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ABSTRACT

Neutral particle control is critical for fusion fueling and confinement. Neutral diagnostics for fusion-relevant plasmas are commonly
restricted to line-integrated or ex situ methods. A non-perturbative, two-photon absorption laser induced fluorescence (TALIF) diagnostic is
implemented on the Prototype Material Plasma Exposure eXperiment (Proto-MPEX) to probe neutral atomic deuterium in a fusion-relevant
plasma at 1 cm intervals along the radius of the vacuum vessel. The diagnostic is situated �20 m from the vacuum vessel, and a signal is col-
lected along the laser injection axis, requiring only one line-of-sight. TALIF measurements are absolutely calibrated using xenon and krypton.
Absolute atomic densities derived from xenon calibration are compared to absolute atomic densities derived from krypton calibration. Here,
preliminary measurements of absolute atomic deuterium density, temperature, and local bulk flow dependence on radial location and input
power in Proto-MPEX are presented. Neutral atomic deuterium velocity distribution functions are measured throughout a one-second
plasma pulse with a time resolution of 250ms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054734

I. INTRODUCTION

High density, magnetically confined fusion plasmas rely on sev-
eral neutral processes to sustain favorable confinement conditions.
Neutral recycling from reactor walls and the divertor supply fuel to the
plasma,1 ion-neutral charge exchange both carries energy away from
the core of the fusion plasma and is responsible for heating and
momentum input when neutral beams are injected into fusion plas-
mas,2,3 and neutral density in the edge of fusion devices has been iden-
tified as a critical parameter for confinement mode transitions.4,5

Control of these processes requires detailed knowledge of the neutral
density, the neutral velocity distribution, and the neutral temperature.6

These parameters are frequently estimated with neutral simulation
codes such as SOLPS.7 However,Hubbard emphasizes that predictions
of the fusion core from simulation are extremely sensitive to the initial
input parameters for neutral particles in the edge of fusion devices.8

Therefore, it is evermore necessary to validate predictions from simu-
lations with spatially localized non-perturbative experimental

measurements of neutrals. Neutral dynamics are commonly studied
by observing neutral emission,9 but these techniques are line-
integrated, and additional measurements and analysis are needed to
recover one-dimensional spatially localized information.

Laser induced fluorescence (LIF) has become a standard tech-
nique of investigating ions and neutrals non-perturbatively since it
was first introduced by Stern and Johnson.10 Mertens and Silz used
LIF to measure neutral densities in the edge of TEXTOR 94.6

However, these measurements lacked spatial resolution and required a
laser that produced poorly transmitted 102nm photons. A similar
technique, two-photon absorption laser induced fluorescence
(TALIF), uses easier to generate photons (205� 225 nm) to probe
ground state atoms in a variety of plasmas.11–14 Kajiwara et al. used
TALIF to determine hydrogen density in the Heliotron-E plasma
device with a spatial resolution of tens of mm and used a global prede-
termined calibration technique to determine absolute neutral density
that did not take into account changes in laser or machine
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performance.15 Elliott et al. used TALIF to investigate neutral atomic
deuterium densities and temperature on the HIT-SI3 experiment16

and identified a novel xenon calibration scheme for deuterium TALIF
measurements.17

Here, TALIF is employed to make in situ, spatially and tempo-
rally resolved measurements of neutral atomic deuterium velocity dis-
tribution functions (NVDFs) in the Prototype Plasma Material
Exposure eXperiment (Proto-MPEX). Measurements of atomic deute-
rium are absolutely calibrated with xenon using the scheme identified
in Ref. 17 and with krypton. Absolute densities from both calibration
gases are compared. The TALIF measurements presented here are per-
formed with a confocal injection and collection optical configuration
that requires one point of optical access, an attractive feature for fusion
devices.

The remainder of this work is structured as follows. In Sec. II, a
description of the TALIF system and an overview of Proto-MPEX are
given. The details of TALIF are outlined in Sec. III. Results are pre-
sented in Sec. IV. Finally, discussion of the results and conclusions are
covered in Sec. V.

