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ABSTRACT

Laser light scattering systems with volume Bragg grating (VBG) filters, which act as spectral/angular filters, have often been used as a point
measurement technique, with spatial resolution as low as a few hundred ym, defined by the beam waist. In this work, we demonstrate how
VBG filters can be leveraged for spatially resolved measurements with several ym resolution over a few millimeters along the beam propagation
axis. The rejection ring, as determined by the angular acceptance criteria of the filter, is derived analytically, and the use of the ring for 1D
laser line rejection is explained. For the example cases presented,i.e., for a focused probe beam waist with a diameter of ~150 ym, the rejection
ring can provide resolution up to several millimeter length along the beam propagation axis for a 1D measurement, which is also tunable.
Additionally, methods to further extend the measurable region are proposed and demonstrated, using a collimation lens with a different focal
length or using multiple VBG filters. The latter case can minimize the scattering signal loss, without the tradeoff of the solid angle. Such use
of multiple VBGs is to extend the measurable region along the beam axis, which differs from the commonly known application of multiple
filters, to improve the suppression of elastic interferences. 1D rotational Raman and Thomson scattering measurements are carried out on
pulsed and DC discharges to verify this method. The system features compactness, simple implementation, high throughput, and flexibility,
to accommodate various experimental conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0121436

I. INTRODUCTION

Laser light scattering is an important diagnostic tool. It allows
remote access to physically harsh test articles in high-pressure/high-
temperature environments, where measurements by a physical
probe are practically limited. With proper consideration on laser-
induced perturbation,”” it can achieve non-perturbative measure-
ments. Accurate measurement of the relevant state quantities of the
scatterers, such as temperature and density, allow for the validation
of physical simulation models, ultimately leading to a better under-
standing of physics and better design of specific applications. This is
due to the minimal assumptions required in order to employ these
laser light scattering techniques, which may not even require local
thermal equilibrium.

Scattering configurations are typically off-axis of the laser beam
propagation axis, with the practical maximum signal being collected
perpendicular to the beam polarization direction. The laser-focused
beam waist is strongly localized, providing high spatial resolution
that is set by the beam waist and another limiting aperture. This
configuration produces a localized measurement in contrast with
path-integrated techniques such as optical emission spectroscopy
and microwave interferometry, which require tomographic methods
to spatially resolve the measurements. Along the laser beam, the spa-
tial resolution is determined by the optics and a detection camera’s
resolution in the case of a free-space optical detection system. This
can be several tens of ym. Meanwhile, the maximum resolution per-
pendicular to the beam is determined by the beam waist, which is
typically about 100-200 ym.
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Different scatterers in the detection volume, such as
monatomic and polyatomic neutral gas particles, ions, and
electrons, will scatter differently. Knowledge of the scatterers and
detection parameters allow for direct measurement of some of their
key state properties. Rayleigh scattering is elastic light scattering
by the induced dipole moment from bound electrons and can
be used to measure the gas temperature, velocity, and density.’
Raman scattering, an inelastic scattering process associated with the
transition in a molecule’s rotational or vibrational state, provides
molecular number densities and the rotational/vibrational temper-
atures. Thomson scattering from free electrons allows measuring
electron temperature, density, drift Velocity,45 and the electron
energy distribution function—°fundamental properties that define
the composition of plasma.”

The intensity of the elastically scattered light (Rayleigh scatter-
ing and stray light) is often several orders higher than that of Raman
or Thomson scattering. In weakly ionized plasmas, where the neutral
density is much greater than the plasma density, Rayleigh scattering
dominates, whereas in fully ionized plasmas, Thomson scattering is
dominant; however, in both cases, stray light from laser reflections
often overwhelms the signals and needs to be suppressed. Differ-
ential scattering cross-sections do/dQ of different particles for the
right-angle-scattering® in 107> m%sr™" are 3.9 for Rayleigh (N,),
0.054 for rotational Raman (N, J-J' = 6-8), and 794 for Thom-
son (e). It is also noteworthy that the intensity of the stray light
can also be significantly close to the laser line because of reflec-
tions and other factors that allow this light to make it through
the detection system if left unaddressed. The Thomson signal in
many plasma applications, such as low-temperature, weakly ion-
ized plasma, becomes difficult to detect because the neutral density
is several orders of magnitude greater than the electron density.
Thus, to detect Raman and Thomson scattering signals, the light
near the laser line (Rayleigh scattering/stray light) should be effec-
tively removed to prevent saturation of the detector. Such laser
line rejection can be performed with multiple techniques, such as a
triple grating spectrograph,’'® a vapor cell,” " a glass/interference
filter,”” a physical mask,”"”” and a volume Bragg grating (VBG)
filter.”

Past data analysis from laser scattering experiments using the
VBG filter were effectively limited to point measurements,” ****"’
which may have been a significant limitation of the method. Recent
works by Wu ef al.”” present one-dimensional (1D) measurements
of Thomson scattering of a nanosecond, repetitively pulsed dis-
charge, using a VBG filter, showing the possible extension of spatial
measurement of light scattering. However, no detailed explanation
of the use is given.

In this paper, we elaborate on the details of how to realize 1D
measurement with VBG filters based on the first principles of VBG
filter rejection characteristics. Several useful equations to character-
ize the rejection region are provided. The equations help determine
design parameters, such as a measurable length and a resolution, for
the design stage of such a system. Additionally, we propose a method
to further extend the measurement region using multiple VBGs. It
should be noted that this proposed method differs from the com-
monly known application of multiple VBGs to improve the rejection
capability. The extended measurement volume along the laser prop-
agation axis by VBG filters is expected to be greatly advantageous, by
maintaining the desired spatial resolution perpendicular to the beam
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propagation axis for applications that require high throughput light
scattering diagnostics.

