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Assessment of the Findings

Having reviewed the paper and findings carefully, here is my evaluation of it: This paper
presents the first optical emission spectroscopy (OES) measurements demonstrating that
Avalanche Energy’s very compact centrifugal mirror produces ion populations with density-
weighted apparent ion temperatures in the 1.4-1.6 keV range with values in excess of 2 keV.
In this compact E x B centrifugal mirror, newly formed ions are rapidly accelerated by
strong radial electric fields in the presence of an axial magnetic field and execute large
cycloidal orbits. At locations where these orbits intersect, ions originating from different
birth radii arrive with substantially different velocities, producing a non-Maxwellian velocity
distribution with a large velocity variance. Through Coulomb collisions and collective
interactions, this distribution relaxes toward a drifting Maxwellian in the rotating frame.
When observed spectroscopically, the large velocity-space variance manifests as
substantial Doppler broadening of the Ha emission line, providing direct spectroscopic
evidence that strong E x B rotation in a device only a few centimeters in size can generate
ion populations with keV energy spreads.

To interpret the measurements, the team at Avalanche Energy applied two complementary
models representing limiting cases of the ion dynamics. The collisionless cycloidal model
was used to determine the detailed ion-velocity distribution arising from deterministic
single-particle orbits, while the rotating Gaussian model was used to determine the



distribution expected when collisions and collective processes fully randomize the
cycloidal motion into a drifting Maxwellian in the rotating frame. Combined, these
approaches bracket the possible degree of velocity-space relaxation and provide a
stringent test of the inferred ion energies. Both models reproduce the measured spectra
relatively well and yield consistent density-weighted apparent ion temperatures of 1.40
0.43 keV for the rotating Gaussian model and 1.55 *+ 0.24 keV for the cycloidal model,
demonstrating that the inferred ion energies are robust and only weakly dependent on the
assumed form of the distribution. The results establish OES as a powerful non-invasive
diagnostic of fast-ion populations and provide compelling evidence that compact
centrifugal mirrors can efficiently convert electrostatic potential energy into ion kinetic
energy. More broadly, the measurements provide strong experimental evidence relevant to
the development and evaluation of centrifugal mirror concepts for fusion and compact
intense neutron sources.

This is not a perfunctory endorsement. My familiarity with this work, including earlier
iterations of the data and the scientific questions that shaped the experimental approach,
places me in a position to assess not just the paper as presented, but the rigor and integrity
of the process that produced it. | am confident in both.
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Based on my review of the measurements, analysis methodology, and interpretation
presented in this paper, | find that the principal conclusions are supported by the data
provided. The work contributes useful experimental observations relevant to the study of
compact centrifugal mirror plasmas. | look forward to seeing the results examined further
by the broader fusion research community.

Sincerely,
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Optical Emission Spectroscopy Measurements of keV
Apparent Ion Temperatures in Avalanche Energy’s
Centrifugal Mirror Machine

Abstract

Newly formed ions in E x B devices are rapidly accelerated by strong radial elec-
tric fields and execute large cycloidal orbits in the presence of an axial magnetic field.
At locations where these orbits intersect, ions originating from different birth radii
arrive with substantially different velocities, producing a non-Maxwellian velocity dis-
tribution with a large velocity variance. Through Coulomb collisions and collective
interactions, this distribution relaxes toward a drifting Maxwellian in the rotating
frame. Here, we present the first optical emission spectroscopy (OES) measurements
of the line-of-sight—convolved ion-velocity distribution, from which an apparent ion
temperature is determined, in Avalanche Energy’s centrifugal mirror machine. High-
resolution H, spectra obtained along five chordal lines-of-sight spanning the plasma
radius are analyzed using two complementary models representing limiting cases of
the ion dynamics: a collisionless cycloidal model based on the ion-velocity distribution
arising from deterministic single-particle orbits, and a rotating Gaussian model based
on collisions and collective processes that fully randomize the cycloidal motion into a
drifting Maxwellian in the rotating frame. Combined, these approaches bracket the
possible degree of velocity-space relaxation and provide a stringent test of the inferred
ion energies. Both models reproduce the measured spectra relatively well and yield
density-weighted apparent ion temperatures of 1.40 + 0.43 keV for the rotating Gaus-
sian model and 1.55 + 0.24 keV for the cycloidal model. These results provide direct
spectroscopic evidence that strong F£ x B rotation in a device only a few centimeters
in size can generate ion populations with keV energy spreads.

1 Introduction

Avalanche Energy is pursuing a centrifugal mirror device as a compact neutron source and
eventual path to fusion power generation. Similar to other centrifugal mirrors, Avalanche’s
machine consists of a magnetic mirror field geometry with a perpendicular electric field.
Previous experiments on rotating plasmas confined in a similar device have shown apparent
ion temperatures, defined as the mean kinetic energy in the rotating frame, above 20 keV [1].
At low density or short pulse durations, the ion distribution function of a centrifugal mirror
is typically modeled through cycloidal orbits [2, 3]. In contrast, for higher densities and
longer pulses, thermal distributions are more valid [4].



