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Bovert and Arkadi Kreter

Institut für Energie- und Klimaforschung - Plasmaphysik, IEK-4, Partner of the
Triliteral Euregio Cluster (TEC),Forschungszentrum Jülich GmbH, 52425
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Abstract. The degree of linear polarization of light reflected at metallic surfaces
is obtained from the shape of Balmer-α line measured in a low density plasma.
The measurements of the polarization properties of metallic surfaces utilize only
the high-resolution emission spectra induced by fast reflected H atoms (≈ 100 eV)
in ArH plasmas. The measurements are performed at two different lines-of-sight
to the target surfaces of Mo and Cu. Only at the observation angle close to the
Brewster one a significant drop of the measured red-shifted signal is detected for
the Mo target: the red-shifted emission reduces by ≈ 50% depending on whether
the transverse (S) or the parallel (P) polarization component of the reflected light
is selected. In contrast to this a very weak change of emission is observed for the
Cu surface for the same angle.
The spectra measured in front of the Mo target were modeled utilizing the
energy and angular distribution of reflected atoms, excitation cross-section of Ar-
H collision combined in a Doppler-shifted emission model. A good agreement with
the theoretical calculations is found for polarization components (except for the
weak P polarization at 70◦). Finally, the under-cosine distribution of reflected
atoms with b ≈ 0.2 (b is the power of the cosine distribution) shows the best
agreement with the spectra measured at both lines-of-sight.

Keywords : Doppler effect, polarization of light, plasma spectroscopy, plasma-solid
interaction, plasma diagnostic.
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1. Introduction

Polarization of light reflected at metallic surfaces repre-
sents one of the basic phenomena of light-matter inter-
action being extensively used in the fundamental and
industrial research such as physics of solids, physics
of thin films or laser physics. Especially the sensitiv-
ity of polarization to the surface morphology, e.g. the
transition from the specular to the diffusive type of
reflectance, makes polarization indispensable in many
areas of optics [1, 2].
However, accurate spectroscopic measurements of the
polarized reflectance of metallic surfaces during plasma
operation do not exist: external light sources such as
lasers have to be installed. Measurements of polariza-
tion in astrophysical and laboratory plasmas refer pri-
marily to phenomena of anisotropic excitation of spec-
tral lines induced by particle collisions [3], by impact
of electromagnetic fields [4, 5] or by combinations of
any of them [6, 7]. The measurements of polarization
of plasma facing components and its dynamics would
be indispensable in terms of numerous applications of
plasma treatment of the surface or due to the sensitiv-
ity of plasma diagnostics to the polarization properties
of optical components [8, 9].
It was shown recently that in low density (gas pres-
sure is about 0.05 Pa, plasma density is 1011cm−3)
and low temperature (electron temperature is 3-10
eV) plasma discharges the excitation of fast hydro-
gen atoms in the energy range of 100-300 eV in col-
lisions with Ar is much more efficient compared to ex-
citation by Kr or by other noble gases or by electron
collisions [10]. Moreover, the Doppler effect in front
of the surface could replace the time-resolved mea-
surements of reflectance in the laboratory to a certain
extent [11, 12, 13]. The measurements of the opti-
cal properties of metals at high temperatures or moni-
toring the degradation of optical properties are exam-
ples of new applications. The DSRM (Doppler-Shifted
Reflectance Measurements) diagnostic relies crucially
on the fact that in such ArH plasmas the hydrogen
atoms reflected at metallic surfaces with the kinetic
energy of 100-300 eV emit the photons only after they
pass the Child-Langmuir sheath. If the emission of
reflected atoms is isotropic the observed emission is
a superposition of two non interacting signals (i) the
blue-shifted, or the reference signal, is non-polarized
[14], whereas (ii) the red-shifted signal, being a result
of light reflection at the surface must contain the nec-

essary information on the degree of polarization by re-
flection. The change of the signal due to the polar-
ization properties of a W surface was already demon-
strated in Ref. [13], however the values of polariza-
tion could not be extracted since at large observation
angles the direct and the reflected emission intervals
overlap significantly. Indeed, the direct emission ap-
pears at the spectral interval according to the Doppler
effect at [λ0 (1− v0/c) , λ0 (1 + v0/c sin(θ0))] and the
reflected signal at [λ0 (1− v0/c sin(θ0)) , λ0 (1 + v0/c)].
Here, λ0 is the wavelength of the transition, c is the
speed of light in vacuum, v0 is the maximal velocity
of reflected atoms and θ0 is the observation angle be-
tween the line-of-sight and the surface normal. Thus,
the modeling of emission spectra is required to derive
the values of polarization for large observation angles.
The similar type of modeling was already performed in
high pressure (≈100 Pa) pure H or D gas discharges
[15, 16], however the optical properties of the surfaces
were not considered there. Instead, the relative con-
centrations and the corresponding reactions of H+, H+