Il. PRINCIPLE OF VOLUME BRAGG GRATING FILTERS
A. General background

The VBG is a diffractive grating that rejects light at certain
wavelengths and given angular conditions by refractive index mod-
ulation in the volume of a photosensitive material. Depending on
the design of the diffraction angle/orientation/modulation, VBGs
can be of several types, such as transmitting Bragg gratings (TBGs),
reflecting Bragg gratings (RBGs), or chirped Bragg gratings (CBGs).
Among these VBGs, RBGs exhibit two characteristic features—a
narrow band spectral filter and an angular filter. Configured as a
narrow-band notch filter, RBGs have spectral bandwidths as narrow
as 5cm™'.2* A filter allows the selective reflection of light at a specif-
ically designed wavelength incidence at the Bragg condition, thus
performing a dual function—as an angular filter and as a spectral
filter. A detailed theoretical model of volume gratings can be found
elsewhere.”

The use of the reflecting VBG as a notch filter for light scat-
tering diagnostics provides several advantages. First, the optical
systems required for signal collection are significantly simplified;
in the simplest case, the optical system consists of two lenses,
a VBG filter, a single grating spectrometer, and an intensified
detector. This naturally leads to a significant improvement in the
system’s total efficiency through the use of minimal optics. Addi-
tional throughput is gained through the transmittance of the filter
outside of the spectral rejection region, with transmittance of the
unfiltered wavelengths being up to 95%. Additionally, the method
provides excellent flexibility in the system design. Depending on
the necessity of a specific experiment, simply adding an additional
filter can improve the total laser line rejection and spatial exten-
sion of the measurement region, while maintaining throughputs
that are an order of magnitude higher than those of multi-stage
spectrometers.

Commercially available reflecting volume Bragg gratings used
as notch filters show spectral bandwidths as narrow as 5 cm™".>* A
typical transmittance curve of an OD4 filter designed for 532 nm
(BNF-532; OptiGrate) as a function of incident angle to the filter
surface is shown in Fig. 1. The curve data are read from a spec-
ification sheet provided by OptiGrate. Approximately within 0.1°
of the designed input angle 6°, the filter provides 107 attenuation.
This angular spectrum characteristic is a key element to realize a 1D
measurement with BNFs for light scattering diagnostics.

B. Evaluation of a rejection ring and manipulation
of the rejection ring position

The transmittance curve as a function of the incident angle to
the filter surface, in Fig. 1, shows that 10™* transmission is attainable
within 6 + 0.05° and 10~ transmission is attainable within 6 + 0.09°.
This indicates that only a certain spatial range of light from the object
plane can be rejected by the filter if the incident angle of the approx-
imately collimated light falls within the ranges given above. We
define the rejecting angle 0, and the OD4 and OD3 range as 68op4
and 8603, respectively. 6r = 6°, 80opa = 0.05°, and 86ops = 0.09°
are used as example values for a filter in the following evaluation.
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FIG. 1. Typical angular spectrum for an OD4, reflecting volume Bragg grating filter
(data from OptiGrate).

Let us consider an optical arrangement of a collimating lens and
a VBG, as shown in Fig. 2, where

e (is a position vector of the center of the collimation lens,
and ¢ = [0,0, f]" in the x-y-z coordinate, where f is a focal
length of the collimation lens.

e pisa position vector of a point p on the object plane.

e §is a vector from the point p to the center of a collimation
lens,s=c - p.

e ¢ is aunit vector of 5, & = 5/|s].

e 7 is a unit normal vector of the Bragg notch filter plane. The
initial orientation 7; = [0,0, I]T.

For a scattering source p on the object plane as a point source,
the light scattered by the source is collimated by the lens, assuming
that the lens is one focal length away from the object plane. Note that
the direction of the collimated rays is determined by a ray directly
pointing at the center of the collimation lens from the source p. This
collimated ray vector is denoted as s. Then, the angle 6 between §

Object plane

- y. Collimation lens

T,

f

FIG. 2. Schematic of an optical arrangement among an object plane, a collimation
lens, and a filter plane.
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and 7 becomes the incident angle of the ray to the filter, which can
be obtained by

6 = cos™' (& - 7). (1)

Thus, by calculating 6 for each location on the object plane and
taking into account the transmittance from Fig. 1, the spatial distri-
bution of a rejected region can be identified, which eventually turns
out to be a ring shape. We term this rejected area as the rejection ring,
the justification for which will be shown below. It is noteworthy that
the described spatial rejection region analysis can be fundamentally
applicable to any type of angular/spectral filters, such as interference
filters or holographic spectral filters. Using the angular spectra given
in Fig. 1, a rejection ring (center) diameter D; can be estimated as

D, =2f tan 0, (2)

and the thickness of the OD4 ring t; op4 is
trops = f(tan(6; + 66ops) — tan(6: — 6op4) ), (3)

and the thickness of the OD3 ring t,0p3 is
trops = f(tan(6; + 80ops) — tan(6: — 66ops3)). (4)

Note that different VBGs having different angular rejection prop-
erties will have different rejection incident angles and OD4/0D3
ranges, which can be obtained from their specifications. The reason
for evaluating the two OD rings is because one can choose either
ring for a diagnostic system design, depending on the attenuation
requirement of the test condition in a trade-off between the attenua-
tion and the spatial rejection size, as well as other factors such as cost
and lead time.

