Direct measurement of the ionization source rate and closure of the particle
balance in a helicon plasma using laser induced fluorescence.
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A detailed study of the flows of ion and neutral argon populations in a helicon plasma was carried out.
Understanding the principle ion sinks and sources of neutral fueling is essential to understanding the ability
of helicon wave heating to create high density plasmas. This heating mechanism and the neutral fueling
required to sustain it and perhaps maniupulate the axial density profile in long cylindrical plasmas is an
active research topic for advanced plasma wakefield accelerator concepts. Using laser induced fluorescence
(LIF) of ion and neutral argon species, an ion flux of up to 2.5 x 102! m~2s~! was measured leaving the core
of a helicon plasma with a peak electron density of 4.0 x 10'® m~3. Taking the divergence of the axial ion
flux profile yields a minimum ionization rate estimate of 2 x 102" m=3s™!, and including the radial divergence
increases the estimated ioniztion rate to approximately 1022 m3s~'. Neutral flow velocities measured using

LIF reveal a circulatory fueling and loss mechanism with distinct zones where radial or axial sources and

sinks dominate.
I. INTRODUCTION

Heating a plasma with radiofrequency (RF) electro-
magnetic waves in the helicon regime is an attractive
method for producing high density, low temperature plas-
mas. Electron densities as high as 102° m—2 have been
achieved in helicon sources using only a few 10s of kilo-
watts of power!?. The efficiency with which helicon
waves can convert RF power into electron density is both
its most sought after and poorly understood property.
The ultimate density achieved in helicon plasma sources
is tightly coupled to both the power and particle balance
present during the discharge. In particular, the obser-
vation of neutral depletion underscores the importance
of the particle balance®*. In trying to explain the neu-
tral depletion, multiple hypotheses have been proposed
to explain the transport processes in effect. Chen et al
have suggested electron ion pairs are predominantly lost
radially and that axial losses are negligible®. Similarly
Magee et al concluded that the depletion of neutrals
in helicon plasmas was due to expulsion, e.g. by colli-
sional processes, not simply ionization alone?. Despite
multiple theories regarding the transport processes tak-
ing place, only a few studies have been done to study
the flows present, definitively conclude whether axial or
radial losses dominate, and identify the source and sink
terms of neutral particles®”. Answering these questions
is the focus of this work.

To better understand the ionization source strength
and distribution, laser induced fluorescence (LIF) was
used to measure spatially resolved ion and neutral fluxes
in the MARIA helicon device at several axial and radial
locations. From these fluxes, a clear picture of the ion
and neutral flow dynamics can be attained. Additionally,
taking the divergence of the flux yields a direct measure-
ment of the ionization source strength and distribution.
While these measurements do not answer the question
of how the RF wave energy is converted into electron-ion
pairs, it represents the best observation of the actual ion-
ization source distribution which is itself a direct result
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FIG. 1. Caption

of the RF to ionization coupling mechanism.

Il. EXPERIMENTAL APPARATUS

The measurements presented in this work were taken
on the MARIA helicon device, shown in Figure 1, in the
3DPSI group at the University of Wisconsin - Madison®.
MARIA is 2.4 m long with an inner chamber diameter
of 14 cm. The antenna is an 18 cm long helical antenna
designed to couple to the m=+1 mode. The magnetic
field is generated by 8 water cooled pancake magnets
and generates a peak magnetic field strength of 1005 G
at 984 A of total current. A water-cooled solid state
RF generator provides up to 10 kW of RF power and is
typically operated at constant power (CW). A single RF
compensated Langmuir probe, of the same type proposed
by Chen et al?, is the baseline diagnostic for electron tem-



perature and density measurements. Electron densities
in the range of 5 x 10'® m~3 are typical at neutral pres-
sures in the range of 2 mTorr, with 700 W of RF power,
and a magnetic field strength of 700 G.