2

or H+
3 ions played the decisive role, as the red-shifted

signal is dominated by the fast atoms approaching the
cathode. One of an open question is the type of the an-
gular distribution of the approaching fast atoms (Fig.
12.b [15]). These atoms are created as a result of
charge-exchange between the accelerated ions in the
sheath and the background gas [16]. Until now it is
not clear why such atoms demonstrated instead of the
”beam-like” the diffusive angular distribution (b = 1)
approaching the surface.
In the low density plasma discharges only the reflected
atoms could be detected, which simplifies the descrip-
tion considerably. The experimental data on the angu-
lar distribution of reflected atoms in low energy range
of incident ions represents the special interest on its
own. The routine measurements using ion beams are
only performed at energies of a few keV and the ex-
perimental data for the angular distribution of H or
D atoms in the energy range of 50-200 eV are hardly
available [17]. This low energy range below 1 keV is of
special interest for instance in fusion plasmas as the H+

ions, accelerated in the plasma sheath at the floating
potential to the values of 3-5Te [18], with electron tem-
perature Te=10-50 eV in the scrape-off layer, reenter
the plasma predominantly as fast atoms [17]. In this
energy range one has to rely on the data from codes
such as SRIM/TRIM [19, 20]. Benchmarked against
experimental data in the high energy range it is diffi-
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Figure 1. Top view of the experimental setup at PSI-2 in
equatorial plane. The plasma is generated at the hollow cathode
(HC). The optical measurements are performed at the target
(T ) positioned in one of the maximum of the hollow profile
with r=2.5 cm. The axial manipulator carrying the target is
moved along the z axis to be in the line-of-sight of 35◦ or 70◦,
respectively. For the 35◦observation the polarization of emission
was detected using the polarization plate (PP ) using the front
optics (A). For the 70◦ observation the polarization of emission
was detected using the polarization cube PC using the front
optics (B) and (C).

cult to conclude on their reliability in the low energy
range as rather controversial data are reported. The
cosine distribution for reflected particles is established
in the high energy limit of incident ions[17]. The mod-
eling of emission spectra of fast atoms provides not only
the degree of polarization by light reflection at Balmer
lines for specific metallic surfaces as well as the angular
distribution of reflected atoms in the energy range of
100 eV. This is the major aim of this paper.

2. Measurements of the Balmer-α line using

linear polarizers

The measurements presented in this paper have been
performed at the linear plasma device PSI-2 [21]. The
top view of the measurements is shown schematically
in Figure 1. The plasma is generated at the hollow
cathode (HC) and is driven toward the z axis of the
vacuum chamber by a pressure gradient. The magnetic
coils generate the magnetic field of ≈ 0.1 T. The
operating plasma pressure used in the experiment is
0.01-0.1 Pa. The plasma parameters are measured
using the Langmuir probe at the distance of 1 m from
the hollow cathode. The plasma profiles for electron
density and temperature are exemplified in Figure 2.
Thus, in our measurements in ArH plasma the electron
temperature is in the range of 4-5 eV and the electron
density is about 4·1011cm−3.