Here, we present experimental measurements of the fast ion population on our compact
fusion device through optical emission spectroscopy (OES). The apparent ion temperature
of the ions is extracted by fitting this data using both a cycloidal and rotating Gaussian
model. These models capture the asymptotic limits of the ion interactions. The cycloidal
model is based on non-interacting ions, which is valid for low densities and/or short pulse
durations. In contrast, the rotating Gaussian model is the opposite extreme where the ion
orbits have been randomized through collisions. Our plasma lies between these limits, and
both models yield best-fit density-weighted apparent ion temperatures above 1 keV.

The remainder of this paper is organized as follows. Section 2 describes the experimental
apparatus, pulsed operating conditions, spectrometer layout, calibration procedure, and the
pre-processing steps applied to the measured H, spectra. Section 3 develops the collisionless
cycloidal model used to predict the line-of-sight-integrated velocity distribution from single-
particle ion orbits, including a benchmark comparison against particle-in-cell simulations.
Section 4 presents the rotating Gaussian model, which represents the opposite limit in which
collisions and collective processes relax the ion motion into a drifting Maxwellian in the
rotating frame. Section 5 describes the fitting procedure used to compare both models with
the measured spectra and to infer radial profiles of density and apparent ion temperature.
Finally, Section 6 summarizes the inferred apparent ion temperature bounds and discusses
their implications for compact centrifugal mirror operation.

2 Experimental Apparatus

2.1 Device Geometry

Avalanche has been focusing on small radii devices to study plasmas subject to intense
electric fields. Our device, schematically shown in Fig. 1, consists of a thin central conductor,
which is typically negatively biased, surrounded by an outer electrode of radius b ~ 6.6 cm
that is grounded. When voltage is applied to the central conductor, a predominantly radial
electric field F, is formed. This device is contained in an axial mirror field with B, = 0.45T
on center, and a mirror ratio R,, = 10. Our main diagnostics are microwave interferometry
(MWI), cathode and anode voltage/current measurements, and five chordal lines-of-sight
(LOS) used for OES, which is the main focus of this work.

2.2 Pulsed Operation

Figure 2 shows typical voltage/current oscillograms generated in the device. The plasma is
formed by introducing hydrogen gas at pressures above 10~* Torr. At t = 0 ms, —38 kV
is applied to the central conductor through a capacitor bank. The gas breaks down after
the cathode has reached peak voltage with an initially higher current draw. The plasma is
sustained by continuously flowing gas over the course of the measurement.

These experiments achieve an electric field of roughly 0.6 MV /m with —38 kV applied
to the central cathode. We have developed a high voltage, 6 inch bushing [5] capable of
applying —300 kV in this compact volume. As we increase the device radius and magnetic
field, these higher potentials will be required.
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Figure 1: Schematic cross-sectional views of Avalanche Energy’s centrifugal mirror machine
in both the XZ (a) and XY (b) planes. Two superconducting magnets form the magnetic
mirror field with B, = 0.45T on center and a mirror ratio R,, = 10. The central cathode is
biased negatively relative to the surrounding grounded anode b ~ 6.6 cm, producing a radial
electric field E, in the presence of an axial magnetic field B,. When the voltage is applied,
the background hydrogen gas at pressure > 10~% Torr breaks down to form the plasma.
The E x B drift drives azimuthal plasma rotation. Diagnostics include chordal optical LOS,
microwave interferometry, and cathode/anode current measurements.
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Figure 2: Cathode electrical oscillograms collected during a typical pulsed experiment. The
oscillograms show the voltage of the capacitor bank (green) and the voltage measured before
and after an inline resistor (orange and blue respectively) leading to the central cathode.
The black square wave shows the OES CCD exposure length (500 ms) during the pulsed

experiment. The lower figure shows the cathode current calculated from the HV2 and HV1
measurements and the known value of the inline resistor.



2.3 Spectrometer Layout and Calibration

The focus of this work is to diagnose the apparent ion temperature of the plasma through
the use of OES of the excited charge exchange H neutrals. Figure 3 shows the five LOS
located at positions yros = (—37.5, —22.5, 0.0, 15.0, 30.0) mm on each side of the central
cathode. The plasma at each LOS is viewed through a 2.5 mm hole in the anode. In-vacuum
plano-convex lenses (FL = 6 mm, OD = 3 mm) are placed at the same x-coordinate outside
the anode and focus plasma emitted light onto an air-to-vacuum fiber optic feedthrough.
The optical path diameter of each LOS slightly diverges across the plasma ranging from
w =3 mm to w = 8 mm. The optical feedthroughs are coupled to a multileg fiber bundle
arranged vertically in a single 10 mm OD ferrule and coupled to the entrance slit of the
spectrometer. This allows for simultaneous OES measurement along the different LOS.

