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ABSTRACT

The degree of linear polarization of light reflected at metallic surfaces is obtained from the shape of the Balmer-o 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 and
excitation of the cross section of Ar-H collision combined in a Doppler-shifted emission model. A good agreement with the theoretical calcu-
lations is found for polarization components (except for the weak P polarization at 70°). Finally, the undercosine distribution of the 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.

Published under license by AIP Publishing.

I. INTRODUCTION

Polarization of light reflected at metallic surfaces represents one
of the basic phenomena of light-matter interaction being extensively
used in the fundamental and industrial research such as physics of
solids, physics of thin films, or laser physics. Specifically, the sensitivity
of polarization to the surface morphology, e.g., the transition from the
specular to the diffusive type of reflectance, makes polarization indis-
pensable in many areas of optics.

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 polarization in astrophysical and laboratory plasmas
refer primarily to phenomena of anisotropic excitation of spectral lines
induced by particle collisions,” by the impact of electromagnetic
fields,”” or by combinations of any of them.”” 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 sensitivity of plasma diagnostics to the
polarization properties of optical components.

It was shown recently that in low density (the gas pressure is
about 0.05 Pa, and the plasma density is 10'' cm™) and low tempera-
ture (the electron temperature is 3-10 eV) plasma discharges, the exci-
tation of fast hydrogen atoms in the energy range of 100-300¢eV in
collisions with Ar is much more efficient compared to excitation by
Kr or by other noble gases or by electron collisions. ~ Moreover, the
Doppler effect in the front of the surface could replace the time-
resolved measurements of reflectance in the laboratory to a certain
extent. The measurements of the optical properties of metals at
high temperatures or monitoring the degradation of optical properties
are examples 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
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isotropic, the observed emission is a superposition of two noninteract-
ing signals: (i) the blue-shifted, or the reference signal, is nonpolar-
ized,” whereas (ii) the red-shifted signal, being a result of light
reflection at the surface, must contain the necessary information on
the degree of polarization by reflection. The change of the signal due
to the polarization properties of a W surface was already demonstrated
in Ref. 13; however, the values of polarization could not be extracted
since at large observation angles, the direct and the reflected emission
intervals overlap significantly. Indeed, the direct emission appears at
the spectral interval according to the Doppler effect at [1o(1 — vo/c),
Ao(1+vp/csin(0p))] and the reflected signal at [Ao(1 — vo/
csin (6y)), 20(1 + vo/c)]- Here, 4 is the wavelength of the transition,
¢ is the speed of light in vacuum, v, is the maximal velocity of reflected
atoms, and 0 is the observation angle between 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.

A similar type of modeling was already performed in high pres-
sure (=100 Pa) pure H or D gas discharges; ~ * however, the optical
properties of the surfaces were not considered there. Instead, the rela-
tive concentrations and the corresponding reactions of H*, Hy, or Hy
ions played the decisive role, as the red-shifted signal is dominated
by the fast atoms approaching the cathode. One open question is the
type of angular distribution of the fast approaching atoms [Fig. 12(b),
Ref. 15]. These atoms are created as a result of charge-exchange
between the accelerated ions in the sheath and the background gas.
Until now, it is not clear why such atoms demonstrated instead
“beamlike” diffusive angular distributions (b=1) approaching the
surface.

In the low density plasma discharges, only the reflected atoms
could be detected, which simplifies the description considerably. The
experimental data on the angular distribution of the reflected atoms in
the low energy range of incident ions represent the special interest on
its own. The routine measurements using ion beams are only per-
formed at energies of a few kilo-electron-volts and the experimental
data for the angular distribution of H or D atoms in the energy range
of 50-200eV are hardly available.” This low energy range below
1keV 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 3-5T,, * with electron temperature T, = 10-50€V in the
scrape-off layer, reenter the plasma predominantly as fast atoms. * In
this energy range one has to rely on the data from codes such as
SRIM/TRIM. " Benchmarked against experimental data in the high
energy range, it is difficult to conclude on their reliability in the low
energy range as rather controversial data are reported. The cosine dis-
tribution for reflected particles is established in the high energy limit
of incident ions. * The modeling of emission spectra of fast atoms
provides not only the degree of polarization by light reflection at
Balmer lines for specific metallic surfaces but also the angular distribu-
tion of reflected atoms in the energy range of 100 eV. This is the major
aim of this paper.