II. EXPERIMENTAL CONFIGURATION
A. TALIF laser system, collection apparatus,
and electronics

A two-laser system is used in this work to produce 205nm pho-
tons. A Spectra Physics Quanta Ray Pro 270 pulsed Nd:YAG laser gen-
erates a maximum of 600 mJ/pls of 532 nm light and pumps a Sirah
Cobra Stretch dye laser equipped with a third harmonic tripling stage.
The 532nm light is frequency converted to produce �130 mJ/pls of
615 nm light, referred to as the fundamental, using a rhodamine 610
and rhodamine 640 solution. The fundamental is frequency tripled to
produce a maximum of 4 mJ/pls ( mJ/pls typical) of 205 nm light over
8 ns pulses at a repetition rate of 20Hz.

The laser wavelength is changed at the dye stage of the laser by
adjusting two 2400 groove/mm gratings. The rhodamine dye solution
has a lasing wavelength range of 609� 640 nm with peak power effi-
ciency at 615 nm. Excess light from the gratings is captured by a
15 lm core single mode fiber coupled to an Ångstrom/High Finesse
WS7 wavelength meter for real-time monitoring of the laser

wavelength, linewidth, and power at the dye conversion stage. An
energy-per-pulse conversion curve for laser energies measured at the
dye conversion stage compared to UV energies delivered to the vac-
uum vessel is created for wavelength ranges needed for each TALIF
scheme used in this work. This provides an estimate of the energy-
per-pulse of UV light at the measurement location during TALIF
measurements.

UV light is delivered to Proto-MPEX from a distance of nearly
20 m away. This distance is necessary to keep the laser and laser elec-
tronics situated in a low electromagnetic interference environment.
Laser emission is free-space aligned to a set of vertically-oriented, con-
focal optics referred to as the confocal apparatus [Fig. 1(b)]. The
confocal apparatus used here is of the same design implemented in
Ref. 16. The confocal apparatus provides the ability to inject laser light
and collect TALIF signal along the same line-of-sight. A key feature of
the confocal apparatus is a mirror mounted at 45� with a 12mm hole
drilled through the center. The injected light passes through the hole
in the mirror and is focused to submillimeter scales by a 150:8 mm,
150mm focal length, Ca2F objective lens. The TALIF signal is col-
lected by the same lens, is directed through a second 150:8 mm lens
by the obliquely mounted mirror, and is focused into a1600lm core
multimode fiber. The focal waist of the collection volume of the confo-
cal apparatus is�5 mm in diameter and has a depth-of-field that is on
similar length scales. Therefore, a conservative upper spatial resolution
limit is contained by a 5� 5� 5mm3 volume. The confocal appara-
tus is fastened to a remotely controlled motion stage that allows the
focus of the injected laser light to be scanned vertically through the
plasma column for measurements at different radial locations.
Collected light is filtered using two 1 nm wide bandpass filters centered
at 656nm, and the TALIF signal is amplified by a Hamamatsu
H11526-20-NF photomultiplier tube. The PMT output pulse is shaped
and further amplified by a Hamamatsu C11184 amplifier. The ampli-
fied signal is monitored and recorded using a Stanford Research
Systems SR250 Gated Integrator and Box Car Averager. The boxcar
averager is triggered at twice the frequency of the laser, i.e., 40Hz, for
active background subtraction of the collected signal. Signal and wave-
length measurements are digitized and stored on a standalone com-
puter with an internal National Instruments data acquisition card.

FIG. 1. (a) Cartoon of experimental layout. Photomultiplier tube is abbreviated as PMT, double pulse is a double pulse generator, and the boxcar averager is abbreviated as
BCA. (b) Rendered image of the confocal apparatus. Injected light is compressed and collimated before passing through the mirror mounted at 45�. Laser light is injected and
signal is collected along the same axis. Signal is reflected off the oblique mirror and is focused into a fiber that is coupled to the detecting electronics.
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Figure 1 shows a (a) simple cartoon of the experimental configuration
and (b) a rendered image of the confocal apparatus.