The spectrometer is a 0.32 m focal length spectrograph (Isoplane 320A, Teledyne Prince-
ton) equipped with a three-grating turret that images onto a CCD (Pixis, Teledyne Prince-
ton). For these measurements, we use a 1200g/mm grating and optimize the variable en-
trance slit of the spectrometer for high wavelength resolution while maximizing the light
intensity. Wavelength, resolution, and relative intensity calibrations are accomplished with
low temperature pencil lamps (Ar, HgAr, Ne Newport MKS). The onboard wavelength
calibration routine and dispersion calculator provided by Teledyne-Princeton perform the
pixel-to-wavelength calibration, which is confirmed within the H, region of interest to be
within 0.2 nm of the NIST emission lines for argon. The data were corrected for this resid-
ual ~ 0.2 nm offset with a systematic shift. Gaussian fits to the OES instrument response
indicate a broadening of 0.04 nm (sigma) or ~ 0.1 nm (FWHM) as shown in Fig. 3, which
established the instrument response function (IRF). Intensity calibration of spectra along
each LOS is performed for both the air-to-vacuum optical feedthroughs and for the multileg
fiber optic to the sensor. The air-to-vacuum optical feedthrough is intensity calibrated by
placing the lamp at fixed locations across each LOS while the chamber is open for mainte-
nance. All but the y 05 = 0.0 mm have undergone this intensity calibration. The multileg
fiber optic to sensor calibration is done by simultaneously mounting each leg in front of the
lamp and imaging all legs onto the sensor. Variations in power to each leg are accounted for
and the measurement is done for each exposure utilized in the data collection. From this,
we determine a scaling factor for each LOS that is applied to the data before fitting.

2.4 OES Measurements

Figure 4 shows OES spectra collected over a time period of 500ms during a pulsed experiment.
OES is used to detect both the cold H-neutral population (sharp peak centered at 656.3
nm) and the fast H neutral population (low intensity wings around the cold peak). The
fast neutral population is generated through charge exchange of fast ions on the elevated
background of neutral Hy. LOS on opposing sides of the cathode (negative/positive y-values)
display higher intensities on the blue/red side of the H, line. These spectra, which are LOS
integrated measurements, show that the plasma is rotating. The Doppler broadening for
the LOS pointed at the cathode (ypos = 0) is symmetric since it measures no net plasma
rotation except for rotational broadening captured within the finite LOS width in y. For
reference, a 1 keV hydrogen ion moving parallel to the LOS is shifted by about 1 nm.
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Figure 3: a) A schematic of the Avalanche Energy centrifugal mirror machine including
the optical emission LOS at vertical positions yros = (—37.5,—22.5,0.0,15.0,30.0) mm.
The E x B drift drives azimuthal plasma rotation along the guiding center (black arrow)
with cycloidal orbits (blue and orange). Each viewing chord subtends a finite diameter
that increases from approximately 3mm to 8mm across the plasma and is coupled by b) a
multileg optical fiber bundle to the spectrometer entrance slit. ¢) The raw CCD image shows
the emission from a low-temperature spectral lamp used to measure the spectrometer line-
spread function. d) Each LOS is integrated vertically to produce the spectra (solid curves).
The one-standard-deviation widths (o,s) of Gaussian fits to the calibration lamp peaks are
indicated in each panel.



2.5 OES Data Corrections

Before each pulsed experiment, a background image is collected with the camera shutter
closed. This is subtracted from the plasma image to remove thermal charge accumulation on
the CCD. We remove residual background offset, attributed to light leakage into the vacuum
chamber, by applying a linear background fit below and above the H, spectrum and subtract
this offset for each LOS. We then fit a Gaussian to the cold neutral emission line, defined by

M} 7 (1)

]neutral(/\) - Aexp |:_ 252

where A is an arbitrary amplitude, A is wavelength, A\g represents the peak wavelength, and
o is the variance. We remove a region around this peak from the dataset before model fitting
to ensure the fully reduced spectrum is entirely due to the fast-neutral population. Figure 4
shows the experimental spectra before (Left) and after (Right) the corrections.

2.6 LOS Integrated Measurement

Because the plasma exhibits bulk rotation, the measured spectral broadening shown in Fig. 4
contains contributions from the finite volume of the viewing chord. This means that the LOS
convolution must be considered when determining the apparent ion temperature. At each
point (z,y) along the LOS, light with a wavelength X\ and intensity I(\, z, y) can be detected.
The measured spectra are therefore described by the integral

Ilab()\7yLOS) = / [()\7:673/) W(l’,y) dx dy (2)
LOS

over the viewing chord, where W (x,y) accounts for fall off in the light collection efficiency
with distance x and the width of the collection optics in .