The LIF system follows the master oscillator power
amplifier (MOPA) design championed by Severn et al'?,
and is designed around a 40 mW tunable single mode
diode laser and a tapered amplifier which can produce
500 mW of maximum laser power. This system can be
tuned to pump the 3d*F 7/2 to 4p*D5/2 singly ion-
ized argon absorption transition at 668.614 nm, or the
4s2[3/2] 1 to 4p?2[1/2]0 neutral argon absorption tran-
sition at 667.912 nm. The ion and neutral pumping
strength, which is proportional to the density of atoms in
the lower atomic level and incident laser power, is moni-
tored via the fluorescence intensity at 442.6 nm and 750.6
nm respectively. More details of the LIF system and the
typical analysis steps to extract flow measurements are
provided in a paper by Green et al'l.

Acylindrical coordinate system is adopted with the 2
axis colinear with the chamber axis and parallel to the
magnetic field as indicated in Figure 1. The ‘down-
stream’ direction is in the direction of the magnetic field.
This direction points away from the antenna towards the
blind end of the chamber. The reference point for axial
position measurements is a part of the structure support-
ing the LIF collection optics. The center of the 18 cm
antenna is located at 21 cm and the downstream plasma
boundary is located at 168.4 cm. Positive and negative
flow velocities discussed in this work match the coordi-
nate system, i.e. ‘positive’ axial flow velocity is a flow in
the +7 direction.

11l. THEORY

In this work, the source and sink terms of the mass
conservation equation are the quantities of interest. By
operating the plasma CW, the temporal component of
the conservation equation can be neglected and the mass
conservation equation simply balances the particle source
and flux divergence,

V- (Vn) = S(x). (1)

Here V is the flow velocity, n is the number density, and
S(x) is the ionization rate.

No particle flux variation is expected in the tangential
direction of the coordinate system discussed previously.
Separating Equation 1 into it’s axial and radial compo-
nents, and dropping the tangential component, yields

10 a(nV,

5 (rnV,) + % = S(x). (2)
Here, V, and V, are the axial and radial flow velocity
components respectively, and r is the radial position.

It is clear that an ionization source results in a posi-
tive value of flux divergence. Negative terms are indica-
tive of an ion sink. The objective then is to measure the

particle flux, I' = Vn, in both the radial and axial di-
rections and calculate the divergence, thereby measuring
the ion source and sink rate. By measuring the Doppler
shift of the velocity distribution function using the LIF
system, the flow velocity, V, can be measured directly.
However, the LIF intensity itself only yields information
about the density of the atomic state being pumped. For
determining the ionization source rate for a singly ionized
ion population the total ion density is the desired quan-
tity. In principle, a collisional radiative model might be
used to infer total ion density and thus total electron
density. However, failure to accurately capture all the
relevant atomic processes in a collisional radiative model
would make it quite difficult to interpret the results. In
this work an empirical calibration between singly ionized
argon LIF intensity and electron density is made from
experimental measurements directly.

The minimum flow velocity uncertainty is limited by
the absolute laser wavelength uncertainty. Previously
the wavelength of a molecular iodine transition near
668.614 nm was reported as 668.6144 nm by Keesee et
al'?, 668.6126 nm by Woo et al'?, and 668.6128 nm
by Green et al''. The wavelength of this iodine peak
was further refined in this work by identfying the offset
from the v = 0 transition wavelength of the 3d4F 7/2
to 4p*D 5/2 singly ionized argon absorption transition.
The v = 0 wavelength was identified using LIF spectra
simultaneously captured using forward and back propa-
gated laser beams. The refined wavelength of 668.61272
+ 3.13 x 107° nm was found from the standard error
of the mean of 7 measurements. The uncertainty of the
668.614 nm transition was taken from Whaling et al'4,
which itself is the source of the data held in the NIST
ASD database!®.

The prominent I5 peak near the 667.9125 nm Ar I tran-
sition was measured in a similar way. Unfortunately the
very low flow velocity meant that the k- V and -k -V
components were not sufficiently separated to follow an
analysis procedure identical to the argon ion transition.
Instead the laser was passed through the plasma radi-
ally such that the beam could be reflected off an external
mirror for the second, counter propagating, pass through
the plasma. One set of data was taken with laser beam
dump in place of the mirror such that the k - V compo-
nent is first acquired. This is plotted as the red trace in
Figure 2. The beam dump is then replaced with a mirror
and an LIF signal with the forward and backward com-
ponent is acquired; the teal trace in Figure 2. The red
trace can then be subtracted from the teal trace to re-
veal the —k -V, plotted as the black dash-dot trace. The
midpoint between the k-V and —k -V curves which cor-
responds to the V = 0 transition frequency of 667.9125
provided by NIST could then be identified. The uncer-
tainty in the 667.9125 nm line was taken from Whaling
et al'.