The spectra were measured at the lines-of-sight
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Figure 2. Profiles of electron density (a) and electron
temperature (b) measured using the Langmuir probe. The red
line with points are the measurements and the thin black line is
the spline approximation.

with the angles of 35◦ and 70◦ relative to the surface
normal of the target T using the high resolution spec-
trometer [10]. The choice of angles is determined by
the access to the target surface and by the Brewster
angle for Mo (≈ 80◦) and Cu (≈ 75◦) [22, 23]. The de-
tection of polarization was performed using two differ-
ent techniques. For the angle of 35◦ the polarizer with
transmission of 30% was rotated manually between the
measurements to record either the P or the S polariza-
tion of reflected light. In this case one assumes that
the plasma remains stable within the measurements
of 600 s, but both spectra are recorded at the same
position on the chip, using the optics A, so that the
unpolarized transmission losses and spectral resolution
are identical. Later, the manipulator was moved by
about 20 cm away from the plasma source along the
z axis to be placed in the line-of-sight of the angle of
70◦. The polarization cube was used for splitting the
signal into the P and S polarized components. The
principle advantage of the second approach is the si-
multaneous measurements of both polarizations, being
essential to prove the sensitivity of the Balmer lines
to the polarization by light reflection. In the second
case, however, the data for S and P polarization ap-
pear at different position on the chip and thus have
different transmission losses and slightly different spec-
tral resolution. Another disadvantage of the current
measurements at 70◦ is the angle of 20◦ between the
line-of-sight and the vacuum window, which results in
different transmission for S and P polarized light emit-
ted by the fast atoms. Nevertheless both effects are of
no relevance for the operation of the DSRM diagnos-
tic as the reflectance of the surface is derived from the
one spectrum only as the ratio of the red- to the blue-
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Figure 3. The axial manipulator used for the detection of
emission of fast atoms: 1- is the target holder, 2- is the ceramic
plate, 3- is the target of interest (Cu or Mo), 4- pin made of the
stainless steel with the length of 5 cm inserted into the ceramic
tube, 5- thermocouple element.

shifted signal. Figure 3 shows the details of the axial
manipulator which carries the targets (13x13 mm2).
The water cooled target holder is completely covered
by the ceramic plate (MACOR) including the pin with
the length of 50 mm, made of the stainless steel. Such
design of the manipulator was required to avoid the
impact of emission of fast atoms generated from the
target holder itself or the pin so that only the small
target of interest stays at the negative potential. In
contrast to the axial manipulator used in the previous
measurements the plasma terminates at the large tar-
get holder so that also the new thermocouple measur-
ing the temperature during the plasma exposure was
required.
Figure 4 shows the Balmer-α line emission using the S
polarizer at the angle of 70◦, e.g. its axis of polariza-
tion is parallel to the target surface and Figure 5 shows
the spectrum using the P polarizer. Both spectra are
taken simultaneously. By inserting the axial manipu-
lator into the plasma the floating potential Vf of -27 V
was measured on the target and the temperature of the
target was 93◦C. The detected Balmer-α line is shown
as black curve. This low-energy (background) compo-
nent is the most complex one in any kind of plasmas.
Its intensity [24] and polarization [25] are determined
by plasma parameters, origin of emission or excitation
mechanisms in the plasma. In the case of PSI-2 plasma
this line is formed by dissociation of molecules, excita-
tion by electrons and the charge-exchange between the
ions and atoms. By applying the negative potential
U of -120 V, the reflected atoms become detectable:
the kinetic energy of hydrogen atoms in the range of
100-200 eV allows to excite them into n=3 levels by col-
lision with Ar atoms in the ground or the metastable
fraction. Finally, the Doppler effect separates the emis-
sion induced by the reflected fast atoms at the sur-
face from the background line. The signal is shown
using the green and orange lines in Figures 4 and 5,
respectively. As a result the emission induced by fast
atoms contribute by about 20% to the intensity of the
background component. Moreover, the integrals of the
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Figure 4. Emission of the Balmer-α line in ArH plasma
measured at the angle of 70◦ in front of Mo target using the
S polarizer. The measured spectrum at the applied potential of
-120 V is shown using the green line, the spectrum measured at
the floating potential of -27 V is shown using the black line. The
spectrum of Balmer Dα (6561.01 Å) and Hα (6562.282 Å) lines
using the calibration lamp containing H and D gases installed in
front of the spectrometer is shown using the gray line.
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Figure 5. Emission of the Balmer-α line in ArH plasma
measured at the angle of 70◦ in front of Mo target using the
P polarizer (orange line). Other notations are the same as in
Figure 4

.

