PSI-2. The inten-
sity of the Balmer line series of deuterium provides information on
the plasma stability during the pulsed discharges. Fig. 6 presents the
temporal evolution of their intensities during a typical discharge length
of 70s. The line intensities increase rapidly during start-up and then
decrease to a stable plateau within a few seconds. As such, the plasma
parameters stay essentially constant during the erosion experiments.

5.1. Atomic emission during erosion

The Czerny-Turner spectrometer measures the B I 249.7nm tran-
sitions during the erosion experiments. Fig. 7(a) presents the time-
resolved intensity detected for a long-pulse case when applying an
—80V bias to the sample. The areas shaded in green indicate phases
with plasma operation, during which the B I 249.7nm doublet (blue,
orange) line emission occurs. Taking the ratio of the blue to orange
data provides a value fluctuating around 0.5, as shown by the gray line.
The plot also includes the red dashed line as a reference to indicate
the line ratio expected according to the branching ratio. The gray and
red curves agree best during the phases where strong line emission of
atomic boron is present. The strongest line emission occurs during the
initial plateau phase of about 150 s, indicating a complete coverage of
the tungsten surface by a boron layer. Following the plateau phase is a
relatively sharp decay of the emission. The transition is not following
a step profile. Instead, smoothing of the profile occurs due to the
inhomogeneity of the deuteron flux density across the surface (Fig.
2(a)) and the gradient in their kinetic energy (Fig. 2(b)).

Fig. 7(b) presents the line intensities measured during a 70 s pulsed
discharge at —100V bias. Short-pulsed discharges have the advantage
of keeping the boron layer from eroding completely off the tungsten
sample as the particle fluence is limited. This approach enables the
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Fig. 6. Temporal evolution of the deuterium Balmer lines during discharges
at the linear plasma device PSI-2. The line intensities reach a plateau phase
after a few seconds, indicating a stable discharge.

estimation of erosion by measuring the layer thickness before and after
plasma exposure, as presented in the following section. We performed
the partial erosion experiments for floating potential (—43 V) to —100V
bias. Integrating across the emission of the B I 249.7nm lines gives
the data plotted in Fig. 8(a). In all cases, one observes the plateau of
the emission for the first 70 s of the discharge. This plateau indicates
that the boron layer still covers the complete surface of the tungsten
target. In addition, the intensity of the atomic boron emission depends
evidently on the kinetic energy of the bombarding ions. Increasing the

ion impact energy intensifies the line emission of boron. This behavior
matches the expectation since the physical sputtering yield has a strong
gradient for near-threshold erosion [3].

The purple and blue curves plotted in Fig. 8 show the results from
two long-pulse experiments. Firstly, we investigated a complete boron
erosion experiment at a floating potential (—43 V). Here, the plateau of
the emission survives for approximately 180 s, followed by the typical
sharp drop once the surface is completely eroded. It is vital to note that
the atomic emission signal detected is a measure of the gross erosion.
Redeposition of the sputtered atoms can occur. In PSI-2, it depends on
the ionization rates and momentum reversal that guides these particles
back towards the target plate.

The most probable velocity of sputtered boron, according to Eq. (9)
of [52], is on the order of 7kms™!, which is about three times faster
than in the case of sputtered tungsten atoms. Estimating the ionization
length (1/e value) based on the plasma parameters (T, = 10eV, n, =
3 x 1017m™3) and the ionization rates tabulated in Table 2 of [53]
yields a length of 0.8 m. The sputtering of the boron layers creates
atoms with a wide range of velocities, as seen in the Thompson velocity
distribution [54], including a fraction that moves at much lower speeds
than the most probable velocity. These lower velocities drastically
decrease the ionization length. Thus, a fraction of the sputtered boron
can deposit on any surface in the chamber, such as on the target, Mo
mask, W catcher samples, or steel walls. Once deposited, this boron
can be re-eroded by particle bombardment, creating an influx of boron
atoms into the plasma and contributing to the faint B I signal observed
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Fig. 8. (a) shows the time-resolved emission of the atomic boron 249.7 nm lines when varying the bias applied to the sample. The curves having a sharp cutoff
after 70 s are due to partial erosion experiments. In that case, we terminated the discharge preemptively to maintain a complete boron layer on the sample. (b)
shows that atomic boron line emission is present after 14 min (—80V, repeated). This presence of atomic boron in the plasma might be due to redeposition on

the sample holder.

after 20 min. Witness plates are foreseen for future experiments to study
this contribution.

Finally, the erosion experiment at —80 V bias was repeated to verify
the reproducibility of the experiments. Indeed, the atomic line emission
agrees well with the previous short-pulse case (green, purple in Fig.
8(a)). The second goal was to check what happens to the B I emission
after the erosion of the main boron layer when we only briefly turned
off the plasma. The branching ratio method indicates that at the end of
this discharge, at 14 min, boron is still measurable, as depicted in Fig.