We are directly measuring the spectra of excited charge exchange neutrals, rather than the
ion distribution. To extract the apparent ion temperature from this signal, we assume that
newly created neutrals inherit the ion velocity distribution f(v,r) and that effects such as
energy-dependent charge exchange cross sections do not significantly distort the distribution.
With this assumption, the local intensity spectra are expressed as

IO\ 2, y) o n(r) / F(vs,7)d [A ~ o (1 + %)} dv,, (3)

where we have taken the LOS direction to define the x-axis, which means that the Doppler
broadening arises from the velocity component v,. With Eqs. 2 and 3, we fit the measured
spectra to obtain the ion velocity distribution. In the next section, we introduce the cycloidal
and rotating Gaussian models of the velocity distribution function.

But, first, let us discuss the assumption that the charge exchange neutrals inherit the
ion velocity distribution. The velocity distribution function of the charge exchange neutrals
is a charge exchange reaction-rate-weighted representation of the ion velocity distribution,
where the weighting is determined by the velocity dependence of the reaction rate coefficient,
o(v)v. Since this factor depends on the speed of the ions, this approximation holds well for
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Figure 4:  Measured H, emission spectra along five different LOS yros =

(—37.5,—-22.5,0.0,15.0,30.0) mm. Left column: raw optical spectra containing the dom-
inant narrow H, emission from cold neutral hydrogen superimposed on a small background
offset. The cold component is fitted with a Gaussian profile (orange curve). Right column:
spectra after background subtraction and slight wavelength calibration, with the cold neutral
component shifted to the rest wavelength of 656.28 nm. The spectral region dominated by
the cold neutral line (orange points) is excluded, leaving the broadened wings (blue points)
associated with fast neutrals produced by charge exchange.



ion populations where the bulk velocity is much greater than the thermal velocities. The
cross section o for fast ions to charge exchange and produce excited neutrals [6] increases by
over an order-of-magnitude from 100 eV to 1 keV. For a plasma without bulk flow, this would
narrow the inferred ion velocity distribution compared to the measured neutral distribution
since more low energy ions are required to produce that intensity of light. However, for
our rotating plasmas, the energy dependence of the cross section will skew the distribution
since the bulk of our ions are moving with considerable energy compared to the neutral
background. The exact impact that this has on the apparent ion temperature measurements
will be incorporated into future modeling.

3 Cycloidal Model

In this section, the single-particle orbit-averaged model based on the non-interacting cy-
cloidal velocity distribution is discussed to determine the density-weighted average apparent
ion temperature. Previously developed theory [3] is based on a parabolic Larmor velocity
distributions with orbital radii approximated from a parallel plate capacitor to determine
the LOS integrated velocity distribution perpendicular to the magnetic field. We expand
upon this theory by direct construction of the velocity distribution function f(v,r) from
conserved single-particle invariants without assuming an ad hoc velocity distribution.

3.1 Single-Particle Ion Orbits

To simplify the problem, a coaxial cylindrical geometry with inner radius a at potential —V'
and outer radius b at ground is used. Space charge is neglected assuming a low-density
plasma, which means that the electrostatic potential is just the vacuum potential

B In(r/a)
O(r) = _vln(b/a). (4)

A uniform axial magnetic field B = B, Z is assumed. As is typically observed in the experi-
ments, the ionization occurs after the electric field is established, which means that the fields
can be treated as static.

In these time-independent and azimuthally symmetric fields, both the energy

1
E= §m(v3 + ) + q®(r) (5)
and canonical angular momentum
B,
Py = mrvg + —q2 r?

are conserved. For ions born at rest at radius rq,

B.
Py =503, M



and the azimuthal velocity at the observation radius r is

vo(r, ro) = 122 (ﬁ - 7’) . 8)

2m \r

Using conservation of energy E(r) = E(rg) and Eq. 5 with the ions born at rest at ro, the
radial velocity is expressed as
2 2q 2
2 = F(r.70) = 220 (r0) — @(0r)] — 03, 70). )
where ®(rg) — ®(r) = Vln(ro/r)/In(b/a)] assuming a coaxial device. The orbital turning
points (r_, ) for a given ry are determined numerically by solving for the roots of F(r,ry) =
0. An orbit is considered bound in this system if the lower turning point is larger than the

cathode radius r_ > a. The oscillation period T, (ro) of these bound orbits is determined
through numerical integration of

T(TO)ZZ/T+ r__ (10)

vy (1, 70)
where v,.(r,79) = \/F(r,70).