Figure 3 shows a sample calculated incident angle distribution
(a) and a light intensity map (b). For this calculation, f = 100 mm
is used, and an initial intensity, I = 104, is given for every location
on the object plane. The position having the incident angle 6 = 6°
is indicated as a black solid line in (a), and accordingly, the rejected
region appears in the shape of a ring in (b). For the intensity map,
the angular transmittance curve in Fig. | is used. Dy ~ 21 mm, t,0p4
~ 177 ym, and t;op3 ~ 318 ym are obtained.

Now, we consider angle tuning of the filter plane with two
degrees of freedom—a rotation with respect to the x axis (pitch con-
trol) and a rotation with respect to the y axis (yaw control), using
Euler angles. Note that the rotation along z axis has no effect due
to the axisymmetric relation, which is enforced through collinear-
ity of the optics (placing the optics along the same optical axis). We
can determine the angle of any vector from one plane (or frame
of reference) to any other plane, by relating it through a matrix
transformation, using rotation matrices.

Defining a rotation matrix for each of the angles above, one
with respect x axis (pitch) with an angle ¢ as

1 0 0
R($)=]0 cos¢p —sin¢ |, (5)
0 sin¢ cos ¢

Rev. Sci. Instrum. 94, 023003 (2023); doi: 10.1063/5.0121436
Published under an exclusive license by AIP Publishing

94, 023003-3


https://scitation.org/journal/rsi

Review of
o Ay ARTICLE itati i i
Scientific Instruments scitation.org/journal/rsi
0,decg logy I
10 4
10} (b)
8 5 3 FIG. 3. (a) A map of the incident angle
g 0 to the filter surface, depending on the
6 = 0 5 position of the scattering source on the
- object plane. (b) A map of light intensity
4 B2 I, where the initial intensity / = 10* was
-5 1 over the whole object plane. The attenu-
2 ation by the filter on a specific ring-shape
-10 region is observable.
0 0
-10 0 10

and a rotation matrix of the angle with respect to y axis with a yaw
angle v as

cosy 0 —siny
R(y)=| 0o 1 ; ©6)
-siny 0 cos Y

the normal vector of the filter 7 is obtained as

ii = Re(¢) Ry (). (7)

Then, a final angle 0 that rays from the point p form with respect to
the VBG can be obtained by Eq. (1).

0,deg

Influence of the pitch/yaw angle adjustment is shown in Fig. 4,
with (a) being a map of incident angle 6 for a pitch angle ¢ = 6°, (b)
a map of light intensity I for ¢ = 6°, (c) a map of incident angle 6
for a yaw angle ¢ = 6°, and (d) a map of light intensity I for y = 6°.
Note that a ¢ control moves the rejection ring up and down along
the y axis, and a y control moves the image’s rejection ring left and
right along the x axis.

For rejection, we are concerned with the relative size and loca-
tion of the rejection ring on the image of the laser beam region,
imaged at our detector plane. This is because, without any rejec-
tion, the detector saturates, due to redistribution of the strong laser
line light from Rayleigh scattering, as well as reflections through
the collection system. Therefore, the laser line light must be ade-
quately blocked in the field of view of our detector in order to be

logyo 1
4

FIG. 4. (a) A map of incident angle 6 for
a pitch angle ¢ = 6°, (b) a map of light
intensity | for ¢ =6°, (c) 6 for a yaw

angle y = 6° and (d) / for y = 6°.

(d)

10
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able to collect the relatively weak, rotational Raman and Thom-
son scattering lights. For a given VBG, collimating/objective lens
and focusing/imaging lens, the size of the rejection ring on the
image of the laser beam at the imaging plane, as well as its
position on the laser beam image, can be directly controlled, by
controlling the pitch and yaw angles, assuming good collimation
through the collimating lens. This can be further controlled with a
second VBG.

C. Customization of VBG parameters

It should be noted that the analysis here was made based on
the default designed parameters of a specific filter given in Fig. 1.
Compared to the conventional surface-relief gratings, the VBG has
greater parameter space of peak efficiency and dispersion, so, cus-
tomization of the grating parameters can be easily attained.”* A
detailed model of the reflecting VBG*” based on Kogelnik’s coupled
wave theory” provides several practical formulas, with grating para-
meters such as diffraction efficiency 7, spectral selectivity at a half
width at first zero (HWEFZ) SAFWFZ angular selectivity 60 HWFZ inci-
dent Bragg angle 0%, and grating thickness to. For instance, SA""*
and 005"V are given as follows: ™

1/2
HWEZ _ Aé[( atanh\/%)2 + rr2]

27nayto| cos O

oA , ®)

if0%, < 6o,

HWFZ \ 1/2
(tan2 O + 728/1 )

Ao

HWFZ
00m = 2.5 HWFZ 1/2
7) —tan 0},

if 9:1 > 6o,

&)
where Ao is the Bragg wavelength, n,y is the average refractive index
of a medium, and 6 is the threshold incident Bragg angle that
defines the fulfillment of Rayleigh’s criterion (see Ref. 33).