B. Prototype material plasma exposure experiment

Proto-MPEX is a linear helicon device constructed at Oak Ridge
National Laboratory.18,19 The configuration of Proto-MPEX is
described as it was at the time of these experiments. Figure 2 shows a
side-on rendered view of the vacuum vessel with select features anno-
tated. At the time of these experiments, a maximum of 330 kW of
installed power was able to be sourced to Proto-MPEX in the form of
rf power modulated at 13.56MHz (200 kW), electron-cyclotron heat-
ing (100 kW at 28GHz), and ion-cyclotron heating (30 kW at
6–9MHz). However, typical injected powers are much less than the
installed power, and auxiliary heating in the form of ion- and electron-
cyclotron heating was not used for the measurements presented here.
Thirteen electromagnet coils (M1–M13), repurposed from the ELMO
Bumpy Torus,20 are placed along the length of Proto-MPEX, and sets
of magnets are controlled separately to create a user defined magnetic
field profile. From left to right in Fig. 2, Proto-MPEX begins with a
large stainless steel dump chamber. The dump chamber is coupled to
standard 15.2 cm diameter stainless steel vacuum components that
total approximately 1.5 m in length with several vacuum flange ports
for diagnostic access. Electromagnets 1–5 surround this section of
Proto-MPEX. TALIF measurements are performed between magnets
1 and 2. A water-cooled, double-helix, quarter-turn, m ¼ þ1 copper
antenna located between magnets 3 and 4 is used to generate and
maintain a deuterium plasma pulse. A large rectangular central diag-
nostic chamber is located between magnets 6 and 7. The inner diame-
ter of the electromagnets forms the vacuum boundary from magnet 5
to magnet 9. An electron-cyclotron auxiliary heating port is located
between magnets 8 and 9. Magnets 10 and 11 are ex-vacuum to facili-
tate the placement of a second antenna for ion-cyclotron auxiliary
heating. Magnets 12 and 13 form the vacuum boundary. A boundary
plate, referred to as the target, is inserted between magnets 12 and 13.

A total of four turbo-molecular drag pumps that combine for a
pumping rate of 6450 l/s maintain a base pressure of �10�6 Torr in
Proto-MPEX. Base and operating pressure are monitored by four
MKS Instrument 627 Baratron pressure gauges one each located
between magnets 2 and 3, at the central chamber, between magnets 7
and 8, and between magnets 12 and 13, respectively. For this work, the
pressure gauge located between magnets 2 and 3 was referenced as it
provides the closest measurements of pressure for TALIF experiments.
Gas is injected through a nozzle located between magnets 1 and 2 and
through two gas rings, located between magnets 2 and 3 and magnets

4 and 5. The gas ring between magnets 4 and 5 was not used for the
measurements presented here. Gas flow is controlled using calibrated,
fast-acting PV–10 piezo valves, and gas flows of 10 standard liters per
minute (SLM) are achievable. Gas flows greater than 2.5 SLM were
used for this work, which is greater than maximum gas flows for typi-
cal Proto-MPEX experiments.

Standard Proto-MPEX operation is significantly different from
the operational mode of Proto-MPEX for the measurements presented
here. Typically, Proto-MPEX produces 0.5 s long plasma pulses with rf
injection powers of�100–150 kW. Gas flows of�2:5 SLM are used to
maintain a constant operating pressure at the helicon of �2:5 mTorr.
However, for this work, the plasma pulse length was increased to one
second with injected rf powers Prf � 60 kW. Gas flows much greater
than 2.5 SLM create a constantly increasing operating pressure from
�10–150 mTorr at the helicon over the entirety of a plasma pulse.
The TALIF signal outside this modified operational regime of Proto-
MPEX was not observed. At higher input rf power, the helicon is more
effective at ionizing the available neutral gas, resulting in a lower neu-
tral population for TALIF.