3.2 Orbit Averaged Velocity Distribution

As ions are uniformly distributed in time along their bound trajectories, averaging the ve-
locity distribution over an orbital period is valid. The resulting distribution is constructed
by conserving particle number and weighting by time spent near each radius. The radial
velocity distribution is then

f(vs,7) :/ dr M[é(vr—u)—l—é(vr—l—u)], (11)

U1 T (ro)u

where u = \/F(r,1) and T,(rg) is the radial period calculated previously. At each obser-
vation radius r, there is a probability of finding 27ng(ro)rodre particles with velocity v,
(descending versus ascending). The probability of finding those particles at that r depends
on the duration of the orbit spent at that radius dr/(v(r,ro)T(rg)). The azimuthal velocity
distribution follows the same form

g(vg,r) = /d?"o%é(vg —vg(r,10)), (12)

but at each radius there is only one azimuthal velocity.
To construct the ion velocity distributions f(v,,r) representing these measured spectra,
we note that . y
Vg = —Up — 20y, (13)
r r
for a point (x,y) in the plasma, where r = /22 + y?. The terms x/r and y/r determine the

x component of v, and vy, respectively. At each observation radius r, an ion orbit born at

10



ro contributes two radial velocities v, for each vy and each (r,7() pair, which produces two
contributions .
vy = —(£v,) — gvg(r, To). (14)
r r

Therefore,
Tono 7“0
T = 5 15
flenr) = [ dn oS S (15)

and the LOS-convolved intensity spectrum is determined from Eqgs. 2 and 3.

3.3 Comparison to Particle-in-Cell (PIC) Simulation

WarpX is an open-source PIC code that is broadly utilized at Avalanche Energy to perform
simulation studies of our various plasmas. To benchmark the theory presented here, we
disabled several of the code’s multi-physics models, including the space charge deposition
to the grid and the pair-wise Monte Carlo Coulomb collision model. Using the code’s Boris
particle pusher as an orbit integrator, we ran a kinetic 3D coaxial simulation with V = —5
kV, B =045T,a =1 cm, b = 10 cm, and a uniform radial initial ionization profile
no(r) (these parameters were chosen for ease of simulation). We ran the simulation for 200
cyclotron periods. In the first 10 periods, ions are randomly initialized in the volume with a
temperature of 300 K, such that the orbits will be phase mixed. Following this initial loading
period, we allow for 10 more cyclotron periods to occur before the moments are extracted.

Figure 5 shows the excellent agreement between these PIC simulations (orange curves)
and modeled (blue curves) density and apparent ion temperature profiles. WarpX includes
a particle temperature diagnostic that is used to calculate the momentum variance of each
species on a per-cell basis. This allows for the determination of the apparent ion temperature
in the same way defined in the previous section. However, by default, the code calculates
the ion total temperature in the three degrees of freedom. For these simulations, 7, = 0
and a lower temperature is found in WarpX. For direct comparison, we changed the ion
temperature calculated in our theoretical model to reflect this difference.

Figure 6 shows the calculated radial and azimuthal velocity distributions at two radial
locations using the geometry and voltage from the benchmark comparison. We see that
the radial distribution is symmetric about v, = 0 as expected with velocity variance that
decreases with increasing r. In contrast, the azimuthal velocity distribution is centered
around a non-zero velocity that decreases with increasing radius. This is expected from the
decreasing E x B drift velocity with r.

3.4 Model Fitting with Discrete Ionization Radii

To efficiently evaluate the model applied to the experimental spectra, we discretize the
ionization profile ng(r) into a set of radial source slices,

r) A Zwk Xk (1), (16)

11
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Figure 5: Benchmark comparison between the analytic cycloidal model and WarpX PIC
simulations for V = -5 kV, B, = 0.45 T, a = 1 cm, b = 10 cm, and a uniform ionization
profile ng(r). Shown are the resulting radial density and apparent ion temperature profiles.

Very importantly, the close agreement validates the orbit model and confirms that large
apparent ion temperatures arise naturally from collisionless cycloidal motion.
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Figure 6: Calculated fast-ion velocity distributions in radial-azimuthal velocity space for
the collisionless cycloidal model with V' = —5 kV, B = 045 T, a = 1 cm, and b = 10
cm. Distributions are shown at two radial locations to illustrate the multi-valued velocity
structure produced when ions born at different radii follow cycloidal orbits that intersect
at a common position. The large velocity-space variance generated by orbit crossing leads
to substantial Doppler broadening. Numerical noise near v, = 0 is a discretization artifact
arising from the radial step size. This parameter set is chosen for benchmarking against
WarpX PIC simulations and does not correspond to the experimental geometry.
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where y;,(r) represents a narrow radial shell centered at 7%, and wy, is its weight. Because
the model is linear in ng(r), the LOS spectra can be written as

Li(A) =Y wiBjr(N), (17)
k

where j indexes the LOS, k indexes the radial source slice, and Bj; () is the LOS-integrated
spectrum produced by ions born only at r4. Each basis function Bj;(\) is computed once

by performing the LOS integration numerically with ng(r) = §(r — r¥). The inputs used
to determine these basis functions are the measured cathode voltage V = —33 £ 5kV, the

average magnetic field at the LOS position B, = 0.51T, the cathode radius ¢ = 0.79mm,
and anode radius b = 66mm.

