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The sheared-flow-stabilized Z pinch concept has been studied extensively and is able to produce
fusion-relevant plasma parameters along with neutron production over several microseconds. We present here
elevated electron temperature results spatially and temporally coincident with the plasma neutron source. An
optical Thomson scattering apparatus designed for the FuZE device measures temperatures in the range of
1-3 keV on the axis of the device, 20 cm downstream of the nosecone. The 17-fiber system measures the
radial profiles of the electron temperature. Scanning the laser time with respect to the neutron pulse time
over a series of discharges allows the reconstruction of the 7, temporal response, confirming that the electron
temperature peaks simultaneously with the neutron output, as well as the pinch current and inductive voltage
generated within the plasma. Comparison to spectroscopic ion temperature measurements suggest a plasma in
thermal equilibrium. The elevated 7, confirms the presence of a plasma assembled on axis, and indicates limited
radiative losses, demonstrating a basis for scaling this device toward net gain fusion conditions.

Since fusion reactivity depends sensitively on plasma
temperature[1], accurate temperature measurements are
critically important. Historically, determination of electron
temperature using Thomson scattering has been a reliable
technique to validate plasma temperature[2] and its correspon-
dence with other measurements[3]. In cases of plasma thermal
equilibrium, electron temperature, 7,, is a valid indicator
of bulk plasma temperature, and therefore ion temperature,
T;, upon which fusion reactivity depends. As such, 7, can
be used in these cases to understand and predict fusion
performance[4].

Electron temperature in high temperature fusion-relevant
plasmas is often considered a qualitative measure of plasma
health, in the sense that various loss mechanisms are
manifested in the electron channel. Electron energy loss
mechanisms include line radiation in plasmas with high
impurity content [4], and electron axial losses [5]. In
adiabatically compressed plasmas such as those studied in
this work[13, 17, 18], typically 7, < 7;.  Electron-ion
collisions cool ions at a rate that is proportional to
T[S/ 2, Thus, elevated electron temperature, comparable to
ion temperatures, suggests good electron confinement and
precludes detrimental cooling of ions by electrons via these
mechanisms.

The well known instabilities which have historically
prevented high performance fusion operation in Z pinches[5—
8] have been shown computationally and experimentally to be
stabilized by the application of radially-sheared axial plasma
flows[9—13]. Scaling of these sheared-flow-stabilized (SFS)
Z pinches towards net gain fusion energy production shows
promise, and would constitute an extremely compact, simple
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FIG. 1. The Z-pinch Assembly Region of the FuZE device and TS
system, featuring three dedicated vacuum flanges for the TS system.
The assembly region of the device extends from the upstream
nosecone down to the endwall. Also shown are views of the UV
spectroscopy measurement for 7; as well as placement of the axial
SPMT array, at bottom right. a) Detail of the probe region and
collection region, which is indicated by the dashed square in the main
figure; b) end-on view of the idealized plasma column and radial
extent of the TS collection volumes. Vertical displacements of the
plasma column results in TS collection volumes that do not coincide
with the Z-pinch plasma axis.

and economical commercial fusion device[14—16].

Here, we present the first spatially and temporally
localized equilibrium 7, measurements from the core of
the SFS Z-pinch plasma in the keV range. These
measurements confirm earlier indications of both 7, and T;



(from non-localized chord-integrated measurements[13, 17]
which could be sensitive to turbulent or other broadening
effects) and suggest thermal equilibration between ions and
electrons in the deuterium plasma. Similar to recent work[4],
we observe T, < T;. As such, establishing 7, as a lower bound
for T; sets a lower limit for fusion rate predictions. Here,
the associated heating mechanism is predicted to be adiabatic
compression, which heats both ions and electrons[18].