Il. MEASUREMENTS OF THE BALMER-« LINE USING
LINEAR POLARIZERS

The measurements presented in this paper have been performed
at the linear plasma device PSI-2.”" The top view of the measurements
is shown schematically in . The plasma is generated at the hollow
cathode (HC) and is driven toward the z axis of the vacuum chamber
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FIG. 1. Top view of the experimental setup at PSI-2 in the 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 maxima 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°. 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 polari-
zation cube PC using the front optics (B) and (C).

by a pressure gradient. The magnetic coils generate the magnetic field
of ~0.1 T. The operating plasma pressure used in the experiment
is 0.01-0.1Pa. 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 . Thus, in our measurements in ArH plasma, the electron
temperature is in the range of 4-5eV and the electron density is
about 4 x 10" cm™,
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FIG. 2. Profiles of electron density (a) and electron temperature (b) measured using
the Langmuir probe. The red line with points is the measurements, and the thin
black line is the spline approximation.
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The spectra were measured at the lines-of-sight with the angles of
35° and 70° relative to the surface normal of the target T using the
high resolution spectrometer.'’ The choice of angles is determined by
the access to the target surface and by the Brewster angle for Mo
(~80°) and Cu (x75°).”>"" The detection of polarization was per-
formed using two different techniques. For the angle of 35°, the polar-
izer with a transmission of 30% was rotated manually between the
measurements to record either the P or the S polarization of the
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 simultaneous measurements of both polarizations,
being essential to prove the sensitivity of the Balmer lines to the polari-
zation by light reflection. In the second case, however, the data for S
and P polarization appear at different positions on the chip and thus
have different transmission losses and slightly different spectral resolu-
tions. 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 emitted by
the fast atoms. Nevertheless, both effects are of no relevance for the
operation of the DSRM diagnostic as the reflectance of the surface is
derived from the one spectrum only as the ratio of the red- to the
blue-shifted signal. Figure 3 shows the details of the axial manipulator
which carries the targets (13 x 13 mm?). The water cooled target hol-
der is completely covered by the ceramic plate (MACOR) including
the pin with the length of 50 mm, made of the stainless steel. Such a
design of the manipulator was required to avoid the impact of emis-
sion of fast atoms generated from the target holder itself or the pin so
that only the small target of interest remains at the negative potential.
In contrast to the axial manipulator used in the previous measure-
ments, the plasma terminates at the large target holder so that a new
thermocouple also measuring the temperature during the plasma
exposure was required.

Figure 4 shows the Balmer-o line emission using the S polarizer
at the angle of 70°, e.g, its axis of polarization is parallel to the target
surface, and Fig. 5 shows the spectrum using the P polarizer. Both
spectra are taken simultaneously. By inserting the axial manipulator

FIG. 3. The axial manipulator used for the detection of emission of fast atoms: 1—the
target holder, 2—the ceramic plate, 3—the target of interest (Cu or Mo), 4—pin made
of the stainless steel with the length of 5cm inserted into the ceramic tube, and
5—thermocouple element.
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FIG. 4. Emission of the Balmer-« line in ArH plasma measured at the angle of 70°
in the front of Mo target using the S polarizer. The measured spectrum at the applied
potential of —120V is shown using the green line, and the spectrum measured at
the floating potential of —27V is shown using the black line. The spectra of Balmer
D, (6561.01 A) and H, (6562.282 A) lines using the calibration lamp containing H
and D gases installed in the front of the spectrometer are shown using the gray line.