emission of fast atoms and the background component
becomes even comparable.
Strictly speaking the excitation of H atoms by collisions
with Ar atoms in the ground state demonstrates the
linear polarization on the order of 20% at the kinetic
energy of 100 eV. However, in contrast to the beam-like
experimental conditions [14] the reflected H atoms are
back-scattered in hemisphere of 2π from the surface,
therefore the polarization of observed emission must be
further suppressed. One expects that the polarization
of the red-shifted emission is solely determined by the
polarization by light reflection of the surface as no sig-
nal induced by fast atoms approaching the target with
pressures below 0.1 Pa exists. In order to exemplify
this the normalization on the blue-shifted part of the
emission from Figures 4 and 5 was performed. The
result confirms the expectation: emission of Balmer-α
in front of Mo target (Figure 6.a) demonstrates a drop
of the red-shifted signal relative to the blue-shifted one
by a factor of two. The observed variation of the red-
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Figure 6. Emission of the Balmer-α line in ArH plasma
measured at the angle of 70◦ in front of Mo (a) and Cu
(b) targets. The applied potential of -120 V, separates the
background or cold component from the emission induced by
fast atoms and reflectance. The S polarized emission is shown
using the green line, the P polarized emission is shown using
the orange line. The normalization factor between the S and
P polarized measurements was introduced for Cu (0.7) and Mo
(0.45) targets to depict the drop of the ratio between the red-
and the blue-shifted signals.

shifted signal can be hardly explained in terms of ex-
citation mechanisms in the plasma. According to [23]
the P polarized reflectance of Mo is on the order of
20% only, compared to 80% for the S polarized signal.
Thus, the polarization of light reflected at the metallic
surface provides the most natural qualitative explana-
tion of the experimental data. Nevertheless, in order
to exclude any role of plasma or polarization proper-
ties of the vacuum windows and the front optics the
measurements were repeated for the Cu target as well.
According to the optical properties of the Cu, not only
the overall reflectance increases to 90% for the wave-
length of the Balmer-α line, but one expects also a
rather weak change in the polarization behavior. That
is exactly what one observes in Figure 6.b again: (i)
the red-shifted signal stays practically constant and (ii)
the both spectra measured at the angle of 70◦ in Figure
6.b are practically symmetrical. Thus, the experimen-
tal spectra of emission of Balmer-α line are at least in a
qualitative agreement with the polarization properties
of targets of Mo, Cu and W [13].

3. Modeling of emission of fast atoms

In order to obtain the degree of polarization for
arbitrary angle of observation θ0 a model needs to be
introduced. We present here the details of the model
neglecting the temporal evolution of emission for the
first 2-3 mm in the plasma [26], e.g. describing the

emission in the steady-state phase only. Also the fine-
structure and the Zeeman splitting for the emission of
fast atoms are neglected.
The blue-shifted emission of reflected fast atoms can
be described as:

ǫb(∆λ, θ0) =

∫
v

f(v) < σv > dv3, (1)

where ǫb(∆λ, θ0) has the dimension of excitation rate
coefficient. It represents the convolution between the
normalized distribution function of reflected atoms
f(v) with

∫
v
f(v)dv3 = 1 and excitation rate

coefficient of H atoms by collisions with Ar in the
ground or metastable levels < σv > detected at the
Doppler shift ∆λ = λ−λ0 with ∆λ/λ0 = veθ0/c. Here
eθ0 is the unit vector along the line-of-sight and σ is
the corresponding cross section. The spectral radiance
and the line intensity of fast atoms, can be further
calculated as:

Lb(∆λ, θ0) =
1

4π

hc

λ
NHNArlǫb(∆λ, θ0),

Ib(θ0) =

∫
∆λ

Lb(∆λ, θ0)d(∆λ),

where l is the integration length along the line-of-sight,
h is the Planck constant, NH is the density of reflected
atoms, NAr is the density of Ar or its metastable
fraction, Lb(∆λ, θ0) is the spectral radiance and Ib is
line intensity. We note, that the emitted power per
unit volume and per unit sold angle Ib(θ0)/l remains
constant, though the profile of emission varies as a
function of angle. This fact was used to control the
simulation.
The full modeling of the Doppler-shifted emission
can be separated into an atomic and a kinetic part.
The major advantage of experiments in low density
plasma compared to the high density gas discharges
is a relatively simple atomic physics description as
practically only one rate coefficient is required, e.g.
namely the excitation of H by Ar atoms. The
parametrization of the experimental data [14] was done
using the following expression for the Balmer-α and
Balmer-β lines:

k = e−(p0/E)p1 · (p2 + p3 ln(E)) (2)

and the results of the fit using the formula (2) are
shown in Figure 7. We note that for the energies above
200 eV another expression for the emission should be
used. The thermal energy of Ar atoms is negligibly
small compared to the kinetic energy of the reflected
H atoms so that the rate coefficient is the product
between the cross section and the velocity of H atoms.
One expects that the temperature of Ar atoms stays
close to the hydrogen background below 0.1 eV [10].
The kinetic part of the distribution function of reflected
atoms is more complicated. First, we separated the