Plasma parameters and fusion performance of the SFS
Z pinch have been measured using a variety of diagnostic
techniques[13, 17-21]. T; has been determined spectroscopi-
cally from Doppler broadening of impurity emission lines[17,
21]. The sum of electron and ion temperatures[13] has been
measured by combining density profiles extracted from digital
holographic interferometry[19] and magnetic field probes[10]
and assuming equilibrium radial force balance in the Z-pinch
plasma. The electron temperature has been directly measured
using Thomson scattering on the ZaP SFS Z-pinch device,
when operating at low plasma performance, to show 7, =
64 eV[17]. Spectroscopic measurements indicated 7; =71 eV,
and force balance resulted in 7, 4+ 7; = 160 eV, in qualitative
agreement to the experimental total of 135 eV, suggesting that
the computed equilibrium values are valid.

The Thomson scattering (TS) system, along with its initial
results on FuZE, has been discussed previously [24]. In
Ref. [24], the details of the diagnostic sub-systems and the
methodologies for inferring the values of 7, are presented.
The results presented in Ref. [24] featured unoptimized pulses
on the FuZE device, with T, measurements in the range of
300—700 eV. By contrast, the data presented in this Letter
analyzes Thomson features generated from optimized FuZE
performance and correlates them to contemporaneous neutron
production rates. Here, we report peak electron temperatures
in the range of 500 eV to 3 keV, temporally coincident with
high neutron production rates.

The FuZE device generates a sheared-flow-stabilized
Z-pinch plasma which, depending on the pulsed driver current
waveform and details of the fast gas injection, can last
from 1-10 us. The lifetime is limited by these engineering
constraints, not the growth rates of the typical MHD modes
observed in Z-pinch devices. Indeed, the FuZE discharge
endures for 1000 to 10,000 growth times of the m = 0 and
m = 1 modes[18, 21, 22]. Typical axial extents of the
pinches also range, depending on the above parameters, from
several centimeters up to the length of the assembly region
in the device, extending 50 cm from the upstream nosecone
to the downstream end wall (see details of Fig. 1). Pure
deuterium discharges are accompanied by the generation of
thermonuclear fusion reactions within the pinch[23]. The
associated 2.45 MeV neutrons are detected by a spatial array
of fast plastic scintillators coupled to photomultiplier tubes
(SPMT detectors). These measurements were consistent
with a thermal fusion[23] linear neutron source[20] that is
approximately 32 cm long.

For the data set analyzed in this work, the neutron
source has increased significantly since the above referenced

publications. Average neutron production rates achieved in
current FuZE operation are =~ 3 x 107 n/us, up from ~ 6 x
10 n/us [21]. Typical plasma measurements indicate 7; in
the range of 1-3 keV, as measured by Doppler broadening of
impurity carbon, densities of approximately 10'” cm~3 and
pinch radii in the range of 3—10 mm. Differences in plasma
performance between this and previous works are due to the
usage of a different pulsed-power current driver.

The TS system, shown in Fig. 1, focuses an 8 J, 1.4 ns, 532
nm probe laser 20 cm downstream from the nosecone. The
Thomson scattered signal from the probe beam is collected at
a 15° angle via an optical doublet and linear fiber array each
of 100 um diameter. The output of the fiber is coupled to a
spectrometer and time-gated camera assembly to resolve the
scattered spectrum. The TS system probes the plasma at 17
locations along the laser beam path for a 1.6 cm total field of
view, each probed volume being ~ 0.5 mm?>.

Examples of observed responses from two FuZE discharges
are shown in Fig. 2. The raw spectra are shown in the
left panels, each collected from a different radial location at
the same axial location. Three fibers are shown for each
pulse, representing three radial locations. We used a 4 ns
camera-integration time and a notch filter to reject the signal
around the laser wavelength and avoid saturating the detector
with "stray light". To infer 7,, a spectrum is fitted by a
non-collisional Thomson scattering model using three free
parameters; T, the signal peak intensity, and the continuum
intensity. Each fit is represented by a blue line in the right
panels. (The reconstructed 7, radial profile using each fiber
location is shown below in Fig. 4).

