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ABSTRACT

We report the first optical Thomson scattering measurements inside a high electron temperature (21 keV) and moderate electron density
(mid 10'® cm™) plasma. This diagnostic has been built to provide critical plasma parameters, such as electron temperature and density,
for Advanced Research Projects Agency-Energy-supported fusion-energy concepts. It uses an 8 J laser at 532 nm in 1.5 ns to measure the
high frequency feature of the Thomson scattering profile at 17 locations along the probe axis. It is able to measure electron density from
5x 10" cm™ to several 10" cm™ and electron temperatures from tens of eV to several keV. Here, we describe the design, deployment,
and analysis on the sheared flow stabilized Z-pinch machine at Zap Energy named FuZE. The probe beam is aimed at an axial distance of
20 cm from the central electrode and is timed within the temporal envelope of neutron emission. The high temperature and moderate den-
sity plasmas generated on FuZE lie in an unconventional regime for Thomson scattering as they are between tokamaks and laser-produced
plasmas. We described the analysis considerations in this regime, show that the electron density was below 5 x 10" cm™ at all times dur-
ing these measurements, and present a sample shot where the inferred electron temperature varied from 167 + 16 eV to 700 + 85 eV over
1.6 cm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0135265

I. INTRODUCTION range of electron densities, including laser produced plasmas,’
pulsed power driven plasmas,”* and tokamaks.” Thomson scatter-

A key requirement to understand the evolution and dominant ing provides quantitative measurements across these regimes, and

physical processes of plasma systems is the accurate diagnosis of
plasma conditions. Quantifying both the magnitude and errors in
experimentally measured parameters is vital, both where compar-
isons to simulation work are carried out and in the projection of
plasma performance to new regimes, including the possibility of
fusion energy.

Optical Thomson scattering, which refers to Thomson scat-
tering in the ultraviolet, visible, or infrared wavelength domains,
enables the local measurement of several plasma parameters, includ-
ing electron density, electron temperature, and flow velocity. It has
been deployed on many plasma research facilities spanning a wide

work continues at both the high (>1 x 10" ¢cm™) and low (<1
x 10" cm™) density range to extend the type of plasma conditions
and parameters that can be studied by Thomson scattering.'’ Here,
we present the design and analysis of a portable Thomson scattering
diagnostic. It has been successfully deployed on the FuZE machine
at Zap Energy, which operates a sheared-flow stabilized Z-pinch.'!
The expected parameters are mid density and high temperature,
which creates a unique set of challenges compared to the traditional
high- and low-density regimes used for Thomson scattering. In this
density and temperature range, we were able to measure the electron
temperature and find an upper bound on the electron density.
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Il. THOMSON SCATTERING THEORY

The non-collisional Thomson scattering profile is primarily
defined by the Thomson scattering form factor'”

o))

Here, k = |k, — k|, with k; and k; being the scattering and laser wave-
vectors, respectively, w = ws — wj, with w; and w; being the scattering
and laser wave frequencies, respectively, Z is the ionization state,
X, and y; are the electron and ion susceptibilities, respectively,
e€=1+y,+x;and fe(v) and fi(v) are the electron and ion distri-
bution functions, respectively. The form of the scattered spectrum is
determined by the parameter a = 1/kAp., where Ap, is the electron
Debye length. In the case of alpha greater than one, the spectrum
forms resonance peaks at the propagation velocity of the electron
plasma wave (EPW) and ion acoustic wave (IAW). This condition is
often referred to as the collective scattering limit. As alpha decreases
below 1, the spectrum loses its peaked structure and begins to resem-
ble the electron velocity distribution. This is often referred to as the
non-collective limit of scattering. For a given scattering angle and
laser wavelength, a o< \/#n./T., meaning that decreasing the elec-
tron density or increasing the electron temperature will make the
scattering less collective.

For the case of collective scattering, the EPW, or high frequency
feature, creates a pair of peaks that can be used to measure both
the electron density, ., and electron temperature, T.. In general,
the density primarily drives the separation of the peaks, and the
temperature drives the width of the peaks through Landau damping.
While there is some correlation between these terms, they do make
a unique fit to the scattered spectrum.