To reduce the number of fitting parameters, the number of basis functions is chosen to
be much smaller than the resolution used in the orbit calculation. The orbit dynamics are
computed on a fine grid in ry and interpolated smoothly, but the fitting uses a reduced set
of Npasis radial slices

E=1,..., Npasis- (18)

Typically, Npasis = 30. Other values have been chosen for Ny, with little impact to the
overall conclusion.
The modeled spectra are constructed as

I (\) = 55 ) wpBir(N), (19)

where s; are per-LOS multiplicative scale factors accounting for experimental variations in
collection efficiency. The theoretical spectra are further convolved with the IRF (discussed
in Section 2.3) to model the finite spectrometer resolution. From the fit of this model to
the experimental data shown in Figure 4, we determine the ionization profile of the plasma,
which is then used to directly determine the density and apparent ion temperature profiles.
This fitting procedure is discussed in Sec. 5.

4 Rotating Gaussian Model

In the opposite limit of the cycloidal model, the ion orbits randomize through ion-ion colli-
sions or ion-neutral collisions and the velocity distribution is described by a rotating Gaus-
sian. In this section, we develop this LOS integrated rotating Gaussian model. As we only
measure the x velocity component of the Doppler broadening with OES, we can describe the
velocity distribution at each radius r as

1 (U:v — Upot x(r))Q
fvg, 1) = ——exp | — : , 20
(va,7) 2102 (r) 203(r) 20)
where vyo1x(r) = —wgxp(r) y is the x-component of the F X B rotation velocity and o2(r)

is the x-component velocity variance in the rotating frame. We again neglect space charge
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and assume that the rotational velocity is determined by the vacuum E x B profile. For a
coaxial geometry, the electric field is given by

Vv

E=— 21
rIn(b/a) (21)
and the velocity as
(r) =+ (22)
VBB = a(b/a)B(r)”

Again, using Eqs. 2 and 3, we construct the LOS integrated intensity spectrum (v, yros)-
For this model, we assume that the ion lifetime is longer than the axial bounce time, which
means that the plasma density is restricted to the region between the inner and outer mag-
netic field limiters located at 10mm and 57mm, respectively. A simple piecewise linear
density profile is assumed between these limits with the peak location variable. This peaked
density profile is supported by the fact that the cold H, intensity decreases from a maxi-
mum at yros = 15.0mm as the LOS position is increased for the calibrated LOS shown in
Figure 4. Fitting this model to the experimental data, the apparent ion temperature profile
in the rotating frame is determined.

5 Determining the Apparent Ion Temperature

We have presented two models for the ion velocity distribution function, which represent
asymptotic limits of the ion collision rate. Our plasma lies between these limits. However,
by fitting the experimental data using both models, bounds on the apparent ion temperature
are determined.
We define the apparent ion temperature of each degree of freedom to be
1 |

§kBTapp = §mav,

where 02 = (v?) — (v)? is the velocity variance of a component with moments

n(r) = /OO flr,v)dv, (24)
1 oo

wy = 1 /_ v f(r, v)do, (25)

n

and e
@)= [ i 20
n — 0o
where n is the average ion density. In the rotating frame, the mean velocity vanishes (v) = 0,
and the apparent ion temperature is determined directly by the velocity variance kpT,,,/2 =
m{v?)/2. To prescribe a single temperature to the system, we define the density-weighted
average apparent ion temperature as

fab rn(r)Tapp(T)dr.

Tapp = b
< ) fa rn(r)dr

(27)
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To extract the apparent ion temperature, the same fitting procedure is used for both
models. We use a reduced x? approach that minimizes the residual between the modeled
and experimental spectra for all lines-of-sight j simultaneously. The reduced x? is

5 1 [;nOdd()\)—[jdata()\) 2
A =P ( 750 ) ’ )

7 A€data

where N is the number of data points used in the fit and p is the number of fitting parameters.
Each LOS is allowed a multiplicative scale factor to account for variations in collection
efficiency. For simplicity, we assume that the LOS across the plasma are collimated in both
models. We account for the diverging LOS width by running both models with the LOS
diameter extrema.

5.1 The Application of the Cycloidal Model to Data

For the cycloidal model, the ionization profile is determined through the fitting process
given the measured cathode voltage, average magnetic field, and geometry. To stabilize the
solution, a smoothness regularization is applied to the ionization profile weights

Y (Wi — 2w + wg1)?, (29)
k

where 7 represents the strength of the smoothing. Figure 7 shows the fitted ionization profile
(Left) for various smoothing parameters. Without smoothing, the fit produces a unphysical
result of discrete ionization bands. As the smoothing parameter is increased, the ionization
profile is initially strongly peaked near the cathode and then has gradual oscillations as 7 is
increased further.