The wavelength of the I peak near 667.9125 nm was

determined in the same way as the 668.6128 nm line,
with multiple samples. The final value of 667.91687 +
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FIG. 2. The molecular indine absorption peak indicated as 667.91687 nm at -2.9 GHz was identified by finding the v = 0
midpoint between the k -V (dashed line) and —k -V {dash-dot line).

3.10 % 107° nm was found from the standard error of the
mean of § measurements.

It is important to note, that the Is peak wavelengths
were essentially calculated as offsets from well known ar-
gon lines. The minimum uncertainty in the Is wavelength
15 then at least as large as the wavelength uncertainty of
the argon line to which it is compared. This lower limit
leads to a minimum velocity uncertainty of 17 m/s and
11 m/s for the neutral and singly ionized argon species
respectively.

IV. RESULTS
A. LIF to Electron Density Calibration

To correlate the LIF intensity with the electron den-
sity, LIF measurements were made at the center of the
plasma at the same location as the Langmuir probe. The
magnetic field strength was then scanned over the same
range as was used for the measurements presented below.
Plotting the electron density as a function of LIF inten-
sity, shown in Figure 3 for both the axial and radial case,
yields the scaling required to infer electron density from
LIF intensity measurements.

Ideally, both of the curves in Figure 3 would lie on
top of each other. However, two differences combine to
cause the radial data to be higher than the axial data.
First, the axial and radial data were taken before and
after a vacuum leak was fixed in the vacuum chamber.
The plasma chamber itself was cleaned when the leak was
repaired and likely resulted in better chamber condition-
ing leading to higher density. The optical arrangement
for the axial vs radial measurement is significantly dif-
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FIG. 3. Calibration curve for converting singly ionized argon
LIF intensity to electron density. Here, the electron density is
that measured by the RF compensated Langmuir probe. The
LIF intensity was measured during the same discharge and at
the same location as the Langmuir probe.

ferent. It is possible that the laser injection optics and
fuorescence collection optics were not perfectly aligned
for the radial case leading to lower apparent LIF inten-
sity. Despite the opportunity for improvement, the same
optical arrangement used during calibration was used for
the measurement for both the axial and radial case.



B. Argon lon LIF

For the argon 1on axial LIF data the laser was aligned
with the axis of the chamber and the collection optics
were traversed along the axis of MARIA, collecting flu-
orescence photons emitted perpendicular to the laser
beam. The LIF spectra intensities were converted to
electron density using the axial calibration data shown
in Figure 3. The calculated electron density at several
magnetic field strengths and plotted as a function of ax-
1al position along the plasma chamber 1s shown in Figure
4. At magnetic field strengths below approximately 600
G, e.g. the 500 G trace, the electron density is relatively
evenly distributed between the antenna and the down-
stream boundary plate. As the magnetic field strength is
increased further, the electron density does not increase
significantly near the antenna at 210 mm, and appears
to hit an upper limit near 700 G at an axial location of
680 mm. PFurther downstream however, near 1200 mm,
the electron density continues to increase with increasing
magnetic field strength. The result of this asymmetric
density scaling with magnetic field strength 1= a down-
stream shift in location of the maximum electron density.
This shift suggests a change in the fueling and ionization
equilibrium reached at different magnetic field strengths.
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FIG. 4. The electron density found by scaling the singly ion-
ized argon LIF intensity by the axial calibration data shown
in Figure 3.

The argon 1on flow velocity measurements, shown in
Figure 5, are extracted directly from the LIF data by
measuring the Doppler shift of the absorption spectrum.
The flow velocity is negative near the antenna, crosses
the horizontal axis at 900 mm, and transitions to a strong
positive velocity near 1500 mm. Not much can be said
about the cause from this data alone, but the sharp in-

crease in velocity beyond 1600 mm is likely the velocity
increase that occurs in the presheath to satisfy the Bohm
criterion'”. The sound speed for the 2.5 eV plasmas in
this case 1= 2,461 m/s, and the closest measurement was
approximately 4 mm from the sheath boundary. If this
1= indeed the case, the lack of any velocity scaling with
magnetic field strength may indicate near constant elec-
tron temperature and thus constant ion sound speed.
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FIG. 5. The flow velocity of singly ionized argon atoms in the
3d*F 7/2 metastable state.