In the case of non-collective scattering, the spectral peaks
disappear, resulting in a scattered profile that shows the electron
distribution function. This enables the measurement of T, from
the width of the spectral profile. The total scattered intensity is
proportional to the electron density, and, therefore, can be found
by performing an absolute intensity calibration of the detector.

21 e
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€

I1l. DESIGN CONSIDERATIONS FOR FUZE

This diagnostic was developed for the FuZE machine at Zap
Energy.'"'""" The FuZE machine creates a sheared-flow stabilized
Z-pinch form in a 50-cm long assembly region.'* The arrangement
for these experiments was made using an ignitron switched capaci-
tor bank charged up to 25 kV and a pure deuterium gas fill. Inside
the plasma column, thermonuclear reactions create a neutron line
source.'” In the shot described here, neutron production rises above
the detection threshold starting at 17 ys into the experiment.

To develop the Thomson scattering system on FuZE, it is
important to evaluate the desired measurements with the diagnostic,
the estimated plasma conditions, and the location and formation of
the plasma. For these experiments, the primary goal was the electron
temperature, and the secondary goal was the electron density.

Expected plasma parameters can be estimated from previous
experiments and scaling relations, and suggested densities near
1 x 10”7 cm™ and electron temperatures near 1 keV."* We use these
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parameters to calculate the scattering efficiency of the plasma and
conduct photometric calculations to select a collection system and a
laser that will have sufficient power to generate a measurable level of
scattered photons on the detector. The maximum laser power and
intensity is limited as it needs to remain low enough to not heat
the plasma via inverse Bremsstrahlung,'® nor filament within the
plasma.”

In addition, these parameters are used to define a scattering
angle for our system. Figure 1, showing synthetic Thomson scat-
tering at various scattering angles, shows that even if the density
is as high as 5 x 10" cm™, collective scattering is only possible for
scattering angles less than 15°. Collective scattering was desired to
enable direct measurement of the electron temperature and density
without needing to absolutely calibrate the intensity of the system.
From the scaling of a, collective scattering would not be achieved
for lower densities than this. We decided to adopt a scattering angle
of 15° for two reasons. First it gave us the opportunity to see col-
lective scattering if the density was at the upper end of the expected
range. In addition, the small scattering angle enabled more collected
scattering per pixel as the profile was narrower and the collection
volume was larger compared to a larger scattering angle. A smaller
angle than 15° was not possible due to the practical limitations in
placing the output optics away from the laser exit.

Another way to increase a would be to go for longer wavelength
Thomson scattering. This was initially considered by using a non-
doubled 1064 nm laser. However, the efficiency of high-resolution
detectors in the infrared region is significantly weaker than that in
the visible. While using this laser wavelength could give a higher
chance to achieve collective scattering, the loss of signal to noise
makes the measurement too challenging.

Another design consideration arises from the formation of
this plasma itself. Previous experiments showed the motion of the
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FIG. 1. Synthetic Thomson scattering spectra showing the effect of scatter-
ing angle on the shape of the profile for plasma with ne = 5 x 10" ¢cm=2 and
Te = 1 keV. Going for a smaller angle causes the profile to become more collec-
tive. We see that at 15°, in blue, the spectrum begins to form the EPW peaks,
which is the sign of collective scattering.
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center-of-mass away from the central axis of the order 1 cm during
the experiment, which makes observing the plasma column in each
shot challenging.!! By collecting from an extended spatial range
along the laser path, we can be sensitive to variations in the plasma
location in that direction. Since the plasma column size was expected
to be 0.6 cm, we aimed for a field of view of 2 cm in order to be able
to see a significant range of motion from the plasma along the laser
direction.'® While this design is not sensitive to motion perpendicu-
lar to the laser propagation direction and the plasma axis, we can use
optical imaging to locate the plasma along this axis on every shot and
correlate that to the Thomson scattering measurements. In addition,
this machine has a relatively high shot rate— about one shot every
5 min—enabling a significant number of shots, to ensure we see the
plasma column.

Other measurements with Thomson scattering, such as flow
velocity and ion temperature, while not the primary focus, were
still desired to be possible. These additional measurements would
require observing the IAW feature, and, therefore, the capabilities
to perform high resolution spectroscopy, <1 A, were included in the
design.

