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ABSTRACT

We present the development of a portable Thomson scattering diagnostic system allowing simultaneous spatially and temporally resolved
plasma property measurements for low density plasmas. The setup uses a compact pulsed Nd:YAG laser (532 nm) as the light source with
suppression by two volume Bragg grating notch filters and dispersion with a single-stage spectrometer before measurement with an inten-
sified camera. A key issue is the detailed light collection and how it impacts the sensitivity and elastic light suppression, for which we have
investigated two optical configurations, one based on a 7 x 1 linear fiber bundle and the other based on a slit spatial-filter. We find that the
configuration with the slit spatial-filter provides a higher sensitivity by a factor of ~2 along with more uniform spatial response. We have
developed a custom pulsed-plasma setup with a modulation at 20 kHz, representative of the Hall thruster breathing mode oscillation, to show
the possibility of temporally resolved measurements for electric propulsion applications. We have successfully recorded the variations in elec-
tron number density and temperature with sub-mm spatial resolution and capturing ten temporal points over the 50 ys modulation period.
The detection limit of electron density (with the spatial-filter configuration) is ~1.6 x 10'” m~?, which is ~1/10 of the plasma density in the
acceleration channel of Hall thrusters.
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I. INTRODUCTION

Diagnostics by laser Thomson scattering (LTS)" provide a
powerful tool for understanding the physics of complex plasma
behavior and for developing plasma sources, including for electric
propulsion (EP) applications.” © LTS can provide detailed infor-
mation on plasma properties (typically electron density and tem-
perature) without perturbing the target plasma, so many stud-
ies have been conducted using this technique for fusion plasmas,
extreme ultraviolet lithography light sources,” and industrial plasma
sources."

Because LTS is an elastic light scattering method, the signal
spectrum is close to the laser wavelength such that the suppres-
sion of laser (Rayleigh) and elastically scattered stray background
light (from windows, electrodes, etc.) is a major experimental chal-
lenge. Conventional LTS implementations require a relatively large
probe laser source as well as a complex spectrometer, such as a triple

grating spectrometer’ (where the first two stages are used in a sub-
tractive mode) or even a six grating spectrometer,'” for the rejection
of the strong stray light and Rayleigh scattering light. The technique
also tends to require quite laborious alignment work to improve the
signal-to-noise ratio (S:N). A further challenge to widespread adop-
tion is the very low (wavelength-independent) Thomson scattering
cross section, which manifests as very low signal levels. For cases
where the plasma density is less than ~10'® m™, it typically takes
several tens of minutes to measure plasma properties under one con-
dition. This issue is particularly problematic for cases where it is
desired to gather temporally resolved Thomson scattering data, for
example as would be very helpful to understand oscillations in Hall
thrusters that are widely used for EP. A prevalent oscillation in Hall
thrusters is the breathing mode oscillation, which has been widely
studied both numerically'' '* and experimentally,”” *’ and despite
its identification and early characterization nearly 50 years ago,'”
it remains an active area of research. This oscillation is described
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by strong, coherent, low-frequency fluctuations in the discharge
current, typically between ~10 and 30 kHz during which electron
densities can fluctuate from ~10"7 to 10'® m™>.?! In addition to being
of theoretical interest, the breathing mode oscillation can lead to
modal transitions in thruster operation, which critically impact the
in-space performance of the thruster.”” Indeed, the previous time-
resolved Thomson scattering measurement has been conducted in
much denser plasmas.”'"*

The focus of the present article is to develop a relatively portable
temporally resolved Thomson scattering measurement system to
enable measurements at low plasma densities as is of interest, for
example, in EP applications and which may also be applicable for
studies of sources used in the semiconductor industry. Extending
to temporally resolved is challenging since measurements essentially
need to be performed over another dimension (we use ten tem-
poral bins) such that further improvements in S:N are required.
Our article builds upon related groundbreaking work from Vincent
et al.”* and Bak et al.,”” who have shown that volume Bragg grat-
ing (VBG) notch filter(s) can be used for light suppression in LTS
in place of the more conventionally used triple grating spectrom-
eters. (Note that in addition to cost and complexity of operation,
these instruments typically are also quite large and massive, for
example, dimensions of ~800 x 800 x 200 mm® and weight of
~30 kg for the SPEX-1877.) Herein, we also use VBG notch fil-
ters for spectral suppression, but relative to past articles studying
low density plasmas, we develop a system with an improved S:N
(influenced by both sensitivity and suppression) based on the incor-
poration of a one-dimensional spatial-filter in the imaging system.
The resulting configuration allows, for the first time, simultaneous
spatial and temporal resolution in low-density oscillating plasmas.
Furthermore, the system employs relatively compact components
and thus can also be portable between measurement locations and
laboratories. The setup is described in detail in Sec. II. The mea-
surement results, including detailed optical characterizations as
well as spatially and temporally resolved plasma properties from
a pulsed plasma, are presented in Sec. III, while conclusions are
given in Sec. I'V.