The shape of the axial ion Hux profile shown in Figure
6, which 1= a product of the density and velocity data, is
most strongly influenced by the 1on velocity profile and
thus has a very similar shape. The flux is negative (up-
stream flow) near the antenna, crosses the horizontal axis
near 900 mm, and transitions to a strong positive flux
(downstream flow) near 1500 mm. The flux is augmented
up or down depending on the electron density. Ignoring
the exponential region likely due to the presheath, the
slope of the ion flux measurements clearly suggests an
lonization source distributed along the axis of the device.

Taking the divergence of just the axial How data, the
contribution of axial flux divergence to the ionization
source rate can be determined. This data alone repre-
sents a lower bound for the lonization source rate. The
divergence of the axial flux data is shown in Figure 7. The
rapid flux increase in the presheath region near 1650 mm
results in a significant ionization rate there. However, in
the main plasma region between 450 mm and 1500 a dis-
tinctly positive ionization source rate of ~ 102 m—3s~!
1= al=o evident. Despite some scatter in the data, a fairly
clear scaling with magnetic field strength is also evident
at 1250 mm. This suggests an lonization rate that scales
similarly to the helicon dispersion relationm, with a de-
pendence on magnetic field strength. However the down-
stream shift in the location of maximum electron density
can also affect the divergence calculation. A slight dip at
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FIG. 6. The flux of singly ionized argon calculated by multi-
plving the electron density, Figure 4, with the ion flow veloc-

ity, Figure 5.

1650 mm in the lonization rate calculated from the asxial
data suggests an ion sink in this region. However, the ra-
dial contribution must be included before any coneclusion
regarding this possible sink is drawn.

The radial ion flux measured at radial positions of rfa
< 0.05, rfa = 1/3, and r/a = 2/3, and the same axial
locations as for the axial data are shown in Figure 8.
At all positions there is a consistent outward radial flux
on the order of 2.5 x 10°® m~2s~! with slightly higher
values at an axial position of 680 mm. Despite a fairly
consistent flux, the density of ions in the 3d*F 7/2 state
able to absorb laser photons was significantly lower at
greater radil leading to decreased signal to noise ratio.
Signals below a certain threshold could not be fit reli-
ably and hence were not plotted in the figure leading to
the sparsity of da.ta%a' s at rfa = 2/3. The radial flux
between 2.5— 5 x 10™ m~2s~! is comparable to the axial
flux meazured between 680 mm and 1400 mm. This al-
ready means that over the bulk plasma domain, neither
the axial nor radial flux dominates the loss channel.

It i1s also interesting to note that the perpendicular
flux 1= comparable to Bohm-like diffusion. The Bohm
diffusive flux, J, is calculated by J = Dgdn,/dr and
Dp = ckT./16eB, where ¢ iz the speed of light, k is
Boltzman's constant, T, is the electron temperature, B
15 the magnetic field strength, and e is the charge of an
electron. Taking the density gradient in the radial direc-
tion from Langmuir probe measurements gives a radial
flux between 1 — 4 x 10%® m~2s~!. This is the same con-
clusion reached by Rapp et al after comparing the results
of mumerical simulations to experimental density data'®.
Taking LIF data with higher spatial resolution might be
an even better comparison with the numerical data of

Rapp et al .
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FIG. 7. The ionization source rate calculated by taking the
divergence of the axial ion flux, shown in Figure 6. Tvpical
uncertainties are indicated by the 650 G trace.