III. TWO-PHOTON LASER INDUCED FLUORESCENCE

LIF is a spatially localized, non-perturbative, spectroscopic tech-
nique that uses laser emission to optically excite electrons from one
state to a higher energy state. Fluorescence intensity from the excited
state to a lower energy state is measured to construct a velocity distri-
bution function (VDF). In LIF, a single photon provides the exact
energy to excite an electron from a metastable state to an excited state
in a neutral particle or ion. However, metastable states are not always
directly indicative of bulk population or are not readily available in
plasmas. The ability to measure particles directly from a ground state
is ideal for measuring the absolute state density. Measuring ground
state transitions requires energetic photons at wavelengths that are not
readily transmittable through standard vacuum components and
optics, i.e., 10� 150 nm. For this reason, neutrals are probed with
TALIF in this work. For the TALIF measurements here, two identical
ultraviolet photons are absorbed simultaneously, each providing half
the energy to excite the ground state transition. Integrated TALIF sig-
nal is well described by

ILIF ¼ n
X
4p

gTGTPr
ð2Þ
TP

E
h�

� �2

ga; (1)

where ILIF is the integrated signal (photons sm), n is the density of the
interrogated species ðm�3Þ; X=4p is the solid angle of collection nor-
malized by the solid angle of a sphere, g is the unitless quantum

FIG. 2. Rendered image of Proto-MPEX. Abbreviations: Dump chamber (DC), magnets 1–13 (M1–M13), TALIF measurement location (TALIF), pressure gauges 1–4
(PG1–PG4), helicon antenna (HA), electron-cyclotron auxiliary heating location (ECH), ion-cyclotron auxiliary heating location (ICH), and location of target plate (Target).
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efficiency of the photodetector at the fluorescence wavelength, T is the
transmission of optical components, GTP is a statistical factor21 that
arises from the nature of an electron absorbing two photons simulta-
neously and has a value of 2, rð2ÞTP is the two-photon absorption cross
section ðm4 s photons�1Þ, E is the laser energy per pulse (J/pls), h� is
the energy per photon (J/photon), g is the gain of the detecting system
for the applied voltage on the photodetector, and a is the branching
ratio for the fluorescence transition.13 The two-photon cross section is
many orders of magnitude smaller than a single photon absorption
cross section, and as a result, most TALIF systems employ a short
pulse, (i.e., Dtpulse � 10 ns) high intensity laser.

Particle motion, either through random thermal motion or bulk
particle velocity, shifts the required transition frequency by the
Doppler effect

v ¼ f � f�
f�

c ¼ ð f � f�Þk�; (2)

where v is the particle velocity, f is the lab frame absorption frequency,
f� (k�) is the rest frame absorption frequency (wavelength), and c is
the speed of light. Sweeping the laser frequency through an absorption
profile, the NVDF is constructed using Eq. (2). Neutral temperature,
local bulk flow, and relative density are determined from the NVDF.
Additionally, if the TALIF measurement is calibrated with a noble gas,
then the absolute neutral density is measurable. For this work, atomic
deuterium measurements are absolutely calibrated using krypton12

and xenon using the TALIF scheme first proposed by Elliott et al.17

Atomic densities derived from both calibration methods are com-
pared. Figure 3 shows a partial Grotrian diagram for each of the spe-
cies investigated in this work: atomic deuterium, xenon, and krypton.
Deuterium and krypton have similar excitation wavelengths, but very
different fluorescent wavelengths. The difference in fluorescence wave-
length between deuterium and krypton sometimes requires optical
realignment between target and calibration measurements. An oppo-
site relation exists between deuterium and xenon, i.e., the excitation
wavelength for deuterium is very different from xenon, but the fluores-
cent wavelengths are nearly identical. The similarity of the deuterium
and xenon fluorescent wavelengths eliminates the need for optical
realignment between target and calibration measurements.