For an extended 1D measurable region, one needs a larger
and thicker rejection ring, and, thus, a larger 07, and a wider
00"™WFZ Figure 5 shows SAMWFZ in (a) and 805V in (b) of a
reflecting VBG with diffraction efficiency #, = 99.99% (OD 4) and
Nay = 1.485 at Ag = 532 nm as a function of incident Bragg angle
0%, for three different grating thicknesses—to of 2, 5, and 10 mm.
Figure 5(a) shows that within 67, < 20°, SNEWFZ 4o almost indepen-
dent of 07, and all three cases have wide enough spectral selectivity
to reject the Rayleigh scattering, having a bandwidth of 1-10 GHz
(0.001-0.01 nm). According to Fig. 5(b), at 6%, < 1°, 86" mono-
tonically increases along with 67,, which is good for a larger and
thicker rejection ring. However, this 87, is too small to have an effec-
tive size of the rejection ring (being almost a point measurement).
On the other hand, at 8%, > 1°, it is noteworthy that 6%, and 805"
are approximately in the inversely proportional relation, being in a
tradeoff. This means that one needs to control other grating para-
meters, e.g., one can reduce the thickness o for a larger 0%, or
001WFZ a5 shown in Fig. 5(b). Note that in this estimation, 1, is kept
the same; therefore, a thinner thickness means that a larger refrac-
tive index modulation is required. This may affect the complexity
of manufacturing or the price. Nonetheless, one can pre-determine
the best VBG parameters that meet specific requirements for the
designed experiments.

(tan2 05, + p
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FIG. 5. (a) Spectral selectivity SA"FZ and (b) angular selectivity 66" of reflect-
ing VBG, with 99.99% diffraction efficiency at wavelength Ay =532 nm, as a
function of incident Bragg angle 67, at different grating thicknesses.

lll. APPLICATION OF THE REJECTION
RING TO 1D MEASUREMENT

A. Alignment of a VBG filter with respect
to a laser line

A typical optical setup for laser light scattering diagnostics with
a volume Bragg grating is shown in Fig. 6; a probing laser propagat-
ing along the x-axis (with vertical polarization in y) on the x-z plane,
and light scattering collection in z direction (90° collection).

To reject the strong laser line in scattering diagnostics, a VBG
is rotated. Figure 7 shows simulated laser line images, depending
on a specific angle of tuning. A laser line in x direction (the white
region) is simulated as a Gaussian beam focused into a beam waist
of 150 um and is given the intensity I = 10*. Note that, within
the viewed region, the variation of the probe beam diameter is
negligible. The intensity I = 8 is given in the area other than the
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FIG. 6. Schematic of a typical optical setup for laser light scattering diagnostics
with a volume Bragg grating filter.

laser image, simply to provide a little contrast on the resulting
intensity map.

First, the yaw y tuning, Fig. 7(a), moves the rejection ring left
or right (along x axis), having the rejection ring stand perpendic-
ular to the laser. This only rejects a small portion of the laser line
(given as t;, in the shown example, ~200 pm), limiting the setup to a
point measurement, with a resolution of ¢,. On the other hand, in the
totally same optical setup, by tuning the pitch ¢, Fig. 7(b), the rejec-
tion ring moves up or down (along y axis), being tangential to the
laser line. As a result, a wider spatial region (in the shown example,
~2.5 mm) falls into the rejection ring (the high OD region), allow-
ing a 1D spatially resolved measurement perpendicular to the laser
beam propagation axis—in this case, along the y axis.

It is clear now how specific angle control can result in either
a point measurement, averaged over the number of pixels blocked
along the axis perpendicular to the laser beam propagation axis, or a
1D measurement, by resolving at each pixel row along this direction.
Note that if a system adopts only a single angle tuning for a VBG, i.e.,
the yaw angle control with a rotation stage (rotation along y axis)
while the probing laser is propagating along an optic table, as seen in
Fig. 6, only a narrow portion of the laser is rejected, seen in Fig. 7(a).
This makes a laser scattering system (one where no fiber is used) to
be fundamentally limited to the point measurement. It is noteworthy
that the diagnostic can be easily extended from a point measure-
ment to a 1D measurement with the exact same experimental setup.
Note that the length of ~2.5 mm in the example, seen in Fig. 7(b), is
long enough to resolve a full radial distribution of test article proper-
ties, such as thin discharge columns, microplasmas, and streamers.
More importantly, the spatial resolution perpendicular to the beam

logyo I

4
5 (a)
3
—_— 2
1
-5
0
-5 0 5

T, mm

logo I

4
5 (b)
3
0 —_— 2
1
-5
0
-5 0 5

T, mm

Y, mm
(=)
Y, mm

FIG. 7. Laser line rejection by tuning the VBG angle (a) (¢, v) = (0°, 6°) and (b)
(¢, ) = (6°, 0°). The white line indicates a laser line image.
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propagation axis, determined directly by the detector resolution and
imaging optics, which can be as small as a few ym, and can also be
easily adjusted by a choice of imaging optics. This is because each
pixel row corresponds to a different spatial location on the object
plane. Such resolution enables to resolve steep gradients.

B. Extended 1D measurement with a VBG

Considering the rejection ring size D or the thickness ¢ being
proportional to the collimation lens focal length o< f, Egs. (2)-(4),
a quick method to extend the 1D measurement region is to imple-
ment a collimation lens with a longer focal length. Figure 8(a) shows
such application with a different focal length (f = 200 mm) of the
collimation lens, where a VBG is at (¢, ) = (6°, 0°). Compared to
the case of f = 100 mm, seen in Fig. 7(b), the case with a collima-
tion lens with f = 200 mm, Fig. 8(a), shows that the rejection ring
becomes larger (thicker), a laser line in a further wider 1D region
can be rejected, extending the spatial measurement domain. How-
ever, it should be noted that, as the lens is positioned further away
from the scattering volume, the solid angle for the signal collection
decreases—the shown examples with f = 100 mm and f = 200 mm,
~4 times weaker signal. Thus, there exists a tradeoff between the
measurable 1D region and the total signal intensity (assuming the
filter size is kept the same).