TS spectra collected at this axial location on FuZE suggest
n. lower than 5 x 10'°® cm—3, which is beyond the resolution
of the diagnostic. Therefore we used two fixed values of 5 x
10 cm™3 and 5 x 10'® cm™3 to calculate the error bar on
T, [24]. For n, lower than 5 x 10'> cm™3 the measurement
is fully non-collective, and the width of the spectrum is no
longer influenced by r,, and does not affect the inferred 7.

The reported T, values assume a single Maxwellian electron
population. Although a portion of the spectrum is blocked by
the notch filter, our fits can still accurately infer temperatures
down to 100 eV. As such, these measurements strongly limit
possible deviations from Maxwellian. Such effects would lead
to only small changes in T, and are therefore captured in our
error bars.

Still, mechanisms that generate non-Maxwellian behavior
can be considered. For example, if an instability-driven
electron beam were present [6] it would propagate away from
the FuZE inner electrode (cathode), causing blue shifts. Such
bulk blue shifts would in fact lead to the analysis in this
paper underestimating the electron temperature. Beyond these
fundamental difficulties, there is no observable from this data
set or the large body of experimental work on SFS Z pinches
to motivate such a strong non-Maxwellian contribution. Thus,
the assumption of a single Maxwellian population is well
supported, and small deviations from this are captured in the
error bars.



| 573ev
| 557ev
| 686ev

2539
3216eV._ L %

T T T T
530 555 550 545 540 535 530
Wavelength (nm)

Pulse 220607029
I
~

Radial Position (mm)
&

|
©

I
~

Pulse 220607056
Radial Position (mm)
&

I
©

555 550 545 540 535
Wavelength (nm)

FIG. 2. Raw Thomson data (left column) and fits (right column) for
three representative fibers from two FuZE pulses: pulse 220607029
on the top row and pulse 220607056 on the bottom row. The fitted
T, values are displayed in the right column for each chord.

Increased broadening of the spectra represent higher plasma
temperatures. The reconstruction of the full radial profiles are
shown below in Fig. 4.

Pulse 220607029 in the top row of Fig. 2 is consistent
with peak 7, fits of 1.5 keV, while pulse 220607056 in the
bottom row is broadened substantially more, giving peak fits
of 3.2 keV. For T, ~ 1 keV, we note that the thresholds for
plasma heating by inverse bremsstrahlung are approximately
3 orders of magnitude above the measured densities; therefore
these processes do not influence the inferred 7.

The plot in Fig. 3(a) shows a typical FuZE discharge
during this campaign; qualitatively similar figures have been
published and described in detail for FuZE operation[21].
Total plasma current across the anode and cathode gap is
measured at the upstream breach of the accelerator[18] and
is plotted in purple; pinch current measured in the assembly
region where the pinch forms and compresses is plotted in
black; the voltage measured at the accelerator breach, Vg, is
given in orange; and the neutron production rate measured by
an SPMT operating in analog mode is plotted in blue. As
noted in previous work, the peak in neutron production is
coincident with the peak in the pinch current as well as a large
inductive increase in the Vg, signal, which is understood to
be generated from pinch formation and compression.

To investigate the temporal correlation of neutron produc-
tion with T, a series of pulses were taken where the Thomson
probe laser delay was sequentially increased through the
FuZE pulse. For each pulse, the TS delay is reported with
respect to the rise time of the SPMT detector signal, defined
as 30% of peak signal. This delay has been quantified to
within 5 ns and corrects for the jitter in bank firing, ~
1 ps. Figure 3(b) plots 7, against the neutron production
rate for 59 identically prepared pulses. The black dots show
the maximum 7, across the TS field of view and the blue
dots indicate the instantaneous neutron production rate. The
latter is computed by integrating the analog SPMT response
over a 200 ns window centered around the TS laser trigger.
The neutron production rate averaged over all of the relevant