into the plasma, the floating potential V; of —27 V was measured on
the target and the temperature of the target was 93 °C. The detected
Balmer-o line is shown by the black curve. This low-energy (back-
ground) component is the most complex one in any kind of plasma.
Its intensity” and polarization”” are determined by plasma parame-
ters, origin of emission, or excitation mechanisms in the plasma. In
the case of PSI-2 plasma, this line is formed by dissociation of mole-
cules, excitation by electrons, and the charge exchange between the
ions and atoms. By applying the negative potential U of —120V, the
reflected atoms become detectable: The kinetic energy of hydrogen
atoms in the range of 100-200 eV allows them to excite into n = 3 lev-
els by collision with Ar atoms in the ground or the metastable fraction.
Finally, the Doppler effect separates the emission induced by the
reflected fast atoms at the surface from the background line. The signal
is shown using the green and orange lines in Figs. 4 and 5, respectively.
As a result the emission induced by fast atoms contributes by about
20% to the intensity of the background component. Moreover, the
integrals of the emission of fast atoms and the background component
become 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
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FIG. 5. Emission of the Balmer-« line in ArH plasma measured at the angle of 70°
in the front of the Mo target using the P polarizer (orange line). Other notations are
the same as in Fig. 4.
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the beam-like experimental conditions, = the reflected H atoms are
back-scattered in the hemisphere of 27 from the surface, and therefore,
the polarization of observed emission must be further suppressed. One
expects that the polarization of the red-shifted emission is solely deter-
mined by the polarization by light reflection of the surface as no signal
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 and 5 was performed. The
result confirms the expectation: Emission of Balmer- in the front of
the Mo target [ ] demonstrates a drop of the red-shifted signal
relative to the blue-shifted one by a factor of two. The observed varia-
tion of the red-shifted signal can be hardly explained in terms of exci-
tation mechanisms in the plasma. According to Ref. 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 properties of the vacuum windows and
the front optics, the measurements were repeated for the Cu target as
well. According to the optical properties of Cu, not only the overall
reflectance increases to 90% for the wavelength of the Balmer-o line,
but also one expects a rather weak change in the polarization behavior.
This is what exactly one observes in again: (i) the red-shifted
signal remains practically constant and (ii) both the spectra measured
at the angle of 70° in are practically symmetrical. Thus, the
experimental spectra of emission of the Balmer-o line are at least in
qualitative agreement with the polarization properties of targets of
Mo, Cu,and W.

lll. MODELING OF EMISSION OF FAST ATOMS

In order to obtain the degree of polarization for the arbitrary
angle of observation 0, a model needs to be introduced. We present
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FIG. 6. Emission of the Balmer-« line in ArH plasma measured at the angle of 70°
in the front of Mo (a) and Cu (b) targets. The applied potential of —120V 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, and 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.
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here the details of the model neglecting the temporal evolution of
emission for the first 2-3mm in the plasma,”” 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 the reflected fast atoms can be
described as

er(A4, 0y) = Jf(v)(av)dv3, (1)
where €,(AA, 6p) has the dimension of the excitation rate coefficient.
It represents the convolution between the normalized distribution
function of reflected atoms f (v) with [ f(v)dv* = 1 and the excitation
rate coefficient of H atoms by collisions with Ar at the ground or
metastable levels (gv) detected at the Doppler shift AL = A — 1y with
AL/ 2y = vey, [c. Here ey, is the unit vector along the line-of-sight and
o is the corresponding cross section. The spectral radiance and the line
intensity of fast atoms can be further calculated as

1 hc
Lb(A/l, 00) = ETNHNAJQ,(A)», (‘)0),
100) = | Lu(A% 00)d(82),
AL

where [ is the integration length along the line-of-sight, 4 is the Planck
constant, N is the density of the reflected atoms, Ny, is the density of
Ar or its metastable fraction, L, (A4, 0p) is the spectral radiance, and I,,
is the line intensity. We note that the emitted power per unit volume
and per unit sold angle I,,(0y) /I remains constant although 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 sepa-
rated into an atomic and a kinetic part. The major advantage of experi-
ments 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 ~ was done
using the following expression for the Balmer-o and Balmer-f lines:

k=" /B (p, + psIn (E)), )

and the results of the fit using formula (2) are shown in . 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
remains close to the hydrogen background below 0.1eV. "~ The kinetic
part of the distribution function of the reflected atoms is more compli-
cated. First, we separated the distribution function in the angular and
the energy dependent part

f(0,E) = G(O)F(E). 3)
For the angular distribution function, the expression from Ref. 15 was
used,

14D

G(0) - cos’(0), 4)

where 0 is the polar angle. The energy-dependent part was described
using the following approximation:
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FIG. 7. Emission rate coefficients for the Balmer-a and the Balmer-/3 (multiplied by
a factor of ten) lines. The solid lines are experimental data from Ref. 14, and the
dashed lines are the results of the fit. For the Balmer-a line, the coefficients
{pi} = {47.48,2.15,2.24 x 10~°, —2.53 x 10_'°}, and for the Balmer-g line,
the coefficients {p;} = {83.3,1.67,7.29 x 100, —8.54 x 10~""}.