To overcome this tradeoff, one can use multiple filters, by sim-
ply adding an additional filter after one, see Fig. 6. Figure 8(b)
shows laser line rejection by two VBGs—one angle tuned with (¢, )
= (6°, 1°) and another with (¢, y) = (-6°, —=1°). Thus, the approx-
imately two times extended 1D region ~5.5 mm, can be rejected by
slightly shifting the rejection rings from each filter with ¥ tuning.
Note that, as the total transmission of other wavelengths unaffected
by the filter is typically >90%, the signal loss can be significantly
reduced compared to the case of using a longer focal length lens. It
should be noted that this proposed method of using multiple VBGs
differs from the commonly known application of multiple VBGs to
improve the rejection power.

C. Demonstration of laser line rejection
with a VBG notch filter

The experimental setup is similar to that shown in Fig. 6. A
Nd:YAG frequency-doubled 532 nm laser (10 Hz, 5 ns; NL315-
10SH, Ekspla) is used as a laser source, and images are captured by

logyo I logyo I
4 4
i (@) ;3 (b)
3 3
g g
=— —1 PER]— e 2
SN =
1 1
-5 -5
0 0
-5 0 5 -5 0 5

T, mm T, mm
FIG. 8. Laser line rejection (a) with a collimation lens focal length f = 200 mm
with (¢, ) = (6°, 0°) and (b) with two VBGs, where one is angle tuned at (¢, y)
= (6°, 1°) and another with (¢, ) = (-6°, —1°).
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FIG. 9. Images of a laser line (a) without a VBG, (b) (¢, v with a VBG) ~ (0°,
6°), and (c) (¢, v with a VBG) ~ (6°, 0°). A collimation lens with a focal length
f =100 mm is used. The white dotted lines are added to indicate the rejection
ring, for better visibility. Note that the image size is 13 x 13 mm? and rotated due
to the rotated spectrometer and camera assembly.

FIG. 10. Images of a laser line (a) with one VBG and a collimation lens focal length
f =100 mm with (¢, v) ~ (6°, 0°) and (b) with one VBG and a collimation lens
focal length f = 200 mm with (¢, y) ~ (6°, 0°). Note the enlarged rejection ring in
(b). In (c), two VBGs are used, where one is angle tuned at (¢, ) ~ (6°, 1°) and
another with (¢, y) ~ (—6°, —1°). The white dotted lines are added, to indicate
the rejection ring, for better visibility.

an emiCCD camera (PI-MAX4:1024EMB, Princeton Instruments).
The imaging is done with 1:1 imaging optics, and the image size is
13 x 13 mm? for 1024 x 1024 pixels (the horizontal view is limited
by a slit in the spectrometer). Note that the spectrometer (IsoPlane
320, Princeton Instruments) and camera assembly are rotated, to
align the spectrometer slit to be parallel with the laser so that the
demonstration images to be shown are 90° rotated. An OD4 VBG
filter designed for 532 nm (BNF-532; OptiGrate) is used.

Figure 9 demonstrates laser line rejection (a) without a VBG,
(b) with a VBG (¢,v) ~ (0°, 6°), and (c) with a VBG (¢,vy)
~ (6°, 0°). Note that both—collimation lens, L1, and focusing lens,
L2—have a focal length f = 100 mm. The white dotted curves are
added, to indicate the rejection ring, for better visibility. Figures 9(b)
and 9(c) correspond to the simulated cases shown in Fig. 7.

Figure 10 demonstrates laser line rejection (a) with one VBG
and a collimation lens focal length f = 100 mm with (¢,y) ~ (6°,
0°), (b) with one VBG and a collimation lens focal length f =200
mm with (¢, ) ~ (6°, 0°), and (c) with two VBGs, where one is
angle tuned at (¢, ) ~(6°,1°) and another with (¢, y) ~ (-6°,—1°).
The cases of (b) and (c) correspond to the simulated cases in Fig. 8,
demonstrating the further extended spatial laser line rejection.

IV. 1D LIGHT SCATTERING DIAGNOSTICS
WITH VBG FILTERS

Here, we demonstrate 1D spatially resolved light scattering
measurement with VBG filters— rotational Raman scattering and
Thomson scattering. A custom vacuum cell and electrode setup is
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FIG. 11. Rotational Raman scattering (RRS) of nitrogen at 20 kPa (150 Torr) and
room temperature, (a) with one VBG, and (b) with two VBGs. The white region is
where the view is limited by an extra slit.

used to control neutral background pressure and discharge volt-
age conditions. Note that rotational Raman scattering on nitrogen
is additionally used for absolute number density calibration of the
Thomson scattered light. The general theory and data extraction
methods are explained in Appendix B.

Two similar collection systems and test-beds were assembled
at Georgia Tech (GT) and Texas A&M University (TAMU). For
both Rotational Raman scattering (RRS) and Thomson scattering
(TS) diagnostics, a 1:1 image relay is done with two f =200 mm
lenses, and then, the 1:2 relay into a spectrometer with a combina-
tion of a f = 50 mm collimation lens and a f = 100 mm focusing
lens. At GT, a single VBG filter is placed between the collimation
lens and focusing lens, while two VBG filters were placed for the
experiment at TAMU. For a non-extended 1D measurement, two
VBG filters are aligned so that two rejection rings overlap each
other for doubled attenuation of the laser line. For an extended
1D measurement, two filters are aligned in a way as to reject an
extended 1D length. At GT, a setup composed of a spectrometer
(IsoPlane-320A, Princeton Instruments) and an iCCD camera
(PI-MAX4:1024i, Princeton Instruments) is used, and at TAMU,
the setup described in Sec. III C is used. Both systems employed
Thorlabs achromatic lenses for collection, transmission, collimation,
and focusing onto the spectrometers. Estimated total transmission
from the used collecting optics is 76% based on the manufactures’
specification sheets. The GT experiment uses a Quantel Evergreen
532 nm Nd:YAG laser operating at 10 Hz with 135 m] of laser energy

@ (b)

10 - 20 kV, 200 ns pulse width

Ar@933 Pa
r.