IV. EXPERIMENTAL ARRANGEMENT

A critical part of the Thomson scattering system is the laser.
For this diagnostic, we used an Nd-YAG laser that was frequency
doubled to produce 8 J of energy at 532 nm in 1.5 ns. Photomet-
rics for the entire optical system discussed here show that with 8 J of
laser energy, we should reach peak counts of 2000 photons per pixel
at the estimated parameter range, which should provide a signal-to-
noise ratio of 44 at the maximum gain of the camera. In addition,
we verified that the laser energy is low enough that plasma heating
or filamentation of the probe is not compromising the Thomson
measurement. Assuming T. of 1 keV, the energy deposited from
the probe laser inside the plasma is negligible until the density is
above 1 x 10*' cm™. Similarly, the threshold for beam filamentation
is exceeded for 1, > 2.5 x 10" cm™. Because the expected values for
n. are two orders of magnitude below the thresholds established for
Te = 1 keV, we did not consider filamentation or plasma heating by
the probe in the following analysis. If the plasma parameters were to
approach these thresholds, we could lower the laser energy or inten-
sity as necessary. The laser was focused to the center of the chamber
using a 1000 mm focal length plano-convex lens placed outside of
the vacuum chamber. The focal spot of the laser was ~250 ym as it
was almost entirely blocked by a 200 ym diameter pin. This laser and
its path to the FuZE chamber are shown in Fig. 2.

In order to collect the scattered radiation from the plasma,
a linear fiber bundle was used. This enabled easy delivery of the
scattered light from the plasma to the spectrometer/imaging system
and allowed flexibility in its location. It also enabled flexibility in the
design of the collection volume and resolution along the laser direc-
tion. The fiber bundle used for this experiment was a linear array of
27 fibers—each with a diameter of 100 ym, center to center spacing
of 130 ym, and a numerical aperture of 0.12, or f/4. The spectrom-
eter side of the fiber bundle had a center-to-center separation of
390 ym. This larger separation was used to ensure that each fiber
could be individually resolved on the detector. The low numerical
aperture was selected in order to better match the f-number of the

ARTICLE scitation.orgljournal/rsi

OTS Laser and &
spectrometer

land chiller

FIG. 2. Schematic and photographs of the optical Thomson scattering system
deployed on the FuZE machine.

spectrometer, /6. Of the 27 fibers, only 17 were viewable on the
detector due to the magnification into the spectrometer. In the future
iterations, if some light could be sacrificed, it would be possible to
observe more fibers on the detector by changing the coupling optics
in the spectrometer.

To collect light from the experiment and deliver it to the fiber
bundle, a pair of achromatic doublets were used. Both doublets were
2 in. in diameter and had focal lengths of 400 and 200 mm. This
resulted in a two times magnification of the fibers at the center of the
chamber. With the 15° scattering angle, the system had a full width
at half maximum (FWHM) of 0.74 mm for the fiber field of view and
a 1.0 mm fiber center-to-center separation. Each fiber, therefore, has
a collection volume of 0.25 x 0.25 x 0.74 mm?, and the total field
of view for all 17 fibers is 16 mm, which was close to our goal of
2 cm and enables detecting motion of the plasma along the laser’s
axis. This lens assembly and the fiber bundle were mounted outside
of the vacuum chamber to collect light from the plasma.

In order to couple the light from the fiber bundle into the spec-
trometer, another optical relay was used, as shown in green in Fig. 3.
This relay was used to both improve the amount of light entering
the spectrometer by matching the f-number and to give a collimated
region, to put other optics such as notch filters or beam splitters. One
important consideration with this relay design was the reduction of
off-axis losses through the relay as the active part of the fiber bun-
dle had a length of 6.6 mm, which can lead to large off-axis effects.
In order to correct for these effects, the collecting lens was a 1”
diameter achromatic doublet with a 75 mm focal length, while the
focusing lens was a 2" diameter achromatic doublet with a 150 mm
focal length, and they were separated by 250 mm. The collecting lens
had a smaller f-number than the fiber bundle in order to fully collect
the light from each fiber. The separation between the lens and the
large diameter of the second lens is to correct for the off-axis tilt and
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FIG. 3. Diagram of the optical relay for coupling from the fiber bundle into the spectrometer. In green (top), we show the extreme rays from the edge fiber with 250 mm
separation between the lenses, while in blue (bottom), we show the rays if there was no separation. We see that all the rays from the edge fiber reach the collimating mirror
in the spectrometer with the separation, but not when the lenses are right next to each other (lost region shown in red at the bottom right).

allow the edge fibers to be well coupled through the spectrometer, as
shown in Fig. 3. This design enabled 100% of the light from the edge
fibers to reach the detector, instead of 50%, if a simple f-matched
relay were to be used.