Il. EXPERIMENTAL SETUP

Figure 1 shows the setup of the portable laser Thomson scat-
tering measurement system. We use a compact second-harmonic
Nd:YAG laser (Quantel Q-Smart 100) as the probe laser. The
laser head is about 90 x 90 x 300 mm?, and the power supply
is ~400 x 200 x 350 mm’. Several high reflectivity mirrors are
used in order to adjust the polarization plane, which is set per-
pendicular to the plane of the scattering. The laser wavelength
is 532 nm, and the pulse energy is fixed at 50 mJ with a pulse
repetition rate of 20 Hz and a pulse duration of 8 ns. The laser
light is weakly focused to the measurement region with a 500 mm
focal length lens. To reduce the scattering of stray light, the cell
is instrumented with Brewster windows on either end as well as
a series of annular baffles along the laser axis. The probe laser
and delivery optics are also enclosed within cardboard tubes with
a view dump positioned in the opposite direction of the collection
optics.

The collected light, including Thomson scattering, is dispersed
using a compact 150 mm focal length spectrometer with a grating
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FIG. 1. Optical system for the portable Thomson scattering measurement. (a)
Using a 7 x 1 linear fiber bundle and (b) using a slit spatial-filter.

of 1800 grooves per mm (Princeton Instruments, model SP-2156,
178 x 178 x 165 mm®). The compact spectrometer allows the sys-
tem to be far more potable as compared to our previous triple
grating spectrometer (SPEX-1877). The calculated dispersion of the
spectrometer setup is 2.37 nm/mm. Wavelength calibration was per-
formed with two methods, the first based on line emission from
the studied argon plasma (see below) and the second based on the
known spectral characteristics of rotational Raman scattering from
nitrogen (e.g., Friss and Yalin’®). The entrance slit of the spectrom-
eter is set as 150 ym. The instrumental function of the spectrometer
in this study is 0.15 nm. For the suppression of the stray light and
Rayleigh scattering light, two VBG notch filters are used instead of
a triple grating spectrometer (with the first two stages in the sub-
tractive mode). The two VBG notch filters have identical optical
and suppression characteristics differing only in their size: one of
them (OptiGrate BNF-532-OD4-11M) is 11 x 11 mm?, while the
second (OptiGrate BNF-532-0OD4-25) is 25 x 25 mm?. Each fil-
ter provides an optical density of 4 (blocking of >99.99%) at the
design wavelength of 532 nm over a bandwidth of <0.3 nm (per
manufacturer specifications). It is important that the bandwidth be
large enough to block the elastic laser and Rayleigh light but also
as narrow as possible in order to preserve most of the spectral
extent of the Thomson line shape. The out-of-band light suppres-
sion provided by a VBG notch filter is very sensitive to the incidence
angle of incoming light, which must be experimentally tuned. High
suppression also, therefore, requires that the spread of incidence
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angle (A6) between different rays of light be very small, i.e., the
full width at half maximum (FWHM) of angular spread should be
<5 mrad.”* Achieving this small angular spread in spatially resolved
setups employing relatively large collection lenses (as benefits abso-
lute signal levels) imposes stringent limits on the optical design as is
addressed below.