(7 Torr)
@

250 kQ

Ar@20 kPa

10kV

FIG. 12. Setups for plasma sources: (a) a nanosecond pulsed discharge setup and
(b) a DC discharge setup.
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per pulse as the interrogation beam. The TAMU experiment uses
a Ekspla 532 nm Nd:YAG laser operating at 10 Hz with 175 m]
of laser energy per pulse as the interrogation beam. At GT, the
nanosecond (ns) pulsed plasma discharge was driven by a nanosec-
ond pulser (NSP-120-20F, Eagle Harbor Technologies). At TAMU,
the DC plasma discharge system was driven by a steady 10-kV DC
supply (EJ10P60, XP Power).

Figure 11 shows rotational Raman scattering of nitrogen at
20 kPa (150 Torr) and room temperature (a) with one VBG and
(b) with two VBGs taken with the system at TAMU, where the laser

ARTICLE scitation.orgljournal/rsi

energy per pulse was 175 mJ and the camera setup was x1000 gain
and 200 accumulations. The domain corresponds to the full camera
pixels (1024 x 1024), and the white region is where the view is lim-
ited by an extra slit, to physically block the laser line not covered by
the VBGs. It is notable that, with an additional VBG, the 1D measur-
able length is easily extended approximately two times longer than
in the case with one VBG.

The same systems were used for the Thomson scattering detec-
tion. Two discharge sources are used; a nanosecond pulsed discharge
with argon at 933 Pa (7 Torr) and a DC discharge with argon gas

13
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4
3
2 L
1 0 0
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0
528 530 532 534 536 Y, mm
A, nm
g g g y g 13
x 10
6t(b) 15 kV 10 5
5t FIG. 13. Thomson scattering spectra
obtained from the ns pulsed discharge.
4 In total, three sample spectra at three
different pulse voltages—(a) 20 kV, (b)
3 15 kV, and (c) 10 kV— are shown, and
extracted spatial distributions of elec-
2t tron density and temperature are shown
on the right hand side, where the typ-
1 0 0 ical 95% confidence bounds for the
2.5 3 3.5 4 TS spectra fitting are shown with the
0 mm error bar.
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at 20 kPa (150 Torr), see Fig. 12. For TS detection, the used cam-
era setup is x100 gain and 3000 accumulations for the nanosecond
pulsed discharge case, and x1000 gain and 1000 accumulations for
the steady DC discharge case.

Figure 13 shows the TS spectra from the nanosecond pulsed
discharge. In total, three sample spectra at three different pulse
voltages— (a) 20 kV, (b) 15 kV, and (c) 10 kV—are shown. The cor-
responding peak currents at the moment of the scattering collection
were 32.1,24.2, and 17.8 A. The measurement region is inside of the
plasma column, the size of which is ~6 mm. Note that the darker
region at the top and bottom of the spectra comes from various

ARTICLE scitation.orgljournal/rsi

optical aspects, such as the vignetting and varying spatial intensity
of the focused laser. During the density calibration with the nitrogen
RRS, the spatial distribution of the calibration coefficient is obtained,
which prevents a possible artificial underestimation of plasma prop-
erties at the boundary that could come from a single calibration coef-
ficient. A local TS spectrum is evaluated, to obtain a single point of
the distribution curve at every 50 ym. Note that the spatial resolution
in y direction is 6.5 ym/pixel (1:2 imaging, and the camera resolution
of 13 um/pixel) without any pixel binning. Eventually, the TS mea-
surement reveals the 1D distributions of electron density and tem-
perature over the measured length within the ns discharge column.

Published under an exclusive license by AIP Publishing
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The coefficient of variation was evaluated to be <0.1 for the three
conditions, showing a good uniformity. It should be noted that the
observed uniformity could partially be from the possible plasma
fluctuations and the averaging effect of the shot accumulation, rather
than the instantaneous uniformity of the plasma itself. Such clarifi-
cation would require further dedicated tests, which is beyond the
scope of this work. Here, we confirm that the proposed method can
be useful to characterize a 1D distribution.

Figure 14 shows the TS spectra from the steady DC discharge.
To demonstrate the extended 1D TS measurement, the plasma
column is spatially shifted while keeping the optics/optical axis
fixed. Figures 14 (a)-(c) show three different plasma locations. The
extracted spatial distributions of electron density and temperature
are shown on the right-hand side. Again, spatial distribution of the
calibration coefficient is obtained during the density calibration with
the nitrogen RRS. An example of RRS used for the calibration is that
shown in Fig. 11(b). Similar to the ns discharge experiment, a local
TS spectrum is evaluated, to obtain a single point of the distribution
curve at every 50 ym. Note that the system has the same spatial reso-
lution of 6.5 ym explained for the ns discharge. It is noteworthy that
the TS is successfully captured at the extended 1D length realized by
the two VBG filters. The spatial distributions of electron tempera-
ture and density confirm the identical plasma properties detected at
different shifted locations. Additionally, thanks to the high resolu-
tion of the system, the sharp gradient over a few hundred ym of the
plasma column is successfully captured. We note that the gradient of
the instantaneous plasma could be larger.