6

 0.5

 1

 1.5

 2

 2.5

 20  40  60  80  100  120  140  160  180  200

Hα

Hβ (x10)
E

m
is

si
on

 r
at

e 
co

ef
fic

ie
nt

, 1
0-9

 c
m

3 /s

Energy of H atom, eV

Figure 7. Emission rate coefficients for the Balmer-α and the
Balmer-β (multiplied by a factor of ten) lines. The solid lines
are experimental data from [14] and the dashed lines are the
results of the fit. For the Balmer-α line the coefficients {pi} =
{47.48, 2.15, 2.24 ·10−9,−2.53 ·10−10} and for the Balmer-β line
the coefficients {pi} = {83.3, 1.67, 7.29 · 10−10,−8.54 · 10−11}.

distribution function in the angular and the energy
dependent part:

f(θ, E) = G(θ)F (E). (3)

For the angular distribution function the expression
from reference [15] was used:

G(θ) =
1 + b

2π
cosb(θ), (4)

where θ is the polar angle. The energy-dependent part
was described using the following approximation:

F (x) = A
1− x

(2− x0 − x)a
. (5)

Here x = E/E0 ≤ 1 is a normalized dimensionless
energy, E is the energy of reflected atoms and E0 =
E0(Ei,m1,m2) is the maximal energy of reflected atom
as a result of the binary collisions between the H atoms
with mass m1 and the target atom of Mo or Cu with
the mass m2 [17], Ei is the kinetic energy of ions
impinging the surface. We note that in contrast to
the Thompson distribution function of the sputtered
particles for the reflected atoms a unified description
does not exist. The initial parameters of distribution
function A, x0, a, b were obtained by parametrization
of the output of the TRIM.SP for Mo and Cu at
incident energy of H ions of 100 eV. The position of the
maximum of the energy distribution depends mostly on
x0 and its width on 1/a value. The parameter A was

used for the normalization of the integral
∫ 1

0
F (x)dx.

In the forthcoming analysis neither the value A nor the
absolute values of the excitation rate coefficient plays
the role as the DSRM diagnostics depends on the ratio
of the red- to the blue-shifted signals only. The results
of calculations using the SDTRIM.SP(4.15) code with
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Figure 8. Angular distribution function of reflected atoms
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2 · 106 particles is exemplified in Figures 8 and 9. The
energy of the H+ ions was assumed to be 100 eV in
these calculations, the surface binding energy of 1 eV
for both elements. In Figure 8 we show the angular
distribution function for H on Mo and H on Cu. The
results show the over-cosine distribution function with
parameter b ≈1.5-1.6 for both targets. The angular
distribution could be well described by expression (4)
except for those atoms emitted at the angles above 70◦.
However the number of such atoms is relatively low
compared to the angles of 45◦. The calculated results
reproduce the data of [27]: in the energy range above
30 eV the over-cosine distribution was expected for H
impinging on Ni or W targets. By considering only the
atoms in the energy range of 50-100 eV the distribution
function will be less peaked with b ≈1.36. These data
from the TRIM code validate our assumption on the
separation of distribution function into the energy and
angular dependent parts, e.g. the parameter b varies on
the order of 20-30%. In general case such separation is
not always possible as for instance shown for sputtered
atoms [28]. In Figure 9 the energy distribution function
of reflected atoms is exemplified. Most of the atoms
leave both targets with the average energy of 80-90 eV
and the width of the energy distribution corresponds
to about 30-40 eV. In addition to the parameters of
distribution function (x0,a,b) the scaling factors Cb,r