We have investigated two optical systems for their suitability
for spatial imaging and for limiting the spread in incidence angle
to the Bragg Notch Filter (BNF): one based on a fiber 7 x 1 lin-
ear bundle and the other based on a slit spatial-filter (which has
not been previously used in such setups) for improving the sensitiv-
ity as needed for temporally resolved measurements. In both cases,
the systems serve as an imaging relay between the light collection
step (where a 60 mm focal length, 25.4 mm diameter lens collects
light from the plasma region) in preparation for approximately col-
limated incidence on the angle-tuned VBG notch filter (Fig. 1). Both
designs seek to (1) gather one-dimensionally spatially resolved LTS
light along ~2 mm extent of the beam, (2) preferentially collect light
from the region where the LTS is generated vs surrounding regions
that contain plasma luminosity only, and (3) prepare the gathered
light, with a minimal variation in the beam angle for high suppres-
sion by the VBG notch filters. The first configuration focuses the
collected light (with a magnification of 0.83 relative to the beam loca-
tion) into a linear 7 x 1 fiber bundle (Thorlabs BEA105LS02) after
which the exit light is collimated and directed to the VBG notch fil-
ters. The linear bundle has seven fibers, each with a core diameter of
105 ym with the bundle linear axis aligned parallel to the image of
the laser beam. The distance between the consecutive fiber centers is
0.13 mm. Light exiting the bundle is collimated with a 40 mm focal
length lens and passed to the VBG notch filters yielding a spread
in incidence angle of A8 ~ 2.5 mrad (where we approximate A0 ~
ds/f, where dg is the fiber diameter and f is the collimating lens focal
length). The numerical aperture (NA) of each individual fiber is 0.22;
therefore, there is some loss of scattering light due to overfilling of
the BNF (light hits the surrounding mask). The second, slit-based,
configuration uses two lenses (f = 250 mm and f = 150 mm) con-
focally surrounding an adjustable linear slit (Thorlabs VA100CP).
Similar to the bundle, the axis of the slit is aligned parallel with
the image of the laser beam. In this case, the spread in the angle
of the light rays to the VBG filters is determined by the combina-
tion of the slit width and focal length of the second lens. For the
present work, we have Af ~ 2 mrad based on a slit width of 300 ym,
which also yields a magnification of 0.24 relative to the beam loca-
tion. A 12.7 mm length slit is used, but we reduced the effective
length to be 6 mm, since the outer regions of the slit light suf-
fer from reduced attenuation by the VBG filter, which we attribute
to the Petzval field curvature (even when an achromatic lens is
used). In general, we find that the alignment for the slit spatial-
filter configuration is more difficult as compared to the fiber bundle,
since it tends to be more difficult to isolate the cause(s) of non-
optimum alignment. The adoption of an f-theta lens, in the future,
would be helpful to increase the observation length along the laser
beam.

An intensified charge coupled device (ICCD) camera (Prince-
ton Instruments, model PI-MAX4:1024x256-HB-25-P43-S) with a
quantum efficiency of 45% at 532 nm was used for the detection of
scattered light. The timing was optimized in each optical system with
five sets of 2000 accumulated signals (per set) being used to analyze
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FIG. 2. Schematic and photo of the plasma source. Position along the probe laser
is also shown.

the Thomson spectra. The uncertainty in final measured parameters
(n. and T.) comes from the fitting error and statistical dispersion,
so it was evaluated from the uncertainty of the Gaussian (Thomson
line shape) fitting and unbiased sample variance. For the conditions
of interest, we have incoherent scattering (since the optical wave-
length is much less than the Debye length), and so the line shape can
be assumed as Gaussian.”” For the estimation of the electron temper-
ature, we consider instrumental broadening. The calibration of the
sensitivity was done by examining signal levels from Rayleigh scat-
tering of argon over a range of pressures (0-40 kPa) and based on
the ratio of Thomson and argon Rayleigh scattering cross sections.””
For LTS measurements, the ICCD gate width is set as 10 ns, con-
sidering the jitter of the laser and pulse width as ~8 ns. The exact
delay of the ICCD camera gate was optimized for each configu-
ration given small differences in their optical paths (and the fiber
refractive index).

Our experiments have employed a custom glow discharge
plasma source operating on pure argon as working gas (99.9999%
purity), as shown in Fig. 2. Owing to our interest in tempo-
rally resolved measurements in connection with oscillations in EP
devices, we use a pulsating boost chopper circuit (detail provided
in our past work”), which works as a harmonic power-supply that
has also been demonstrated for external modulation control of Hall
thrusters. The voltage between the electrodes is modulated with a
fixed frequency of 20 kHz. The source also ignites the plasma at
a repetition rate of 20 Hz, which is selected to match the laser
pulse-repetition frequency. Figure 3 shows an example of the time
history of the discharge current and voltage (averaged over 256
samples). Figure 3(a) is at a zoomed-out time scale and shows the
application of high voltage at 20 Hz (period of 50 ms) with the
resulting current flow. Figure 3(b) shows a more zoomed-in time
scale within the modulation period, showing that the plasma was
maintained for about 500 us (after each ignition) with a peak dis-
charge voltage of about 400 V and a peak current of about 0.3 A.
The timing of the Thomson probe laser relative to the discharge
modulation is controlled with a delay-generator supplying signals
to the laser.