1—x

F(x) = o

)
Here, x = E/Ey < 1 is a normalized dimensionless energy, E is the
energy of reflected atoms, and Ey = Ey(E;, m;, m,) is the maximal
energy of the reflected atom as a result of the binary collisions between
the H atoms with mass m,; and the target atom of Mo or Cu with the
mass m,, ~ E; 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, xy,a,b
were obtained by parametrization of the output of the TRIM.SP for
Mo and Cu at an incident energy of H ions of 100 eV. The position of
the maximum of the energy distribution depends mostly on x, and its
width on the 1/a value. The parameter A was used for the normaliza-
tion of the integral fol 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 2 x 10° particles are exemplified in

and 9. The energy of the H" ions was assumed to be 100 eV in these
calculations, and the surface binding energy was leV for both
elements. In , we show the angular distribution function for H on
Mo and H on Cu. The results show the overcosine distribution func-
tion with parameter b ~ 1.5-1.6 for both targets. The angular distribu-
tion 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 Ref. 27: in the energy range above 30 eV, and the
overcosine distribution was expected for H impinging on Ni or W tar-
gets. 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 the
distribution function into the energy and angular dependent parts,
e.g., the parameter b varies on the order of 20%-30%. In the general
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FIG. 8. Angular distribution function of reflected atoms 27G(#) sin () for H on Mo
and H on Cu at the incident energy of H' ions of 100 eV.

case, such separation is not always possible as for instance shown for
sputtered atoms.” In , the energy distribution function of the
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 distri-
bution corresponds to about 30-40 eV. In addition to the parameters
of distribution function (xo, a, b) the scaling factors Cp, between the
experimental and the modeled spectrum from Eq. (1), and the maxi-
mal energy of reflected atoms E, were considered as the free parame-
ters in the fit. Whereas the ratio between C, and C,, (index r or b refers
to the red- or the blue-shifted part of the spectrum) defines the polari-
zation properties of the mirror, the maximal energy of reflected atoms
E, is of secondary importance. This value is known not better than
with an accuracy of 10-20 eV as the measurements of plasma potential
¢, using the Langmuir probe in mixed plasmas are rather uncertain

§ 2r HonCu = oy g
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FIG. 9. Energy distribution function of reflected atoms F(x) for H on Mo and H on
Cu at the incident energy of the ions E~=100eV. The calculated fraction of neutral
particles Ry(E;) in the TRIM code equals 0.54 and 0.58 for H on Cu and H on Mo,
respectively. The data with points are the output from the TRIM code, and the gray
lines are the result of the fit according to expression
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E; = e(U — ¢,). 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 (3-5eV) leads to the higher detected energy
of reflected atoms. On the other hand, it was shown = that the mea-
sured emission cross sections of the Balmer lines are mostly due to the
population of 3d levels of the reflected atoms. It will result in the asym-
metry of the emission toward the red-shifted wavelengths compared
to the statistical distribution. Finally, the presence of weak molecular
lines deteriorates the accurate measurements of the onset of emis-
sion.” Therefore, we left the detected maximal energy of reflected
atoms as free parameters for the blue- and the red-shifted signals: Eop
and Ep,. Thus the modeling of the blue-shifted component included
four parameters { Cy, Egp, X0, 4, b}. For the red-shifted signal, only two
free parameters were used {C,, Ey, } 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.

The results of the modeling for the measurements of emission
using the S direction of the linear polarizer at the applied potential of
—100V are shown in . The model includes the simultaneous
description of the emission induced by the reflected atoms and the
background components according to Ref. 10. The initial profile of the
simulations was obtained by the parametrization of the TRIM code
data and convolution of the 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

Doppler shift in energy units, eV
100 80 60 40 20 0 20

a) 35°

40 60 80 100

F
52
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FIG. 10. Example of the modeling of the emission spectra measured at the angles
of 35° (a) and 70° (b) using the S direction of the linear polarizer for the Mo target.
The experimental spectra are shown in green, and the results of the modeling for
different combinations of parameters of the angular and the energy distribution
function (xo=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 (xo=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.
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(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 although the intensities of the red and the blue-
shifted signals C, and C, 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 Cj,, g, and b were modi-
fied, and the value of xo = 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 of the question if the energy distribu-
tion 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 the 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 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 distribu-
tion are obtained, i.e., the results are ambiguous. The integrated char-
acteristic 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 the 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° [