Pulse Number: 220607029 1e8
30 1.0 r 500

Gap Voltage
@ —— Total Current
—— Pinch Current + 400
—— Neutron Signal (SPMT) [

25 A

20 A

r0.6

Voltage (kV)
Current (kA)

r0.4

Neutron Rate (neutrons/us)

r 100
0.2

T T T y y 0.0
0 5 10 15 20 25 30
Time (us)

le7

— Average Neutron Rate
(b) +

W Instantaneous Neutron Rate
@ Electron Temperature

Temperature (keV)
Neutron Rate (neutrons/us)

Time Relative to 30% SPMT Rise (us)

FIG. 3. (a) A typical FuZE pulse taken during this campaign. The
total plasma current in the accelerator is measured at the upstream
anode/cathode gap[18] and is plotted in purple; the current that
makes it into the pinch is black; the voltage drop across the anode -
cathode, Vgap, is orange; and the neutron production rate as measured
by a SPMT detector is blue. The peak in Vg,p is coincident with the
peak in pinch current as well as the onset of neutron production. (b)
Reconstruction of the temporal evolution of the electron temperature
over many pulses on the same time scale as the neutron production
rate. (The TS delay is reported with respect to the rise time of the
SPMT signal, defined as 30% of peak signal.) The solid blue line
is averaged over all the of relevant pulses. The blue dots are the
instantaneous neutron production rate for each pulse, integrating over
a 200 ns window. We observe temporal coincidence of 7, and the
neutron production rate.

pulses is shown as a solid blue line.

We observe in Fig. 3(b) that 7, rises above 1 keV as the
neutron production rates increases, and comes down below
1 keV as the neutron production rate declines at ~ 2 us. At
the peak of the neutron production rate, 0-1 us, 7, reaches
its highest values up to 3 keV. This qualitative agreement
suggests the temporal rise, peak, and subsequent fall of 7, are
synchronized with those of the neutron production rate and
pinch current.

Though these pulses were prepared identically, we observe
variation in the derived 7, data. For example, in Fig. 3(b)
near 1 s one observes several pulses ranging from ~ 400 eV
to =~ 3 keV. We considered two possible explanations for
these variations. The first is the motion of the plasma
column: the core of the pinch can be displaced from
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FIG. 4. Three representative pulses showing examples of the T,
spatial extents observed in the TS campaign. Large pulse-to-pulse
variation is seen, from a radially localized on-axis response (black
trace) to a broad flat response across all channels (blue trace). A
Gaussian FWHM fit to pulse 220607029 (orange trace) gives a ~
6 mm pinch radius.

the TS collection volume [22] leading to lower observed
T.. A second explanation is pulse-to-pulse differences in
plasma performance, which could lead to variations in plasma
structure.

An appreciation of the variation observed by the Thomson
system 1is illustrated in Fig. 4, which shows 7, across
all observation points for three pulses (two of which are
the same pulses presented in Fig. 2). Pulse 220607029
indicates a spatially localized on-axis structure with a radius
of ~ 6 mm; pulse 220608016 measures significantly higher
temperature displaced off-axis by 1 cm on the leftmost
chord, which nearly misses the TS collection volume
entirely; and pulse 220607056 shows an even hotter but
much broader distribution. The radial structure seen in the
profiles provides peak temperatures to characterize the plasma
properties instead of relying on the average temperature. The
pulse-to-pulse variance underlies the scatter in the temporal
data in Fig. 3, and is also observed in other spectroscopic
measurements on FuZE.

Figure 5 replots the data from Fig. 3 (b) between the
peak magnitudes of 7, with the instantaneous SPMT neutron
production rate. Given the spread in both 7, and neutron rate
measurements, the main feature is that elevated 7, and high
neutron production rate are typically coincident, while lower
T, appears uncorrelated with neutron production. This results
in the triangular distribution seen in the plot, since there
are no observations of low neutron production rate and high
temperature. The lack of these observations is emphasized
by the gray region at bottom right. This feature is consistent
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FIG. 5. Plot of the normalized instantaneous neutron production rate
versus the 7, measurements. The values for rate are calculated by
integrating a 200 ns window of the SPMT signal centered around
the Thomson laser trigger. The triangle at bottom right indicates the
region of parameter space characterized by low neutron production
and high 7,, which is not observed experimentally.

with the explanation that the low-7, / high-production rate
data points are due to a plasma column displaced from
the TS collection volume. Thermal fusion yield is also
driven by plasma density and plasma volume, which are not
measurements discussed here. Thus, elevated 7, gives a
necessary but not sufficient condition for elevated yield, which
may further explain the observations.