Absolute calibration of atomic deuterium using a noble gas
requires two independent TALIF measurements: one in deuterium
and another in the calibration gas. Equation (1) is normalized to the
known quantities that are unique to each gas, i.e., quantum efficiency
and gain of the detector, laser energy squared, and the branching ratio
of the fluorescence transition. The absolute density of atomic deute-
rium is calculated by taking the ratio of the two normalized integrated
signals for deuterium and the calibration gas. Quantities that are com-
mon to both gases in Eq. (1) are eliminated in the ratio, and the abso-
lute atomic density of deuterium is solved for if the local pressure of
the calibration gas and the relative cross section between atomic deute-
rium and calibration gas are known. Niemi et al.22 determined the rel-
ative cross section between krypton and atomic deuterium to be
rKr=rD ¼ 0:62. Elliott et al.17 measured the relative calibration factor
between xenon and atomic deuterium to be rXe=rD ¼ 0:024. For the
absolute densities reported here, the calibration gas densities are based
on the measured pressure at the TALIF measurement location.

IV. RESULTS

NVDFs are constructed from a series of consecutive one second
long Proto-MPEX plasma pulses. During this time, 20 laser pulses are
recorded, and the laser wavelength is fixed for the entirety of a single
plasma pulse. Ten plasma pulses, i.e., ten unique wavelengths, are
needed to measure a single deuterium NVDF. Every five laser pulses
are averaged over to measure the time evolution of deuterium NVDFs
with a resolution of 250ms. In general, little or no signal is observed
for early times in the plasma pulse. Lack of signal persists to later times
in the plasma pulse for larger injected rf powers. Atomic deuterium
NVDFs are measured for injected rf powers between 30 and 60 kW
and for radial locations of r ¼ 0; 1; 2; 6; and 7 cm. Measurements for
r¼ 3, 4, and 5 cm were inaccessible due to a physical obstruction that
prevented the confocal optics from being placed at the appropriate dis-
tance from the measurement location.

A. rf Power variation

Figure 4 shows the atomic deuterium NVDF evolution through-
out the plasma pulse for injected rf powers of (a) 60, (b) 50, (c) 40, and
(d) 30 kW.When available, atomic densities derived from krypton and

FIG. 3. Partial Grotrian diagram for atomic deuterium, xenon, and krypton schemes used in this work. Atomic deuterium is the target species. Xenon and krypton are used as
calibration gases.
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xenon are compared. Derived quantities are shown only for time
frames with discernible signal. The TALIF signal intensity generally
increases throughout the plasma pulse. This is expected since the pres-
sure increases throughout the plasma pulse. The error bars represent
the standard deviation of the signal at each wavelength. Greater varia-
tion is seen for earlier times in the plasma pulse or for greater rf
injected powers when the discernible signal is poor. A best fit to a
Voigt line shape is shown by the light blue dashed line. These data
were taken at r¼ 2 cm relative to the mechanical axis.

Neutral atomic deuterium absolute density, temperature, and
local bulk flow dependencies on injected rf power are shown in Figs. 5,
6, and 7, respectively. The upper plot in Fig. 5 shows absolute atomic
density as a function of injected rf power from 30 to 60 kW for 250ms
intervals throughout the plasma pulse. Atomic densities derived from
krypton are shown by light blue open circles, and atomic densities
derived from xenon are shown in dark blue solid circles. The lower
plot in Fig. 5 shows the average evolution of the total operating pres-
sure (i.e., mixture of atomic and molecular neutral deuterium) over
the plasma pulse for each injected rf power. Absolute atomic deute-
rium densities are nominally measured to be on the order of 1020m�3.
For Prf ¼ 30 kW, deuterium lineshapes were absolutely calibrated
with xenon and krypton. Absolute densities calculated from both cali-
bration gases are in excellent agreement despite significantly worse

signal-to-noise (SNR) for the xenon calibration measurements.
Measured neutral atomic density shows little dependence on injected
rf power. A slight increase in calculated neutral density is observed
over the plasma pulse and is consistent with rising gas pressure.