The spectrometer and the detector were the Andor 500 mm
Shamrock Czerny-Turner spectrometer and the Andor iStar CMOS
detector, respectively. The 500 mm focal length spectrometer was
used in order to give flexibility in the design to detect both the IAW
and EPW features. With a low-resolution grating, 150 L/mm, the
spectrometer would have the bandwidth to observe the EPW feature,
while with a highresolution grating, 2400 L/mm, the IAW could be
resolved. As we were focused on the EPW, the 150 L/mm grating
was used in these experiments. The CMOS camera had a minimum
gate width of 1.5 ns. While keeping the gate width small is desirable,

f=1000mm
lens

Brewster
/4

Optical Imaging

Optical Spectroscopy

Alignment Pin mounted
on 3D translation stage

as it helps reduce parasitic laser radiation and continuum radiation,
the gate width was set to 4 ns. This was chosen, as we observed a
significant Thomson signal increase during experiments compared
to a 2 ns gate, while continuum radiation and parasitic light were
still minimal. This increase in the Thomson scattered signal could
be due to slight inaccuracies in the timing, timing jitter, possible
underestimates of the gate width at its minimal setting, or ineffi-
ciencies or non-linearity in the gain of the camera at short exposure
lengths.

In order to mount the laser delivery and Thomson scattering
collection optics onto the chamber, three flanges needed to be
designed. These were the input flange, output flange, and the top
flange, as shown in Fig. 4. The side flanges enabled accurate mount-
ing of the diagnostic to the chamber while providing some standoff

a) PROBE REGION

Central
Electrode
“nosecone”

OTS Collection

Spllez] at 15 degrees

Imaging

& Pin
alignment

0TS Beam

Dump

oTS
Collection
optics

FIG. 4. Three flanges designed for use on the FuZE chamber. They allow for both flexible Thomson scattering setups, as well as multiple line of sight diagnostics to be used
with them, all looking at P20. The input flange is orange, the output flange is purple, and the top flange is green.
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from the plasma to reduce debris on the windows. The top flange
was used to enable the mounting of a vacuum translation stage,
which was used to place a pin in the center of the chamber, enabling
alignment of the fiber bundle and the Thomson scattering laser
while under vacuum. This alignment was performed by lowering a
200 ym diameter needle into the center of the chamber. The scat-
tered intensity from the pin was then maximized into the fiber
bundle, by adjusting the position of the fibers, demonstrating that
the fiber and laser are accurately aligned. Additional ports were
placed on the flange to both provide access for other diagnostics on
the FuZE chamber and provide options for scattering at other angles.
In addition, while shown here for collection at 20 cm away from
the nose cone (P20), the diagnostic could be completely inverted,
enabling collection at 28 cm from the nose cone.

The Thomson scattering design also included the possibility
of transporting the whole system for deployment on other fusion
devices after this initial demonstration. While Thomson scattering
is rather involved and requires specific access to the plasma, as
discussed above, some considerations can be made to simplify the
transport and setup for the major components. The laser head, spec-
trometer and CMOS, and a laptop to control the system and acquire
data are all mounted on a single 8 x 4’ optical table, as shown in
Fig. 2. Initial beam delivery optics as well as fiber collection and focus
into the spectrometer are also mounted here. Both this table and the
power supply and chiller units are mounted on wheeled chassis to
allow easy transport and positioning of the system in the labora-
tory. These can be located relative to the experiment, accounting
for exclusion zones for electromagnetic interference or radiation,
and then the remaining beam delivery and collection optics for a
specific experiment can be put in place. Once suitable vacuum cham-
ber modifications and laser safety procedures are completed, the
system typically takes one week to set up, for full operation and data
collection.