V. CONCLUSION

We have elucidated the methodology for using a single or mul-
tiple VBG notch filters for high spatial resolution of plasma proper-
ties perpendicular to the incident interrogation beam. The systems
feature compactness, simple implementation, high throughput, and
flexibility, to accommodate various experimental conditions. Eval-
uation of the geometrical parameters of a rejection ring by a VBG
based on first principles of the VBG acting as a spectral/angular filter
is explained. Both simulation and experiment showed how the rejec-
tion ring position can be manipulated with a pitch/yaw tuning. It is
shown that, with proper angle tuning of the VBG, a system that has
traditionally been used for point measurements averaged over the
small detection volume necessitated by filter alignment can be eas-
ily extended to a 1D spatially resolved measurement with the exact
same setup by simply aligning the filter slightly differently. As the
filter is angle sensitive, it could be less effective to reject a stray light
that is not coming at a desirable angle to the filter plane. However,
an additional optical technique, such as an image relay with a slit,
can be implemented.

Several mathematical expressions are derived and presented,
that allow for estimation of how much spatial rejection and opti-
cal attenuation of the laser line can be attainable for a given probe
laser beam waist and optical collection system. For the shown exam-
ple cases with a typical focused probe beam of the beam waist (or the
spectrometer slit opening) ~150 ym, the rejection ring can provide
several millimeter length for a 1D measurement.

Methods to further extend the spatial measurement region
are proposed and demonstrated; using a collimation lens with a
different focal length or using multiple VBG filters. The method

ARTICLE scitation.orgljournal/rsi

using multiple filters can minimize the signal loss, without the trade-
off of the solid angle. Note that this proposed use of multiple VBG
filters differs from the commonly known application to improve the
total attenuation by extending the possible detection volume in the
beam propagation axis direction.

Extended spatial measurement is greatly advantageous, as it
provides further comprehensive spatial information of the test arti-
cles, such as spatial uniformity/variation of physical properties.
Two different plasma sources are used, and the system successfully
observed the spatial uniformity within a ~6 mm column, or the sharp
gradient over a few hundred ym with a 6.5 ym spatial resolution. It
should be noted that this resolution can be easily tuned by imag-
ing optics and pixel binning. The proposed system can be helpful to
characterize plasmas that have small plasma size, of a few mm, or
steep gradients.”'”’**' Note that the capability to extend 1D mea-
surement is also highly useful to diagnose larger size test articles
as well.
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APPENDIX A: SAMPLE SPECTRAL LINE SHAPES

Sample line spectra at specific locations are shown in Fig. 15,
where (a) is the rotational Raman spectrum at y = 3.7765 mm
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FIG. 15. Sample spectra for the figures in the manuscript are shown for comparison of the residual near-laser line lights to RRS or TS. (a) The rotational Raman spectrum
aty =3.7765 mmin Fig. 11(b). (b) The Thomson spectrum aty = 3.6075 mm in Fig. 14(b). (c) The Thomson spectrum aty = 3.2955 mm in Fig. 13(b), where the left figure

shows the full range of the intensity, while the right figure is a zoomed-in view.

in Fig. 11(b), (b) is the Thomson spectrum at y = 3.6075 mm in
Fig. 14(b), and (c) is the Thomson spectrum at y = 3.2955 mm in
Fig. 13(b), where the left figure shows the full range of the intensity,
while the right figure is a zoomed-in view. From (a) and (b), it is
notable that the residual stray light plus the Rayleigh near the laser
line (in Figs. 11 and 14) is suppressed at the same order of magnitude
of the interested spectra. From (c), it can be seen that one order of
magnitude stronger near-laser line is present. During the spectrum
fitting, points near the laser wavelength (green cross) are excluded,
as shown in the given samples.

APPENDIX B: SCATTERING OF ELECTROMAGNETIC
RADIATION AND DATA ANALYSIS

Scattering of electromagnetic radiation is the process of partial
re-radiation of incident electromagnetic radiation by scatterers. This
process can be elastic, leading to a re-radiation at the same wave-
length/frequency of the incident radiation in the frame of reference
of the absorbing scatterer. This process can also be inelastic, leading
to re-radiation that is at a wavelength/frequency different than that
of the incident radiation in the frame of reference of the scatterer.
This causes an energy transition in one of the energy modes of the
scatterers undergoing the scattering process.

There are many types of electromagnetic scattering. The rel-
evant ones in this work are Thomson scattering and rotational

Raman scattering. Thomson scattering is the elastic scattering of
incident radiation from free, unbound charges. Both ions and elec-
trons Thomson scatter, but the ion scattering cross section is several
orders of magnitude smaller than that of the electron scattering cross
section due to their relative masses, and, as such, very difficult to
measure. In this work, we are concerned with electron Thomson
scattering.

Raman scattering is the inelastic scattering of polyatomic
molecules as a result of a net energy exchange between the incident
radiation and the internal energy modes of the polyatomic molecule.
Raman scattering can be purely rotational, purely vibrational, purely
electronic, or a combination of any of the aforementioned. In this
work, we are concerned with purely rotational Raman scattering, as
this occurs in the frequency range closest to the incident frequency.

The quantification of the scattered power per unit of wave-
length is given by**

P = C1[(P1LdetAQ)nj—g:|S(/\), (B1)

where the constant C, represents an efficiency constant, P;, Lget, AQ,
and n being the incident laser power, detection volume length, detec-
tion solid angle, and scatterer number density, respectively. j—g is the
scattering cross section. The items in the bracket represent the total
scattered power intensity. S(1) represents the spectral shape func-
tion, which results from the finite nature of the detection optics, light
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dispersion equipment (in our case, spectrometer), and detector. This
function serves to redistribute the total scattered power and follows
all of the properties of a probability distribution function in the sys-
tem of units chosen. Below, we present the forms of the rotational
Raman and Thomson scattering equations. See Refs. 9, 11, and 26
for more details.