Neutral atomic deuterium temperature, similar to absolute
atomic deuterium density, shows little dependence on injected rf
power. Measured neutral temperatures are measured to be �0:2 eV,
much less than the expected Frank-Condon neutral temperature of
�2 eV.23 Comparable neutral temperatures were observed by Galante
et al. in similar helicon plasmas.24 The suspected reason for the signifi-
cantly lower neutral temperature is that when no heating mechanisms
are present for neutral particles, they tend to rapidly relax to the wall
temperature, i.e., Tneut � 2 eV. Neutral temperatures decrease over
the plasma pulse. This is expected since the gas pressure is rapidly
increasing over the plasma pulse. As the gas pressure increases, the
plasma becomes more collisional and starts to terminate, both pro-
cesses facilitate a cooling of the neutrals.

Measured neutral velocity as a function of injected rf power is
shown in Fig. 7. Neutral atoms are measured to be flowing radially
inward at r¼ 2 cm for all injected powers. The neutral particle motion
for each injected rf power is steady over the plasma pulse. Neutral
velocity decreases with increasing injected rf power, and peak neutral
flows are as large as�3 km/s.

FIG. 4. Deuterium NVDF evolution over the plasma pulse for (a) Prf ¼ 60 kW, (b) Prf ¼ 50 kW, (c) Prf ¼ 40 kW, and (d) Prf ¼ 30 kW. Absolute atomic density and tempera-
ture are shown for every acceptable fit to the data. Lower powers produce sufficient signal for all times during the plasma pulse, whereas only later times exhibit discernible sig-
nal for higher powers. Comparison between xenon and krypton calibrated shots is shown where available.
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B. Radial variation

Neutral atomic deuterium TALIF signal intensity evolution over
the Proto-MPEX pulse for different radial locations for 250ms time
intervals is displayed in Fig. 8. The confocal optical arrangement was
scanned vertically through the plasma column to obtain measure-
ments at different radial locations. Radial measurements were obtained
at Prf ¼ 30 kW. Discernible TALIF signal is observed at all times
throughout the plasma pulse, though signal-to-noise increases for later
times in the pulse. Additionally, absolute atomic densities were derived
from xenon and krypton for all radial measurements. Atomic deute-
rium lineshapes are measured from ten Proto-MPEX pulses as a

function of radial location. The blue dashed line indicates a best fit to a
Voigt profile. A clear increase in atomic deuterium signal intensity
throughout the plasma pulse is observed.

Neutral atomic deuterium density as a function of radial distance
is shown in the upper panel of Fig. 9. Absolute atomic densities
derived from krypton are shown by the light blue open circles, and
atomic densities derived from xenon are shown in the dark blue solid
circles. The lower panel of Fig. 9 shows the average evolution of the
total neutral pressure (i.e., mixture of atomic and molecular neutral
deuterium) for each set of radial measurements, and five total pressure
traces are displayed. At the operating parameters of Proto-MPEX dur-
ing these experiments, the neutral atomic density profile is essentially

FIG. 5. (Upper plot) Evolution of neutral atomic density throughout the plasma pulse as a function of Prf . Density was calibrated with both xenon and krypton for Prf ¼ 30 kW.
Atomic density values derived from krypton are shown in light blue open circles, and atomic density values derived from xenon are shown with dark blue solid circles. (Lower
plot) Total neutral pressure evolution over the duration of the plasma pulse.

FIG. 6. Neutral deuterium temperature as a function of operating power. Temperatures derived from fits with sufficient signal are shown. A general decrease in temperature for
later times throughout the pulse is observed due to the lack of the persistence of the plasma for higher pressures and later times.
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flat across the radius of Proto-MPEX. Absolute atomic densities
derived from xenon and krypton are in excellent agreement. For a
unique radial location, the absolute atomic density generally increases
with time, as is expected since the gas pressure is increasing over the
entirety of the plasma pulse.

Figure 10 shows the evolution of deuterium neutral temperature
throughout the plasma pulse as a function of radial location.
Temperatures, again, are measured to be approximately 0.2 eV.
Neutral temperature shows no observable dependence over the radius
of Proto-MPEX for these operating conditions. A general decrease in
neutral temperature for a given radial location is measured throughout
the plasma pulse.