]. Also, for this angle, the model provides a rather good descrip-
tion of the emission. The difference between the experimental and the
theoretical spectra 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 perpendicular 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 reasons for this difference is a contribution of
the light reflectance to the blue-shifted signal. The 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 measure-
ments with the P direction of polarization should provide identical
values for the energy and angular distribution function as only the
ratio between the normalization constant C,/C, 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
Again, the values of parameter b=0.2 provide the most accurate
description for both the 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 the angles, we varied the parameter x, as well and investigated
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FIG. 11. Example of the modeling of the emission spectra measured at the angle of
35° (a) and 70° (b) using the P direction of the linear polarizer for the Mo target.
The experimental spectra are shown in orange, and the results of the modeling for
different combinations of parameters of the angular and the energy distribution
function (xo = 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.

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 x, are summarized in . The data for the
observation angle of 70° are shown using the solid lines and for 35°
using the dashed lines. The general behavior of the curves confirms
the results in and 11. So, for instance, for the angle of 35°, one
could compensate the high b values by lowering the number of par-
ticles with high energy and reducing the parameter a. For the angle of
70°, both the 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.

3.5
3_

s 25 |

(0]

e 2

s 15|

o

a4
0.5 |
0 L L L L L L L L

0 0102030405060.70.809 1
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FIG. 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 xo: xp = 0.8 (lines with
circles), xp = 0.85 (lines with squares), and xo = 0.9 (lines with friangles).

ARTICLE scitation.org/journal/php

The ratio of coefficients C,/C, defines the polarization of the Mo
target using the emission at the Balmer line. summarizes the
obtained values of polarization and compares them with the theoreti-
cal 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 values varying from 0.2 to 1.0
results in the variation of reflectance not more than 7% for both polar-
izations at the angle of 35°. In the 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
occur if for instance only one line-of-sight is available. In all cases, the
increase in the b value stimulates stronger separation between the non-
polarized (blue-shifted) and polarized (red-shifted) signals 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
for P polarization at the angle of 70°).

IV. DISCUSSION AND CONCLUSION

In this paper, we investigated the impact of polarization by reflec-
tion 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 the front of metallic
(conductive) surfaces, the polarization causes 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~ on the order of 50% is detected, whereas for Cu, a very
weak variation is measured. The results correlate clearly with the opti-
cal properties of the materials. In contrast to our previous measure-
ments 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
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FIG. 13. Polarization of reflectance defined as the ratio between the red- (C,) and
the blue-shifted (Cj) emission (red points) and the theoretical values from Ref.
(black line). The top panel corresponds to the S polarization Rs, the middle panel to
the P polarization R,, and the lowest panel to the difference Rs — R,.
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light is too strong to use the ratio between the corresponding
integrals.

Using one angle of observation, only the number of solutions for
energy and angular distribution could sufficiently well describe the spec-
trum. However, by using another angle of observation, many combina-
tions must be dropped. The angular distribution with parameter
b ~ 0.2 provides the best description of the spectra measured for the
Mo surface for both angles and for both polarizations. The number of
high energy reflected atoms is less than that the TRIM code provides,
e.g., the parameter a has values between 1.2 and 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 simula-
tions do not consider either the jon implantation into the material or
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 Ref. 15, confirming
broader angular distribution compared to the diffusive one.

The degree of polarization by reflection at the Balmer-« line is in
good agreement with the theoretical data (15%) using b=0.2 (

). Since the results are very weak functions of the exact distribution
function of the 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
t0 0.23 (P).” Such a systematic offset is most probably connected with
the limitation of the experimental setup but not with the approach
itself. Indeed, as exemplified in , 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 Ry — R, values. In this case, the offset in
the measurements must be partially removed. The difference between
the measured and the theoretical data is on the order of 0.05. We
should mention that the most recent theoretical data”™ show the values
0f 0.28 (n=3.17, k=13.7) for the P reflectance at 650 nm, reducing the
theoretical results Ry — R, 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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