The limitations of the correlation are the result of
the comparison of a spatially global and time-integrated
measurement with a both spatially and temporally localized
measurement.  Further substantiation ideally requires 7,
measurements at all locations and times within the device.
Future expansions of the spatial and temporal measurements
will make some progress towards this end.

For an identically prepared series of plasma pulses, ion
temperature was determined using ion Doppler spectroscopy
(IDS) of carbon. Broadening of carbon-V triplet lines (227.1,
227.2, and 227.8 nm) were measured as a function of time
during the FuZE pulse, comparable to the TS data in Fig. 3.
The IDS spectrometer requires a longer collection gate of
1.0 us, resulting in less temporal resolution. As such, we
quote a value of peak 7; across all IDS chords, averaged
over 24 pulses which were acquired within O to 1.5 us of
the neutron emission period: 7;=1.4%+0.5 keV. This can be
compared to the average T, during this same time window:
T,=1.1£0.8 keV. Thus, within error these measurements
give an indication of thermal equilibration between ions and
electrons. However, for these conditions carbon is fully
stripped after only 1 us[25], such that carbon-V is likely



burnt out of the core pinch, existing primarily in the cooler
periphery. Thus, a more conservative conclusion would be
that 7, < T;, since the maximum 7; in the plasma may be more
elevated than the IDS carbon-V analysis can reliably measure.

In typical Z-pinch plasmas, hot ions collisionally couple
and heat electrons via thermal equilibration, while electron
energy is subsequently lost through radiation and other mech-
anisms. Recent observations[4] corroborate this scenario,
showing T, < T;, consistent with the FuZE measurements
discussed here. Thus, 7, provides a lower bound for
T;, and the associated thermonuclear fusion reactivity.
Ref.[4] also discusses ion Doppler-inferred temperature as a
pseudo-temperature that can be higher than actual thermal T;
due to contributions from turbulent motion. The lower bound
given by 7, limits this turbulent contribution.

The TS system measurement, resulting from a direct
interrogation of the bulk deuterium plasma, provides the most
reliable measure of temperature of the pinch core on the FuZE
device. Since fusion reactivity is dependent on 7; and not T,
the indication that the local measurement of 7, is a lower
bound for 7; provides a solid basis for calculating fusion
rates. The thermal fusion neutron yield from a pure deuterium
Z-pinch plasma[21] for ~ 1.5 keV and 5 x 10'® cm™> and a
plasma volume characterized by a 6 mm radius and 30 cm
long 250 kA pinch gives a production rate of =~ 4 x 107 n/us.
This estimate is in excellent agreement with the measured
peak rates shown in Fig. 3. Whole device modeling of FuZE
using the WARPXM code[26] and Mach2 code[18] closely
reproduce observations, including 7; and T, in the 1-3 keV
range, as well as thermonuclear fusion yields in the 107 to 108
range.

The measurements presented here are the first direct con-
firmations of a keV regime equilibrium plasma temperature
in the core of the SFS Z pinch. Observations made on these
devices are consistent with ion-electron thermal equilibration,
from the 100 eV level[13, 17] up to current operations on
FuZE, in the range of 1-3 keV. Further, the demonstration of
elevated electron temperature puts a limit on thermal losses
both from radiation enhanced by plasma impurities as well
as excessive axial transport. These results are consistent
with earlier measurements which suggest an adiabatically
compressed[16] and stabilized pinch in radial force balance
equilibrium [13, 17] producing thermonuclear fusion[23].
This work supports continued efforts to scale the SFS Z pinch
concept towards higher performance.
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