A typical design challenge in Thomson scattering systems is the
presence of parasitic (or stray) laser radiation. However, it is diffi-
cult to predict, as it depends greatly on the details of the specific
experiment. Here, we observed a significant amount of stray laser

Notch Filter Effect

40

304 — OTS No Notch
Notch filter
201 —— OTS With Notch

10~ L
1.5 -

1.0+

0.5

0.0 T T T T T T
570 560 550 540 530 520 510
Wavelength (nm)

FIG. 5. The spectrum with the stray laser light being 30 times stronger than
the Thomson scattering signal is shown in blue, with ne = 1 x 10" cm=3 and
Te = 500 eV. We see that the EPW feature is very weak and could not be detected.
By setting the notch filter (orange) as shown, we can detect and measure the
Thomson scattering signal(green).
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radiation, likely from the laser interacting with the walls of the cham-
ber, or the entrance and exit tubes. While the short gate width was
picked to hopefully reduce the stray light, initial experiments showed
that the laser light was too strong to observe the EPW scattering fea-
ture. Therefore, we included a notch filter in order to block the stray
laser light. While this filter was centered near the laser wavelength,
at 533 nm, it had a FWHM of 17 nm. This would cause the notch
filter to block the entirety of the EPW feature for lower density and
temperature plasma. The notch filter was set at an angle of 18° to
shift the central wavelength, aligning the filter transmission cut-off
to the observed edge of the laser line. This enabled the maximum
collection of the red shifted EPW feature, while preventing the stray
laser light from entering the system. The effect of the shifted notch
filter on the spectrum is shown in Fig. 5.

V. CALIBRATION

In order to properly analyze the data, several calibrations
needed to be performed. These calibrations included defining the
dispersion of the spectrometer, the location of the laser wavelength,
the instrumental response function, the intensity as a function of
wavelength, and the location of the notch filter.

The first calibration was a wavelength calibration, which
enabled finding the spectrometer dispersion and the location of
the laser. This was performed using a Ne calibration lamp and the
spectral lines at 621.7, 594.5, 576.4, and 540.1 nm. This gives a mea-
surement of the dispersion for the entire spectrometer; however, if
there is a slight rotation of the fiber bundle relative to the slit, it
would cause a slight shift in the spectrum between each fiber. In
order to correct for this shift, a spectrum was taken without the
notch filter to collect the stray laser light on each fiber. This results
in the laser on each individual fiber, which allows us to perform a
linear shift of the spectrum for each individual fiber based on the
wavelength of the laser.

The shot with stray laser light was also used to find the instru-
mental response function. The laser light allows us to find the
instrumental profile for each fiber because of the narrow bandwidth
of the probe laser. The instrumental function was assumed to be a
Gaussian profile, and the FWHM of the profile was fitted to be near
2.1 nm. The fit and estimated error for a single fiber is shown in
Fig. 6.

Instrumental Response Function for Fiber at 0 cm
1.0

— raw data
— best fit
—— 15% error

0.8

0.6

0.4+

0.2+

0.0 1

526 528 530 532 534 536

FIG. 6. Best fit to the instrumental function for the fiber at the center of the chamber.
The FWHM of the Gaussian was 2.1 nm. The red traces show the 15% error that
was used for the Monte Carlo error calculations discussed later.
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A relative intensity calibration was also performed, which
accounts for the optics and detector having different sensitivi-
ties at different wavelengths. First, a background subtraction was
performed to ensure a flat baseline. Then, a halogen white light
source with a known relative emission spectrum was shone through
the fiber bundle. A fit between that spectrum and the collected data,
with differences being able to be modeled as an intensity scaling
factor to correct the raw data, was obtained.

The final calibration was the spectral wavelengths rejected by
the notch filter for each fiber. This was done by shining the white
light through the system with the notch filter installed. It was then
possible to observe the spectral location of the notch filter on each
individual fiber. Combining lineouts of each of these fibers with the
specifications for the notch filter enables determination of the shift
in the central wavelength value of the notch filter for each fiber. This
shift and the notch filter specifications can then be applied to the raw
data for each individual fiber.