Figure 7 (Right) shows how the deviation between data and fit (reduced x?) and density-
weighted apparent ion temperature vary with . We choose the smoothing parameter n =
2000 that enables variations in the ionization profile but reduces large unphysical oscillations.
This choice does not strongly change the resulting apparent ion temperature. The apparent
ion temperature in the rotating frame is calculated from this ionization profile via the process
described in Sec. 5.

Figure 8 shows the resulting fits for the cycloidal model. This model, which takes as
inputs the known experimental parameters V, B,, a, and b, is fit to the data by varying the
ionization profile of the plasma. Since the experimental voltage varied over the course of the
OES exposure duration as V' = —33 £ 5kV, we show the resulting fits at three voltages. The
voltage decay during the measurement should narrow the distribution, which means these
fits should be an underestimate of the instantaneous apparent ion temperature early in the
plasma evolution.

The fits do a reasonable job of capturing the overall width of the experimental data.
However, the fits have sharper features than are experimentally observed. The fits are
also unable to capture the fast ions opposing the plasma rotation (red shifted data for
yros = 15mm and 30mm and blue shifted data for y ps = —22.5mm and —37.5mm). These
differences lead to the high reduced y? and are most likely a result of the lack of velocity
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Figure 7: (Left) Ionization profiles for different smoothing parameters determined through
fitting the experimental data with the cycloidal model with a V' = —33 kV. As the value of
the smoothness parameter 7 is increased, large variations in the predicted ionization profile
are more heavily penalized in the fitting. The blue curve (n = 200) shows the unphysical
result of discrete ionization bands when too little smoothing is applied. (Right) As the
smoothing parameter is increased, the deviation between the model and experimental data
(represented by the reduced x?) becomes worse. We choose an n = 2000 to enable variations
in the ionization profile while preventing large oscillations. The choice of n provides a lower
estimate of the density-weighted apparent ion temperature (blue curve).

randomization (i.e. collisions) in this model. From the fitted ionization profile, the density-
weighted apparent ion temperature is calculated to be (T,pp,) = 1.55 & 0.24keV with the
error bars set by fitting with different assumed voltages.

5.2 The Application of the Rotating Gaussian Model to Data

The application of the rotating Gaussian model to the data is shown in Fig. 9. The apparent
ion temperature profile is determined by fitting all LOS directly with 10 temperature nodes
used in the fitting and interpolating between these nodes. A smoothness penalty is added
to the cost function,

n Z(Tk+1 — 2Ty + Tr1)?, (30)
K

with n = 25 to reduce unphysical oscillation in the apparent ion temperature. This smoothing
parameter has been chosen using the methodology previously discussed.

The center of the Gaussian for each LOS is mainly determined by the density and rotation
since it captures the LOS averaged rotational flow. The linearly peaked density profile and
E x B vacuum rotation capture this center fairly well. In Fig. 9, we show the fits from
the three different assumed linear density profiles shown in Fig. 10 with a peak density
occurring at 7, = (14,19,24)mm. The influence of the density profile is clearly seen in the
yros = 1bmm data. As the peak density is moved closer to the cathode, where the F x B
drift velocity is highest, the model has more rotational broadening, which is not captured in
the experimental data.

In general, the rotational broadening alone is unable to capture the observed width of
the experimental spectra (blue). Significant additional thermal broadening of the spectrum
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Figure 8: Measured H,, spectra (blue points) and best-fit model predictions (orange points)
for the five OES viewing chords using the collisionless cycloidal model. The three different
columns show separate fits using the average measured voltage —V = 33 £5 kV and voltage
bounds. The fits generally have sharper features than the experimental data most likely
resulting from the presence of collisions, but they do capture the width of the distribution
fairly well. These fits produce a density-weighted apparent ion temperature of (Topp) =
1.55 £ 0.24 keV
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is required to capture the data with the model (orange). For this model, we are assuming a
density profile that is qualitatively supported by radial dependence of the cold H, intensity
in Fig. 4. We assume three different density profiles and three different voltages V = —334+5
kV to predict nine different density-weighted apparent ion temperatures. These fits with the
rotating Gaussian model give (Typp) = 1.40 £ 0.43 keV.

5.3 Density and Temperature Profiles

Figure 10 shows the inferred density and temperature profiles when applying both models to
the data. For the cycloidal model (Left Column) the density and apparent ion temperature
profiles are directly determined from the ionization profile that is the result of the x? fitting.
The peaked density near the cathode is consistent with the higher intensity cold H, line
experimentally observed in Fig. 4. The error bars on these profiles are determined from fits
using the average and extreme measured voltages during the exposure V = —33 + 5 kV.
The points are the average of these three fits and the error bars represent the minimum and
maximum values.