The neutral atoms are measured to be moving radially inward at
all radii investigated in this work, as shown in Fig. 11. The neutral bulk
flow at each radial location is constant in time throughout the plasma
pulse. The flow increases with radius near the axis of the plasma but is
constant at the outer edge, r ¼ 6–7 cm, of the plasma. Non-zero flow
is observed at r¼ 0 likely due to increased absorption along the
injected laser path, creating a larger spatial footprint that averages over
a larger collection volume than intended.

V. DISCUSSION

Neutral deuterium velocity distributions were obtained as a func-
tion of time and radial location in Proto-MPEX fusion-relevant plas-
mas with the diagnostic situated �20 m away from the device.
Evolution of neutral atomic deuterium TALIF signal over a one-
second Proto-MPEX plasma pulse was measured with a resolution of
250ms for different injected rf powers and radial locations.
Discernible deuterium signal was observed for Prf ¼ 30–60 kW. For
early times in the plasma pulse, the TALIF SNR is very low or zero
and increases over the plasma pulse duration, i.e., as the operating
pressure increased the SNR increased. Neutral deuterium measure-
ments were calibrated with both xenon and krypton static-fill refer-
ence cases. Absolute densities derived from both calibration gases
show excellent agreement, making xenon a suitable replacement cali-
bration gas for deuterium and eliminating the need to realign between
target and calibration TALIF measurements. However, due to the
poor SNR and added difficulty of obtaining suitable xenon NVDFs, it
is recommended that krypton be used for deuterium calibration for
ease of measurement.

The absolute atomic deuterium density shows no observable
dependence on injected rf power or radial location for these operating
conditions. However, atomic deuterium density generally increases
over the plasma pulse. The increase in atomic deuterium density as a
function of time is consistent with the increase in operating pressure
over the plasma pulse. Approximate atomic deuterium densities are
�1020m�3 in Proto-MPEX. For these measurements and particular
configuration of laser injection and collection, the minimum detect-
able density is �1:8� 1020m�3. However, this lower limit is expected
to decrease with longer data acquisition. Proto-MPEX was modeled
for different operating conditions for different experiments using
SOLPS.25–27 For standard operation of Proto-MPEX for high density
plasma experiments, i.e., ne � 6� 1019m�3, SOLPS predicts atomic
neutral deuterium atomic densities of �2� 1019m�3.27 However, the
operating pressure for the high density simulation is less than the
operating pressures in this work. Additionally, simulated atomic neu-
tral densities in the region of TALIF measurements are line averaged,
likely underestimating local density values. Measured atomic densities
reported here are in approximate agreement with predicted values
from Ref. 27.

The neutral atomic deuterium temperature shows no observable
dependence on injected rf power or radial location for these Proto-
MPEX operational parameters. Neutral temperature was nominally
measured to be 0.2 eV and generally decreased over the plasma pulse.
Since the operating pressure increased rapidly over the plasma pulse,
the plasma became more collisional and started to terminate for later
times, both processes should result in a decrease in the neutral temper-
ature over the duration of the plasma pulse. Owen et al. predicted
molecular deuterium temperature in Proto-MPEX for standard oper-
ating conditions.26 The neutral molecular temperature predicted at the
edge of the plasma, i.e., r ¼ 6–7 cm off mechanical axis for the experi-
ments reported here, is 0.13 eV, slightly higher than the wall tempera-
ture for the simulation of 0.1 eV. While the measurements presented
here are for atomic deuterium, the measured atomic and predicted
molecular neutral temperatures are comparable.26

Local neutral bulk flow is constant for a unique injected rf power
or radial location throughout the duration of the plasma pulse. Radial
flow decreases for increasing injected rf power, likely due to increased
ionization at higher rf powers. Neutral flow also increases for increas-
ing radii until the plasma edge, and peak radial flows are �3 km/s.