VI. DATA

To demonstrate the capabilities of this diagnostic to measure a
range of electron temperatures, we will show the analysis for a shot
with a strong gradient in the electron temperature over the fibers.
Data for our experiments were gathered at various times with respect
to the neutron emission to measure the changing plasma conditions.
The raw data from shot number 220609021 is shown in Fig. 7 and
was gathered at 470 ns after the start of the neutron pulse. Each of the
lines is a different radial location within the plasma. Looking from
the bottom to the top of the image, we see a significant change in the
width of the spectrum, which denotes a higher electron temperature
for the fibers at the bottom of the image compared to those near the
top of the image. However, we do not see distinct peaks in the spec-
trum, meaning we are not in the collective regime, and, therefore,
cannot make a direct measurement of the electron density without
an absolute calibration of our system.

Though we do not have an absolute intensity calibration of the
system, we can still look at both—relative intensities between all

81 - 2500
T 6 s
E .| Aof
2 4 - Laser 2000
< -
3 2] =
£ — 1500 S
§ ol - g
K
5 - g
§ 21 = 1000
2
©
. 500
[a]

_8_

560 540 520 500
Wavelength (nm)
FIG. 7. Raw data for shot 220609021. The shot shows a range of different temper-

atures due to the changes in the width of the spectrum. These data were gathered
at 470 ns in the neutron pulse.
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shots and some of the fits—to get an idea of the electron density
and improve our measurements of T,. By using the fits to the low
temperature (<200 eV) Thomson scattering results, we can find an
upper bound on the density. Figure 8 shows fits to the lowest tem-
perature fiber from shot 220609021 using two fixed densities. We
see that as density goes above 5 x 10'® cm ™, it becomes impossible
to fit the edge of the spectrum created by the notch filter. This shift
from the notch edge at higher densities is a result of the spectrum
changing shape and moving away from the non-collective spectrum.
Since we see this in all of the low temperature shots, we make the
assumption that in the low temperature cases, the density is less than
5x 10" cm™,

Now, we can look at the intensity of the signal as the sig-
nal broadens, indicating an increase in temperature. In the non-
collective regime, the total scattered intensity scales linearly with
density."” In addition, for our notch filter location, the maximum
intensity for a given density varies by only 50% over the temper-
ature range between 100 and 3000 eV, with a maximum value at
450 eV. If we look at the number of counts as a function of fitting
temperature, Fig. 9, we see that the maximum number of counts
is decreasing as the temperature of the fit increases. Since this
decrease is significantly more than the 50% variation for a given
density and counts increase with increasing density, this shows that
the higher temperature shots must be at a lower density than the
low temperature shots. As already discussed, the low temperature
shots must be below densities of 5 x 10'® cm™. This intensity trend
means that this density can then be used as an upper bound for
all shots. This decrease in density with increasing temperature is
also consistent with the assumption of pressure balance within the
plasma.

As density decreases, so does &, meaning that the scattering
becomes more non-collective. Eventually, the density will no longer
influence the electron temperature, and, therefore, we can set a lower
bound for the fitting density. For example, fitting the bottom fiber in

220609021 at 0.7cm ne Fit Limit

— raw data
1.0 1 ne=>5x10%cm~3T,=134 eV error = 0.19
ne=1x10 cm~3 T, =83 eV error = 1.06
0.8 A
9
c
= 0.6
o
2
<
2
v 0.4
c
3
£
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550.0 547.5 545.0 542.5 540.0 537.5 535.0 532.5 530.0
Wavelength (nm)

FIG. 8. Best fit for the coldest fiber for shot 220609021. Green line is the laser line,
black is the raw data, red is the best fit at ne = 5 x 10'® cm=2, and orange is the
best fit at ne = 1 x 10" cm=2. We see here that the higher density trace clearly
cannot fit the edge of the notch filter (right edge of the profile), and, therefore, is
too high of a density for this fit.
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Fig. 7 would resultin T, = 633 eV for 5 x 10" cm™>, T, = 742 eV for
5x 10" cm™>, and T, = 755 eV for 1 x 10" cm™>. As we see little
change in T, between 5 x 10 and 1 x 10" cm™, we can safely use
#e = 5 x 10" cm™ as a lower bound for our fits.