In contrast, for the rotating Gaussian model (Right Column of Fig. 10), the density
profiles have been assumed as the simplest profile that captures the previously discussed
behavior of the cold H, intensity. The apparent ion temperature profile is a direct result of
the fitting. Here, we are showing the mean apparent ion temperature profile from the nine
fits. Error bars in the fitting nodes (orange) capture the standard deviation of these fits. We
find that the apparent ion temperature near the cathode varies substantially across these
different fits. In contrast, the uncertainty in the apparent ion temperature near the anode
is small.

The apparent ion temperature profiles from both fits have qualitatively similar behavior.
The cycloidal model is heavily constrained by the physics assumptions. For this model, orbits
near the cathode will have a larger variance and therefore a higher apparent ion temperature
due to the higher electric field gradient. This model provides a better fit to the spectra
measured at yros = 0 mm. In contrast, the rotating Gaussian model gives less weight to
yros = 0 mm but provides better fits to the LOS closer to the anode.

6 Summary and Path Forward

OES measurements show evidence of ion rotation and Doppler broadening of fast charge
exchange neutrals in Avalanche Energy’s compact fusion device. Two models of the LOS
integrated distribution were presented that represent asymptotic limits in the ion collision
rate. The cycloidal model captured the width of the distribution, but contained sharper
features than experimentally observed. This model gives (T},,) = 1.55+£0.24 keV. A rotating
Gaussian model assuming a linearly peaked density profile with vacuum E x B rotation
captured the spectral variance of most of the LOS by fitting an apparent ion temperature
profile and gives (T,pp) = 1.40£0.43 keV. These are consistent with each other and constrain
the density-weighted apparent ion temperature to above 1 keV.

Future work will focus on improving both the experimental measurements and the phys-
ical modeling used to infer the apparent ion temperature. In particular, future analysis will

19



x103 Peak = 14 mm Peak = 19 mm Peak = 24 mm

[«

£56
Es
n
~ 24
mg N .
1 % 1
& T W
>= § % i % i \3
3 - 3 - 3 -
o " : ‘ : P_— " [ "
x104
12
ez 101
ERos \
. A
- F2 I3 * § M
||§0.4— H \‘ is \\_ \
> H 22
0.2 H L4 H ¢ i Y
ool } N / N J N,
x103
4,
o
Ess)
oz
SG 2
[
>E ]
o]
3.0
EEZ.S— 1
a
E\EZO’ L4 L4 | L
e > o e
LEEER : 3 1
-V
C
12104 1
" os / 3 / N / .
0.0 - . \~ i . \ - 2 : ot . . e
x10%
1.0
E€os . 1 : ] :
ozos A ] A ]
2
ma i i
304 1 ]
g0 7 i ?
~E
o N\l S\l L
0.0 g o B Y 2 B Y P

650 652 654 656 658 660 662 650 652 654 656 658 660 662 650 652 654 656 658 660 662

Wavelength [nm] Wavelength [nm] Wavelength [nm]
Figure 9: Measured H, spectra (blue points) and best-fit model predictions (orange points)
for the five OES viewing chords using the rotating Gaussian model, which assumes complete
velocity-space relaxation to a drifting Maxwellian. The three different columns show separate
fits using the same average voltage V' = —33 kV, but with three different assumed linear
peaked density profile with the peak density occurring at 7, = (14,19,24) mm (Left,
Middle, and Right Columns). The measured spectra corresponds to a density-weighted
apparent ion temperature of about (T,pp,) = 1.40 & 0.43 keV representing the mean and
standard deviation from nine fits with three different assumed profiles and three different
voltages V = —33 £ 5 kV.
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Figure 10: Inferred radial density and apparent ion temperature profiles. Left column: pro-
files obtained using the collisionless cycloidal model. Right column: profiles obtained using
the rotating Gaussian model. In the rotating Gaussian analysis, the density is constrained
to increase linearly from the first good flux surface at » = 10 mm to a peak at r,,4,, and
then decrease linearly to zero at the last good flux surface r = 57 mm. The apparent ion
temperature is treated as a free radial function and determined by minimizing the reduced
2. Error bars represent the minimum and maximum from multiple simulations run with
different applied cathode voltages V' = —33 & 5 kV and the assumed density profiles shown
for the rotating Gaussian model. Both models indicate density-weighted apparent ion tem-
peratures above 1 keV.
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incorporate the energy dependence of the charge-exchange reaction rate coefficient directly
into the model to better reconstruct the underlying ion velocity distribution and reduce
systematic uncertainty in the inferred apparent ion temperatures. Shorter optical exposure
durations and time-resolved measurements will also be implemented to reduce temporal av-
eraging over the cathode voltage decay, which underestimates the instantaneous peak ion
energies. Experimentally, future operation at higher applied voltages, stronger magnetic
fields, and larger device radii will explore scaling toward higher apparent ion energies and
improved confinement in next-generation centrifugal mirror devices.
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