FIG. 7. Temporal evolution of neutral deuterium velocity as a function of power. Local bulk flow is observed to be radially inward and decreases monotonically as rf power
increases. Neutral velocity is measured to be constant in time for a given rf power.
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FIG. 8. Time evolution of deuterium NVDFs for r ¼ 7; 6; 2; 1; and 0 cm in (a)–(e), respectively, for Prf ¼ 30 kW. Earliest times in the plasma pulse produce discernible signal,
but with low SNR which yields a large spread in signal as compared to later times.
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Significant inward radial neutral flow is measured in these experi-
ments. There are likely several mechanisms that accelerate the neutrals
to approximate their thermal velocities (�3 km/s). The most likely
explanation for the observed inward radial neutral flows is charge
exchange collisions with flowing ions. Possible mechanisms are dis-
cussed below in no particular order of dominance. Significant ion-
neutral coupling is expected given previous estimates of significant
power losses in helicon plasmas due to ion-neutral charge exchange.28

Previous studies in Proto-MPEX using Mach probes reported
parallel ion flows away from the antenna (toward the upstream
boundary of the device) of �10 km/s.29 As the ions traverse the

TALIF measurement region, they experience a rapidly increasing mag-
netic field and the strongly magnetized ions are pinched by the con-
verging magnetic field, imparting a large radial velocity to the ions.
The magnetic field angle in the TALIF measurement region is deter-
mined from the ratio of the radial to axial magnetic field magnitudes.
The projection of the ion flow along the convergent magnetic field
provides an estimate of the likely radial ion flow. For the magnetic field
geometry in this work, ions at the TALIF measurement location
should have a radial velocity that is up to �10% the parallel velocity.
The magnetic component ratio is larger for larger radii in the plasma,
implying a larger ion radial velocity for locations off axis, in agreement

FIG. 9. (Upper) Evolution of atomic density vs r calibrated with both xenon (dark blue solid circles) and krypton (light blue open circles). Within the uncertainty of the measure-
ment, the radial profile is essentially flat. Data for r ¼ 3; 4; and 5 cm were inaccessible due to a magnetic support rod that physically obstructed the collection apparatus.
(Lower) Evolution of total neutral pressure throughout the plasma pulse. All pressure traces for each radial location are plotted.

FIG. 10. Temperature vs r throughout the plasma pulse. Earliest times show large variation in neutral temperature that relaxes for later times. The temperature is only weakly
dependent on radius but has a modest dependence on time. Neutral temperature decreases over the plasma pulse.
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with the measured neutral flow. Figure 12 shows the magnetic field
geometry upstream of the helicon antenna in Proto-MPEX, and a
green line indicates the location of TALIF measurements. Through
charge exchange collisions with the radially pinching ions, neutrals
should pickup significant, inward, radial flow.

A second possible mechanism that likely contributes to the large
measured radial neutral flow is particle flux balance. Hollow neutral
profiles are common in helicon plasma sources, thus there is a radial
gradient in neutral pressure.24 The large parallel ion flows away from
the antenna region necessitate an inward flux of ions (or neutrals) to
supply new ions to sustain the plasma. The escaping ions travel along
the magnetic field that terminates on the dump chamber at the end of
the device. Similar neutral inward radial flow is observed in the
MARIA helicon plasma source for a uniform axial magnetic field,
where neutral flows are measured to be �20% the thermal velocity
and are believed to provide the needed fueling along the axis of the
machine at locations throughout the plasma.30

Yet another possible explanation for the radial flows measured
here is the possibility of contributions from azimuthal flows. The
TALIF measures velocity components parallel to the injection axis of
the laser beam and is agnostic to the system coordinate system. That

is, a small optical misalignment or shift of the plasma column with
respect to mechanical center of Proto-MPEX can introduce velocity
components that are not purely coordinate-system radial. Azimuthal
flows have been observed in helicon plasmas31 and could provide an
azimuthal velocity to neutrals through charge exchange collisions.
However, considerable care was taken to prevent misalignment of the
confocal apparatus. While unlikely, it is possible that if the plasma col-
umns are shifted from the device axis, some of the radial neutral flows
could actually be an azimuthal flow component that is mis-identified.
It is likely the neutral bulk flow reported in this work is a result of
many or all of these processes and not one dominant mechanism.
Assuming significant charge exchange interactions occur, these mea-
surements provide indirect information about the ion motion in these
regions.
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