between the experimental and the modeled spectrum
from eauation 1 and the maximal energy of reflected
atoms E0 were considered as the free parameters in
the fit.Whereas the ratio between Cr and Cb (index
r or b refers to the red- or the blue-shifted part of
the spectrum) defines the polarization properties of
the mirror, the maximal energy of reflected atoms
E0 is of secondary importance. This value is known
no better than with an accuracy of 10-20 eV as
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the measurements of plasma potential φp using the
Langmuir probe in mixed plasmas are rather uncertain
Ei = e(U − φp). Also the uncertainty in the source of
excitation of H atoms by collision with Ar atoms is
still not resolved. We did not include the instrumental
function, fine-structure separation and the Zeeman
effect in the modeling of fast atoms.On the one hand,
the instrumental broadening (3-5 eV) leads to the
higher detected energy of reflected atoms. On the other
hand, it was shown [14] that the measured emission
cross sections of the Balmer lines are mostly due to
population of 3d levels of reflected atoms. It will
result in the asymmetry of the emission toward the
red-shifted wavelengths compared to the statistical
distribution. Finally, a presence of a weak molecular
lines deteriorates the accurate measurements of the
onset of emission [29]. Therefore, we left the detected
maximal energy of reflected atoms as free parameters
for the blue- and the red-shifted signals: E0b and
E0r. Thus the modeling of the blue-shifted component
included four parameters {Cb, E0b, x0, a, b}. For the
red-shifted signal only two free parameters were used
{Cr, E0r} as the distribution function must remain
symmetrical in the measurements: the loss of the
specular reflectance for the cooled target even after one
hour of exposure was observed on the order of 5% only
[12, 13].
The results of the modeling for the measurements

of emission using the S direction of linear polarizer
at the applied potential of -100 V are shown in
Figure 10. The model includes the simultaneous
description of the emission induced by the reflected
atoms and the background components according to
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Figure 10. Example of the modeling of the emission spectra
measured at the angle of 35◦ (a) and 70◦ (b) using the S
direction of linear polarizer for the Mo target. The experimental
spectra is shown green and the results of the modeling for
different combination of parameters of the angular and the
energy distribution function (x0=0.85, a, b) are shown in black
for different type lines. The emission profile assuming the
distribution function from the TRIM code simulation is shown
in gray (x0=0.85, a=2.5, b=1.5). The dot-dot blue and red
curves exemplify the blue-shifted and red-shifted components of
emission induced by fast atoms with b=0.2.

[10]. The initial profile of the simulations was obtained
by the parametrization of the TRIM code data and
convolution of emission rate, distribution function and
Doppler effect.
A substantial disagreement between the measured
(green profile) and the simulated emission profile of
fast atoms using the TRIM data (gray line) is detected
by analyzing the emission at the angle of 35◦. It
seems that it is not possible to obtain the reasonable
description of the measured emission, though the
intensity of the red and the blue-shifted signals Cr and
Cb were only guessed here. The numbers of reflected
atoms with the energy of 50-100 eV must be reduced
or the angular distribution of the reflected atoms has
to be flattened in order to fit the experimental data.
The parameters Cb,r, a and b were modified and the
value of x0=0.85 was kept constant. Using the new
set of parameters the emission spectrum could be
described reasonably well in the high energy range (60-
100 eV) for many combinations of parameters b and a
irrespective on the question if the energy distribution
determined by the parameter a is physically correct or
not in the low energy range. Thus for instance, for b ≥
1 the parameter a has to be reduced (a < 1) to describe
the spectra, however, these solutions could be hardly
acceptable. We note that the behavior of the function
F (x) at x values below 40 eV could not be traced due
to rapid drop of the excitation rate coefficients. By
decreasing the parameter b toward the values of 0.2-0.4
even the low spectral energy range could be described
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Figure 11. Example of the modeling of the emission spectra
measured at the angle of 35◦ (a) and 70◦ (b) using the P
direction of linear polarizer for the Mo target. The experimental
spectra are shown in orange and the results of the modeling
for different combination of parameters of the angular and the
energy distribution function (x0 = 0.85) are shown using black
lines. The dot-dot blue and red curves exemplify the blue-shifted
and red-shifted components of emission induced by fast atoms
with b=0.2.