The data now can be fit by a non-collisional Thomson scatter-
ing model. The model had three parameters— T, peak intensity, and
continuum intensity. The continuum intensity was a vertical shift
of the profile to account for the counts in the continuum of the
spectrum. We then performed fits at the upper and lower bounds
of our density range to find a range for the electron temperature.
Though velocity can create a Doppler shift in the collected spectrum,
due to our choice of scattering angle, a velocity of 200 km/s, the max-
imum found on previous experiments,'' would result in only a shift
of 0.9 A and, therefore, can safely be ignored.

Error bars were found using a Monte Carlo error technique of
1000 different fits.” The parameters that were allowed to vary were
the width of the instrumental function, by 15%, the accuracy of the
laser wavelength, by 1 nm, and the dispersion of the spectrometer, by
1.5%. For each fit, noise was added to the theoretical profile before
performing the fit. This noise, o, was modeled as a basic Poisson
noise with camera noise added"”

o = yG + na;ix, (2)

with y being the number of counts for that wavelength, G = 1000
was the gain of the CMOS camera, n was the number of rows used to
create the lineout, and oyix was the noise in the camera with no signal
and was equal to 11. In addition, fits were performed at both 5 x 10"
and 5 x 10'® cm™, as those were the bounds discussed above. The
reported value for T, is the average of these two fits, with the error
bars being the sum in quadrature of the error of the two different
fits.

The best fit and error bars for several of the fibers are shown in
Fig. 10, and the electron temperature of all of the fibers for this shot
is shown in Fig. 11. We see that for this shot, the plasma increases in
temperature from one side to the other, going from 167 + 16 eV up
to 700 + 85 eV. Seeing these changes in the scattering profile within
a single shot and how T. changes because of these fits helps give us

Number of Counts vs T, for All Shots

number of counts

10° T :
1072 1071 10°
Te (keV)

FIG. 9. Number of counts as a function of the best fit electron temperature, assum-
ing that ne = 5 x 10'® cm=2 for all fit. As T, increases, the number of counts in
the peaks decreases, suggesting that ne is decreasing at higher temperatures.
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Lineouts with ne =5 x 10 ¢m ~ 3 for Shot 220609021
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FIG. 10. Best fits for several fibers for shot 220609021, assuming that the density
is ne = 5x 10" cm3. The raw data are in black, best fits are the dotted lines,
and 1o errors from the Monte Carlo calculations for this density are the shaded
regions.
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FIG. 11. Measured T, for shot 220609021. Blue line is the fit at ne =5
x 10% cm=2, orange line is the fit at n, = 5 x 10'® cm~3, and the green points
are the average of those two fits, with the error bars based on the Monte Carlo
error calculations for the two fits. The horizontal error bars are the FWHM of each
fiber.

confidence in the accuracy of our fits and that we can make useable
measurements of the plasma conditions.

VIl. CONCLUSION

In this paper, we have described the design, implementation,
and analysis techniques for an optical Thomson scattering sys-
tem on the sheared-flow stabilized Z-pinch on the FuZE machine.
It is the first optical Thomson scattering measurement inside a
high electron temperature (21 keV) and moderate electron density
(mid 10" ecm™) plasma. The use of a fiber bundle in the collec-
tion system leads to 17 distinct measurement locations along the
laser axis, providing a 1.6 cm field of view. The design relies on a
small scattering angle to maximize the scattered signal and lower the
density required in the collective scattering regime. We show that
ne < 5% 10" cm™ using the magnitude of the scattered signal. Tt
allows us to infer the electron temperature with a 10% accuracy. In
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addition, we detail the analysis performed on one shot, with temper-
atures ranging from 167 + 16 eV up to 700 + 85 eV across our field
of view.

These measurements show that the Thomson scattering diag-
nostic can make detailed measurements of at least T, and possibly
1, in plasmas generated on FuZE. These measurements will be able
to be compared to other diagnostics, such as the neutron production
rate, to gain a better understanding of the plasma. Going forward,
this diagnostic will be able to probe other locations of the FuZE
plasma column and, with a reduction of stray light, could observe
the IAW spectral feature. Finally, our Thomson scattering detector
includes the possibility of transporting the system for deployment on
other fusion devices after this initial demonstration. It is able to mea-
sure electron density from #, ~ 5 x 10" cm™ to several 10 cm™
and temperatures from tens of eV to several keV, which is a range of
interest for the high energy density plasma community.
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