8(b).
5.2. Molecular emission during erosion

Simultaneously, the emission by molecular BD was measured to
monitor the chemical erosion at the surface. Note that the ionizing
plasma conditions in these experiments are preventing the formation
of BD in the plasma itself. The Littrow spectrometers measured the
BD A-X (0,0) Q-branch emission, as presented in Figs. 9(a) to (d). The
time resolution of the overview spectrometer was identical to that of
the Czerny-Turner spectrometer (Section 5.2): 10 s. A 60 s integration
time is required for the Echelle system to accumulate sufficient photons
emitted by the BD molecule. This long integration time prevents time-
resolved measurements during the 70 s pulsed discharges. However,
the high-resolution measurements during the long-pulse experiments
are vital for validating the modeling of the molecular band spectra and
the temperature of the rotational level population.

The atomic line emission indicates that the boron layer still covers
the whole tungsten sample for up to 150 s (Fig. 8(a)). Thus, the
expectation is a strong molecular signal during this phase. To cover all
significant contributions by BD, we summed up the first four minutes of
the emission spectra, giving the blue-colored line in Fig. 9(a). The red-
colored curve presents the sum of the spectra of the last four minutes.
These overview spectra reveal that D, line emission is dominant. The
gray-shaded area indicates the BD Q-branch. Subtracting the red data
from the blue data points provides the black curve in Fig. 9(b), rep-
resenting the sole contribution of the BD molecules. The fitting shows
excellent agreement with the measured data. Figs. 9(c) and (d) present
essentially the same but at a much higher spectral resolution. In partic-
ular, we see that other spectral lines pollute our BD Q-branch and that
adequate interpretation of the data requires these long-term exposures
to extract the contribution by the BD molecules. The rotational tem-
perature derived from the high-resolution spectrum (T,,,=2829(73) K)
differs by less than 3% from the overview spectrum (T,,=2754(75) K).
This minor difference is an excellent result, supporting the scheme of
analysis.

Analyzing the individual spectra measured by the overview Littrow
provides time-resolved information on the rotational temperature of
BD. Fig. 10(a) presents the temperatures derived and compares them to
the results from Figs. 9(b) and (d). The fitting indicates an essentially
constant rotational temperature of 2800K during the first 150 s. After
this point, the temperature oscillates with a large amplitude, and the
standard deviation of the fit becomes huge. Fig. 10(b) reveals the
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time evolution of atomic and molecular emission is similar.

reason: This point in time merely corresponds to the case where the
plasma eroded the original boron layer. Indeed, the atomic emission
follows the same trend, showing the consistency of the atomic and
molecular spectra.

6. Sputtering yield for boron

The 70 s pure deuterium discharges at PSI-2 lead to a partial erosion
of the boron layer, leaving a homogeneous surface coverage of boron
on tungsten. Afterward, the SEM(FIB) method provided the thickness of
the boron layer, as described in Section 2.1. The difference in thickness
before and after plasma exposure gives an estimate of the net erosion,
and by normalizing to the exposure time, the erosion rates. Combining
this with the ion flux densities and their kinetic energies from Figs.
2(a) and (b) makes it possible to derive the sputtering yields for boron
by deuterons. Note that the erosion is inhomogeneous at the surface

due to the peaked profile of the impinging deuterons and the impact
energy. Thus, one measurement provides several erosion zones across
the sample. Table 2 presents these sputtering yields.

Fig. 11 compares our sputtering yields to other experimental data
[21] and BCA simulations [3]. The agreement with the data by Hechtl
et al. [21] is very good. However, one has to keep the significant
differences in the surface structure in mind: Hechtl et al. studied
graphite substrates with plasma sprayed boron on top via mass loss.
Both data sets exhibit a systematically higher sputtering yield than
predicted by BCA. This difference might indicate that chemical erosion
contributes noticeably.

The line intensity of the atomic boron emission also gives in-
formation on the physical sputtering yield. The approach to derive
relative sputtering yields is identical to the procedure described in [55].
Appendix provides a brief explanation of the approximation.
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Sputtering yields derived from the post-mortem analysis via SEM(FIB), at the positions
indicated in Fig. 2(b), after partial erosion experiments. Each bias voltage provides

several erosion zones due to the radial gradient in plasma potential.
2 1 2

Position 2 1 3 2
Bias (V) —43 —60 | —43 | 60 -80 ~80 | -100 | -100
Energy (eV) 28.3 36.5 42.0 45.3 55.0 63.5 76.3 85.1
Yield 0.0064 0.011 0.01 0.012 0.015 0.015 0.024 0.03
102 107!
- B1249.7 nm
- 4 BD432.8nm <
3. .9 o ? o o
-E — &
o —_— IS
> 10:l — 8 10—2
& & o Hechtl 1992
S % ° —— BCA (Eckstein 2007)
1= —_— = = * SEM(FIB): PSI-2 2024
-»-  Spectroscopy: B |
0 1073
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Deuteron impact energy (eV)

(a) Atomic and molecular emission

Deuteron impact energy (eV)

(b) Sputtering yields

Fig. 11. (a) dependency of the atomic and molecular emission on the impact energy of the deuterons. (b) sputtering yields of boron by deuterium bombardment.
The comparison to the atomic emission (Spectroscopy: B I) is on a relative scale only, as discussed in Appendix.