lll. RESULTS

Figure 4 shows an example of spectral attenuation data for
cases of one and two VBG notch filters recorded in this case with
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FIG. 3. Time history of the discharge current and discharge voltage between two
electrodes as viewed over (a) a long time-duration (from —10 to +60 ms) and (b)
a short time-duration (from —100 to +600 ys).

the fiber bundle setup. Here, the attenuation is defined as the ratio
of the signal at the given wavelength with the filter(s) to the peak
signal at the laser wavelength including Rayleigh scattering with-
out the filter(s) recorded for 40 kPa argon gas. With inadequate
filter suppression, one would have an appreciable signal (due to
Rayleigh and/or background scatter) at the laser line-center wave-
length (~532 nm), which can then preclude the measurement of
LTS spectra. In our case, at the line-center, we find the attenua-
tion of optical density of ~4 with one filter and optical density of
~5 or more with two filters, showing that a strong suppression is
achieved. The suppression derived from using two filters is essential
for the temporally resolved measurement. At wavelengths far from
the line center, the attenuation (as defined here) is high simply due
to being away from the Rayleigh wavelength (also confirming that
the detector is not spilling light into adjacent wavelength bins). The
high attenuation across the spectrum is important for low plasma
number density measurements (conditions with 7, < 107 m™3). In
the case with two BNFs, no discernible signal can be observed across
the spectrum in the absence of LTS light. (Note that the negative
values of attenuation are numeric artifacts due to negligible signals
being sometimes recorded as negative numbers after the background
subtraction step.)

Figure 5 shows the spatial dependence of the signal sensitivity
recorded for both the bundled fiber and slit spatial-filter configura-
tions. Here, the sensitivity (detection system response) is estimated
from the Rayleigh scattering signal based on the slope of the argon
Rayleigh signal vs pressure (in arbitrary units), as shown in Fig. 6.
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FIG. 5. Spatial distribution of the sensitivity for two systems found from Rayleigh
scattering of argon. The abscissa axis shows the position along the probe laser
with the origin corresponding to the center of the electrodes (see Fig. 2). The
position increases in the laser propagation direction.

The spatial position axis corresponds to the observation position
along the probe laser path. The parameters of the fiber and slit are
as given above. The sensitivity profile recorded with the fiber bundle
shows a spatially varying structure, which is due to the light pass-
ing through the seven individual fibers comprising the bundle. Note
that due to the selected CCD binning and magnification, there is not
a direct correspondence between the images from the fibers and pix-
els (and we did not want to limit to only seven pixels); however, one
can see seven elevated pixels corresponding to the individual fibers.
The profile for the slit case is more uniform with a fall-off on the
edges due mostly to the Petzval field curvature. The better sensitiv-
ity with the spatial-filter, by a factor of ~2, is primarily due to the
coupling losses of the fiber bundle. The achievable spatial resolu-
tion of the setup is determined by the pixel size of the ICCD camera
(26 ym) and the binning, where, for the wavelength axis, we bin two
pixels together and, for the spatial axis, we bin four pixels together.
The spatial resolution difference between the bundle fiber and the
spatial-filter is due to the difference in lens magnification for the two
cases.

Figure 7 shows the example raw spectra for the two configura-
tions (fiber bundle and slit spatial-filter) recorded at a time of 12.5 us
relative to the modulation origin (i.e., 1/4 of the way through the
fast modulation period) and spatial position of zero (i.e., at the cen-
ter position of light collection along the beam) for three conditions:
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FIG. 7. Spectra for two systems at t = 12.5 us and the position of 0 mm from the
(a) bundled fiber system and (b) slit spatial-filter system.