reasonably well. Finally for the values with b=0.2
and a=1.24 one obtains the most accurate description
of the spectrum. In fact, the shown examples of
the modeling demonstrate the major deficit of the
simulation of Doppler shifted emission: using one
light-of-sight only a number of solutions for angular
and energy distribution is obtained, i.e. the results
are ambiguous. The integrated characteristic of the
emission does not allow a clear separation between
the angular and the energy part. The description
with b=0.2 shows that the number of energetic atoms
is reduced compared to TRIM results but also the
angular distribution is much broader as expected. The
uncertainty in the distribution function of reflected
atoms could be removed only by considering the
emission at the angle of 70◦ (Figure 10.b). Also
for this angle the model provides a rather good
description of the emission. The difference between the
experimental and the theoretical spectrum exists only
in the regions close to the unshifted component. The
possible solutions with b > 1 considered for the angle
of 35◦ must be rejected as the model overestimates the
experimental spectra in the low energy intervals: the
number of atoms which are reflected perpendicularly
to the target is higher as in the experiment. The
solution with b=0.6 for the blue-shifted and with b=0.2
for the red-shifted interval demonstrates a rather good
agreement with the experimental spectrum. The value
of the parameter a=1.91 obtained at this line-of-sight is
higher by about 50% compared to the angle of 35◦. One
of the possible reason of this difference is a contribution
of the light reflectance to the blue-shifted signal. The
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Figure 12. Parameters of the energy and angular distribution
functions obtained by fitting the spectra at the angles of 35◦

and 70◦ for different values of x0: x0 = 0.8 (lines with circles),
x0 = 0.85 (lines with squares), x0 = 0.9 (lines with triangles).

inaccuracy of the model in the description of the atoms
moving parallel to the target, for instance, due to the
separation into the energy and the angular part, results
in the overestimation of the parameter a. In fact the
measurements with P direction of polarization should
provide identical values for the energy and angular
distribution function as only the ratio between the
normalization constant Cr/Cb could be changed. One
also expects a much better agreement for the parameter
a obtained from the both angles as the contribution of
light reflectance to the blue-shifted part is suppressed.
It is indeed observed in Figure 11. Again, the values of
parameter b=0.2 provide the most accurate description
for both lines-of-sight. The values of the parameter a
derived at the angle of 70◦ approach those at 35◦. In
order to confirm that the value of parameter b = 0.2
shows the most probable solution for both angles we
varied the parameter x0 as well and investigated the
behavior of different combinations {a, b} for both lines-
of-sight for the data using the P polarizer. The results
of calculations at different values of the parameter
x0 are summarized in Figure 12. The data for the
observation angle of 70◦ are shown using the solid lines
and for the 35◦ using the dashed lines. The general
behavior of the curves confirms the results in Figures 10
and 11. So for instance, for the angle of 35◦, one could
compensate the high b values by lowering the number of
particles with high energy and reducing the parameter
a. For the angle of 70◦ both parameters must be
increased simultaneously to describe the spectra of fast
atoms. The curves approach or cross each other for the
range of parameters a=1.2-1.7 and b=0.1-0.2.
The ratio of coefficients Cr/Cb defines the polarization
of Mo target using the emission at the Balmer
line. Figure 13 summarizes the obtained values of
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Figure 13. Polarization of reflectance defined as the ratio
between the red- (Cr) and the blue-shifted (Cb) emission (red
points) and the theoretical values from [23] (black line). The top
panel corresponds to the S polarization Rs, the middle panel to
the P polarization Rp and the lowest panel to the difference
Rs − Rp.

polarization and compares them with the theoretical
values. First of all the experimental data demonstrate
a relatively weak dependence on the parameter of
the angular distribution b. For instance the solution
with different b varying from 0.2 to 1.0 results in the
variation of reflectance no more than by 7% for both
polarizations at the angle of 35◦. In case of very weak
reflectance measured at the angle of 70◦ the variation
is much stronger and one obtains the values ranging
from 0.17 to 0.3. In fact it shows that for materials
with high reflectance the measured values could be
derived even with unknown parameters of distribution
functions. It could happen if for instance only one
line-of-sight is available. In all cases the increase of
the b value stimulates stronger separation between
the non-polarized (blue-shifted) and polarized (red-
shifted) signal so that the reflectance increases in all
cases. The agreement between the measured and the
theoretical data for both angles is found within 15%
(except of P polarization at the angle of 70◦).