This approach gives the purple data points in Fig. 11(b). They agree
well with the BCA approximation. Compared to that, the emission by
the BD molecules stays essentially constant independent of the bias, as
shown in Fig. 11(a). This behavior indicates a contribution of chemical
erosion, whose absolute quantification by optical emission spectroscopy
requires further investigation and knowledge of rate coefficients for
electron impact excitation [56].

7. Conclusion

This work reported on plasma-boron layer interaction studies per-
formed at the linear plasma device PSI-2. The goal was to investi-
gate the erosion of a thin boron layer under low-energy deuteron
bombardment, addressing the uncertainties on the sputtering yields.
Boron layers of 115 nm thickness on tungsten substrates were produced
via RF magnetron sputter deposition. Exposing these boron layers to
deuterium discharges in the linear plasma device PSI-2 provided the
bombardment with deuterons. In this case, the sample holder acquires
a global floating potential of —43V, providing the ions with the lowest
possible kinetic energies (Section 2). Further biasing the target towards
—100V enabled a scan for the near-threshold erosion of the B layer by
deuteron bombardment.

The time-resolved emission spectroscopy of the atomic boron and
molecular BD provided information on the physical and chemical ero-
sion, respectively. For this setup, the B I 2p-3s 249.7 nm transitions of
boron represent a good choice of lines to monitor the atomic emission.
In the case of BD, the rotational band spectra of the first excited tran-
sition, the standard BD A-X (0,0) Q-branch at 432.8 nm were recorded.
Section 4 gave a detailed discussion on the transition selection and the
rotational band modeling of the A-X transitions.

The molecular spectra recorded during deuterium plasma operation
at PSI-2 (T.=10eV, n,=3 x 107 m~3) suggest a constant rotational
temperature of the BD molecules of 2800 K. Measuring overview spectra
that also cover the D, line, and comparing them to high-resolution
spectra that give information on individual lines of the BD A-X (0,0)
Q-branch validated the rotational temperatures of the molecules. Thus,
the consistent modeling of the BD emission gives high confidence in
the analysis of the molecular spectroscopy.

The atomic and molecular signals behaved very similarly during
long pulse experiments. Both exhibited a stable plateau-like emission

phase during the first 150 s. The length of this plateau depends on
the bias applied to the sample, so providing the deuterons with more
energy shortened the plateau length from approximately 180 s to the
above-mentioned 150 s. A rapid decay in line intensity follows this
plateau, and the intensity stabilizes at a low level.

This continuous weak emission could hint at the migration of sput-
tered boron into zones with lower erosion rates. These long pulse
experiments and erosion estimates using BCA gave high confidence that
70 s discharges should only partially erode the boron layers. Indeed, the
atomic boron emission during the short pulses was terminated before
the plateau phase of the emission ended. The thickness of the boron
layer after plasma exposure gave information on the net erosion. Ac-
counting for the exposure time, ion flux density, and plasma potential
provided the sputtering yields as tabulated in Table 2. Additionally, the
atomic and molecular spectroscopy gives complementary information
on the gross erosion.

Fig. 11(b) shows these sputtering yields and indicates an excel-
lent agreement with those from [21]. These yields are systematically
higher than predicted from BCA. Nonetheless, the intensity of the B I
emission, a measure of gross erosion, agrees reasonably well with the
expectations from BCA. Contrary to that, the intensity of the molecular
emission is practically independent of the bias applied to the sample.
This behavior suggests a constant contribution of chemical erosion to
the sputtering yields.

8. Outlook

Upcoming studies will focus on the line shape of the emission by
atomic and molecular species. Evaluating the line shape by including
all relevant broadening mechanisms (isotope shifts, hyperfine structure,
Zeeman splitting, etc.) could provide additional information on the
contributions of the physical and chemical erosion. For example, there
might be two populations of atomic boron: energies in the eV range due
to physical sputtering and energies sub eV due to dissociation of BD. So,
in the case of boron, we will upgrade the high-resolution Littrow using
UV optics. The tools developed for tungsten [41,55,57] will provide
line-shape modeling. Future work will also extend the high-resolution
studies of BD by a polarization scan to test the standard formulas of
Zeeman splitting of molecules under our conditions [58,59].
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Appendix. Relative sputtering yields from spectroscopy

The average transport velocity of sputtered atoms is in a first-order
approximation (Eq. (32) [55])

v, = %/VFV(V)dV, (A.1)
where F, is the velocity distribution function. In this case, the Thomp-
son particle flux density distribution (19) from [60], with the square
root term, provides an estimate for the near-threshold erosion. The line
intensity I;_,; of a transition from state i to j gives the sputtering yield,

if the constant C and the average transport velocity are known as per
Eq. (35) of [55]:

I
Y = TVH, (A~2)
The emission detected at —100V bias provides the constant as
I,
- (A.3)

c=— " .
Yocn(85.1eV) "

where Ygca(85.1eV) is the BCA [3] sputtering yield at a kinetic energy
of 85.1eV, due to the difference between plasma potential and bias at
position 2 of the target (cf. Fig. 2(b)). Using this constant in Eq. (A.2)
provides the relative sputtering yields at the energies of 63.5¢eV, 45.3 ¢V,
and 28.3eV.
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