As long as the collection conditions remain fixed, this equation
can be simplified to

Py(A) = Cn S(A) (B2)

1. Rotational Raman scattering

In the case of rotational Raman scattering (RRS), the equation
can be specified to

dO‘];,]r

PYA) =C % st (), (B3)

J'=j£2

where #; is the density for each state J, given as

28 (27 +1) eXP[ a() ] (B4)

oy ks T,

Note that ng is the neutral gas number density, Qr = % the

partition sum, & (J) = hcBJ(J + 1) the state energy, and g; the statis-
tical weighting factor. For nitrogen, g; is either 6 if ] is even or 3 if

J is odd. I is unity, and B is 198.973 m*. $*(A - Aj_y) represents
the shape profile, taking into account various spectrum broaden-
ing sources. In RRS, it is generally assumed that the only source
of broadening is the instrument function (IF), and is modeled as a
Gaussian function with a characteristic full width at half maximum
(FWHM), which is related to the Gaussian standard deviation o by

FWHM = 2v/2 In 20. We can quantify this as

o

S* (A, o) =

\/ 270TF

which is the outcome of the convolution between the Dirac delta
function §(A - A,_,;/) and the Gaussian shape function S(1) and is
a mathematical representation of the redistribution of the rotational
Raman intensity lines due to the finite detection system.

The differential Raman cross-section % is further broken up
into its stokes and anti-stokes bands, which correspond to transi-
tions to wavelengths above and below the incident wavelength. Each
of these takes the following functional form:

do},) _[37dos
m‘Pbﬁ (B6)

where the factor 3/4 is coming from the depolarization of RRS** and
the perpendicular cross-section is given as

dO’lR _ 6471’4 2 b]_,jl(])
wliliewl o ow
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Here, y is the anisotropy of the molecular polarizability tensor, and
the Placzek-Teller coefficient by_j., and the scattered wavelength
Aj-j42 are given as

3(2J+1+1)(2J+1+3)
42J+1)(2J +1+2)

byoje2(J) = (B8)

and
2, B
/\]—)]12(]) :Aiiliﬁ(4]+2i4)> (B9)

respectively. The “+” sign corresponds to the stokes and anti-stokes
portions of the spectrum, respectively.

Given a rotational Raman spectrum collected at a given number
of accumulations, detector gate, and laser energy, at a known pres-
sure and temperature, a fitting procedure can be used to determine
C and orr as a function of spatial location. Collecting the Thomson
spectra at the same collection conditions allows for C to be used as
the calibration constant for the absolute number density.

2. Thomson scattering

In the case of Thomson scattering (TS),

do

PI()) = C[ne o ]ST(A), (B10)

with the cross section being equal to the classical electron radius as

de’ e

—— =Tfe= ——. B11

aQ ¢ dmegmec? (B1L)
Assuming a Maxwellian velocity distribution and neglecting the
instrument broadening on the Thomson spectrum, as is typically
done, the redistribution operation is a simple multiplication given
by the following:

T dw 7
_aw i B12
SV ns (w) (B12)
where
R 1 (wi — ws — kvd)2
$T(w) = " 2 | @13
(@) =\ Zeka To? eXp(z TR ) )
with
271c 1
Bl4
e (B14)
do 2nc1
A (B15)
K=k + kS - 2kiks, (B16)
2
k=" B17
3 (B17)

The dw/d) is necessary to preserve the probability density function
integral being unity when being cast in the wavelength domain. With
C from the Raman calibration, this can easily be fit to determine
ne and T for a given Thomson spectrum collected with the same
collection conditions.
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3. Use of rotational Raman scattering for absolute
intensity calibration in applications involving light
filtering

For absolute intensity calibration of Thomson scattering,
Rayleigh scattering or rotational Raman scattering is commonly
considered, since the intensity of such scatterings can be calculated
from the absolute cross-sections and known physical properties of
a gas sample.” When applications involve light filtering, as in the
present work, one should pay attention as to whether the filtering
is done on the scattering being used for the calibration. Generally,
the filtering involves the central narrowband lights, which affect
the Rayleigh scattering; the Raman calibration becomes much sim-
pler and more proper over the Rayleigh calibration as the Raman
peaks are unaffected by the filtering. Rotational Raman overlaps the
Thomson scattering spectrum, so, no spectral corrections need to be
made.

For instance, let us consider the Rayleigh calibration in the
present application using a VBG having the rejection bandwidth of
5 cm™'. Assuming that the stray light is independent of gas pres-
sure and is constant in the setup, one may obtain a pure stray light
intensity at a high vacuum, where Rayleigh becomes negligible. Sub-
tracting it from the central intensity, which consists of Rayleigh
scattering and stray light, one may obtain pure Rayleigh intensity
as a function of pressure, which may be used for density calibration.
However, the Rayleigh has a linewidth of order of 1-10 GHz, which
totally falls within the filter’s bandwidth (5 cm™! = 150 GHz). Since
the Rayleigh scattering is filtered to some extent, it requires an addi-
tional process, to find such an attenuation factor. These issues can
be avoided by using rotational Raman for calibration. The first rota-
tional Raman line of nitrogen falls 360 GHz from the laser and well
outside the VBG filter.

Rayleigh calibration may be more proper for high
temperature/high-density plasma or high vacuum applications
where Thomson scattering is dominant. For such a case, there is no
need for a filter to collect the total unfiltered Rayleigh signal, but
gas pressure in the test vessel may need to be elevated, to obtain a
Rayleigh signal comparable with TS.”
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