4. Discussion and Conclusion

In this paper we investigated the impact of polarization
by reflection on the line shapes of Balmer lines induced
by reflected atoms in low density ArH gas discharges.
It was shown that if one observes the Balmer lines close
to the Brewster angle in front of metallic (conductive)
surfaces, the polarization causes a a significant impact
on the line shapes. The effect depends on the materials
of the mirror, for instance the strong variation of the

red-shifted part in the spectra of Mo and W [13] on the
order of 50% is detected, whereas for Cu a very weak
variation is measured. The results correlate clearly
with the optical properties of the materials. In contrast
to our previous measurements at 35◦, for large angles
of observations with respect to the surface normal the
values of polarization can be derived only using the
appropriate models: the overlap between the direct and
reflected light is too strong to use the ratio between the
corresponding integrals [12].
Using one angle of observation only the number of
solutions for energy and angular distribution could
sufficiently well describe the spectrum. However, by
using another angle of observation many combinations
must be dropped. The angular distribution with
parameter b ≈ 0.2 provides the best description of
the spectra measured for Mo surface for both angles
and for both polarizations. The number of high
energy reflected atoms is less than the TRIM code
provides, e.g. the parameter a has values between
1.2-1.9. We note that only the emission of the atoms
with the energy above 40-60 eV could be traced using
this technique. The disagreement with the TRIM
code input is obvious, however one should take into
account that the simulations do not consider neither
the ion implantation into the material, nor the surface
morphology or retention of hydrogen. We are not
aware of any other results in the energy range of 100 eV
of incident H ions to be compared with. At the energy
of 2000 eV the angular distribution of H on AuPd was
found on the order of b ≈ 0.6 in [15] confirming broader
angular distribution compared to the diffusive one.
The degree of polarization by reflection at Balmer-
α line is in good agreement with the theoretical
data (15%) using b = 0.2 (Figure 13). Since the
results are very weak function of exact distribution
function of reflected atoms the DSRM diagnostic is
especially attractive for future applications. The
derived polarization increases by peaking the angular
distribution of reflected atoms. So, for instance,
for the observation angle of 70◦ the value of S
polarization increases from 0.72 to 0.78 only. However,
the difference is large for rather weak values of
polarization as it is difficult to fit the red-shifted
emission accurately. The values of polarization are
found systematically higher for the angle of 35◦

and systematically lower for 70◦. In the first case
for instance the measurements provide the values of
polarization of 0.67 compared to 0.65 (S) and 0.63
compared to 0.53 (P). For the angle of 70◦ the situation
is the opposite, the derived values of polarization are
underestimated with 0.72 compared to 0.83 (S) and
0.17 compared to 0.23 (P) [23]. Such systematic offset
is most probably connected with the limitation of the
experimental setup but not with the approach itself.
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Indeed, as exemplified in Figure 1, the measurements
at different angles are also made from the different sides
of the plasma PSI-2 including the axial shift of the
target. It could be partially confirmed by analyzing the
difference in the Rs −Rp values. In this case the offset
in the measurements must be partially removed. The
difference between the measured and the theoretical
data is in the order of 0.05. We should mention that
the most recent theoretical data [30] (Table 8) show the
values of 0.28 (n=3.17, k=3.7) for the P reflectance at
650 nm reducing the theoretical results Rs −Rp closer
to our values.
The measurements of polarization by light reflection at
metallic surfaces represent the powerful enhancement
to the DSRM diagnostic. Without doubt it is
hardly possible to obtain the polarization degree with
the same precision as with the help of specialized
instruments. However, such measurements could be
applied if the status of a mirror or a plasma facing
surface can be monitored using the one line-of-sight
only. In this case the emission induced by reflected
fast atoms represents one of the few if not the only
available technique to perform this task in the absence
of other light sources.
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Reinhart, B. Schweer, G. Sergienko, and B. Unterberg,
Fus. Sci. Technol. 68 8 (2015)

[22] M.N. Polyanskiy, Refractive index database

https://refractiveindex.info. Accessed on 2018-12-
14

[23] W.S.M. Werner, K. Glantschnig, and C. Ambrosch-Draxl,
J. Phys Chem Ref. Data 38 1013 (2009)
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