plasma with laser (labeled signal), laser without plasma (labeled laser
only), and plasma without laser (labeled plasma only). The argon
mass flow rate was kept constant for each of the three cases. There
is little difference between the two Thomson spectra (curves labeled
signal). In both cases, no stray light can be observed (i.e., no Rayleigh
or background peak at the line center) and weak emission lines are
detected around 520 and 542 nm. Figure 7 also shows that the noise
with a fiber bundle is relatively larger than that with a spatial-filter
due to the difference in the sensitivity (Fig. 5). The center dip is
due to the BNF profiles and due to the instrument function of the
spectrometer, so the signal does not fully reduce to zero at the laser
wavelength.
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Figure 8 shows the spatial distribution of plasma properties
along the probe laser recorded again at a quarter period after t = 0
(i.e., t = 12.5 us). The inferred plasma properties are found from
data like Fig. 7 where the LTS signal was obtained by subtracting
the signals of laser only and plasma only from the signals with laser
and plasma. The resulting spectra are fit with a Gaussian function
(Thomson line shape) with an excluded region around the laser
wavelength (+0.5 nm). Instrumental broadening is accounted for in
the fitting but has a negligible impact on the fitting (given that the
instrument function width of 0.15 nm is significantly narrower than
the measured LTS spectral widths). The data analysis has also cor-
rected for the spatial dependence of sensitivity (Fig. 5). The resulting
electron temperature is fairly uniform (within uncertainty) along the
recorded extent, while the number density seems to show a reduc-
tion toward the positive side, likely due to the detailed electrode
shape and position (which were nominally symmetric across the
measurement region but with some shape and alignment complexity
at the sub-mm scale). The uncertainty of the electron tempera-
ture at the origin position is 0.06 eV due to the fitting error and
a variation in the width of the Thomson scattering spectra, and
the averaged electron temperature is 1.54 eV, giving a fractional
uncertainty of 0.04. The average fractional uncertainty varies with
position and is 0.065 across the 22 measured points. The uncertainty
of number density at the origin is 1 x 10'® m™ due to the relatively
large variation in signal intensity (plasma density fluctuations), and
the average number density is 1.7 x 10" m™>, giving a fractional
uncertainty of 0.06. In this case, the average fractional uncertainty
of all 22 points is 0.10. For both electron temperature and den-
sity, the uncertainties near the edge of the slit are somewhat higher
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[ne = (15 + 1.2) x 10®¥ m™>, T, = (1.6 + 0.2) V] than in the center
owing to weaker light signals.

Figure 9 shows the time history of the plasma properties at the
spatial position of zero for the modulated plasma along with the dis-
charge current trace (averaged for 256 waveforms). Here, the time
is normalized by the period of the discharge voltage, i.e., by 50 us.
The number density shows very similar trends as the discharge cur-
rent increases from T =0 to T ~ 0.125, then gradually decreases until
T ~ 1, and then exhibits a notable upward jump at T ~ 1.125. (Note
that given the ringing nature of the discharge, each subsequent 50 ys
period behaves differently from the previously discussed ones, so
we do not expect to have the same parameter values at T = 1.125
as T = 0.125—see the top of Figs. 3 and 7.) The number density
at T =1isn. = (7.9 + 1.6) x 10" m~3, which is almost the same
number density as one encounters at typical Hall thruster condi-
tions, as we are interested in. The relatively large uncertainty in n,
of ~+£20%, under this condition, is primarily due to the weak sig-
nal level and can be improved by increasing the number of signal
accumulations (measurement time) or by the use of larger optics
to collect the scattering signal. Meanwhile, the electron tempera-
ture is almost constant at T, ~ 1.6 eV, though somewhat elevated
at T~ 1.
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IV. SUMMARY

For the first time, a portable temporally resolved Thomson
scattering measurement system has been developed and used to
measure temporally varying plasma parameters (electron tempera-
ture and electron number density) in a low-density discharge. We
have divided the fast modulation period of 50 ps into eight tem-
poral steps and can resolve plasma dynamics on that time scale.
The oscillation period studied was selected to be representative of
fluctuations in EP Hall-effect thrusters. Future studies in thruster
devices can be performed by synchronizing the detection with nat-
ural oscillations or by deliberately modulating the anode current
(with a power supply similar to that used here) as has been previ-
ously demonstrated.'” Spatial resolution at the sub-mm level has also
been demonstrated. Attaining simultaneous spatial- and temporal-
resolution in low density plasmas places stringent requirements on
the S:N and suppression of the measurement system. We find an
optimum setup based on the use of two VBG notch filters to sup-
press the Rayleigh scattering signal and stray light from walls, which
is an important requirement to enable low density plasma mea-
surements. In summary, we have shown spatially and temporally
resolved measurements of a low density plasma using a compact
and potable LTS measurement system. This system can contribute
toward revealing the unrevealed physics in Hall thruster, such as
anomalous transport or neutralization mechanism in Hall thrusters.
The diagnostic system can also be used for other temporally varying
low density plasmas of practical interest, for example those used for
semiconductor processing.
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