Caleulating the contribution of the radial Hux diver-
gence to the lonization source rate is complicated by the
sparse data. No differentiable radial trend can be iden-
tified to perform the necessary calculations. Assuming a
constant fux yields an axially peaked ionization source,
but one that blows up at v = () which 1= unphysical. Cal-
culating an approximate Hux gradient based on the r/a =
1/3 and r/a = 2/3 data, and assuming a linear trend be-
tween these two data points, yields an ionization source
rate of 10°? m~3s—!. However, this calculation carries an
uncertainty of 200%. The ionization rate of 10%2 m—3s~!
s comparable to the lonization rate calculated from the
axial flux data in front of the boundary plate. This sug-
gests a bulk plasma ionization rate between .5 — 1 x 102
m~?s~!. Higher spatial resolution in the radial direction
1= needed to better constrain the radial Hux profile and

wnizatlon source rate.

C. Neutral Argon LIF

Where there iz an ion source via lonization in a singly
ionized plasma, there must necessarily be a neutral sink.
Fortunately the diode laser used in this work can be re-
tuned to lase at 667.912 nm to pump the 4s2[3/2|1 to
4p?[1/2] 0 neutral argon ahsorption transition. The neu-
tral LIF intensity 1= directly proportional to the density



Magnetic Field Strength [G]
—a— 450.0 —— 650.0 —— B50.0
—a— 5500 —a— ThOLD

= 1070

10.0 H r/a < 0.05

7.5

5.
2.5+

0

Ton Flux [m=%s~]

-25

BN Ry T T T T

10.0

7.5
5.
2.5+

0

Iom Flux [m_gs_l]

-2.5+

-5.0 T T T T T T

10.0

7.5

5.

254

0

Iom Flux [m_ g _1]

-25

-5.0

T T T T T T
250 B00D THD 1000 1250 1500
Asaal Position [m.m]

FIG. 8. Off axis radial argon ion LIF intensity measurements.
Typical uncertainties are indicated by the 850 G trace.

of the 45%[3/2]1 excited atomic level of neutral argon.
This level iz directly populated from the neutral argon
ground state via electron impact excitation. So, while it's
connection to the neutral ground state makes it a decent
measure of the ground state population, the level density
15 also very sensitive to the electron density. Unfortu-
nately, no other diagnostics that could measure localized
neutral densities were available to create an LIF signal
to neutral density calibration. However, as shown below,

the mass conservation equation can be used to estimate
the neutral atom density using the axial neutral argon
LIF data alone.

The neutral argon intensity profile taken with the laser
alipned along the axis of the device, shown in Figure 0A
1= nearly an inverse of the 1on density profile. This is gen-
erally expected as a high electron density suggests a high
lonization rate and thus rapid conversion of neutrals into
ions. At low magnetic field strength, < 400 G, the neutral
LIF intensity i= fairly broad and extends along a signifi-
cant length of the MARIA chamber. Between 500 GG and
600 G or so the the neutral intensity profile increases and
is concentrated near an axial position of 1400-1700 mm.
However, below 1400 mm the neutral LIF intensity i=s sig-
nificantly reduced indicating a reduced density of neutral
atoms in that region. Above 600 G the neutral intensity
1= still concentrated in the same axial location, but the
intensity decreases with further magnetic field strength

INCTEASE,

Magnetic Field Strength [G]
—s— 550.0
—e— 650.0

—s— THD.O
—s— B50.0

—4— 450.0
—a— 5000

Neutral Argon
LIF Intensity [a.u.]
[ = e 2 = [ 5 = ] é
o o o o o o Q9
1 1 1 1 1 1

150

Flow Velocity [m/s]
|

[ [

8 8 o8 8

—150 T T T T T
GO0 800 1000 12000 1400 1600

Axial Position [m m]

FIG. 9. A.) Neutral argon LIF intensity which is proportional
to the 4s 2[3/2] 1 atomic level density. The fit of Equation 4
to the 550 G trace is indicated by the black line. B.) Average
flow velocity of neutral atoms in the 4s 2[3/2] 1 excited level.
Error bars are hidden for clarity but typical errors are shown
on the 450 G trace,



The neutral flow wvelocities, shown in 9B, are much
slower, around 50 m/s, in contrast to the argon ion flow
velocities which exceeded 1000 m/s in the presheath re-
gion. The velocity measurement closest to the boundary
plate at 1680 mm, which was 4 mm away from the plate,
15 negative for all magnetic field strengths. The flow ve-
locity 1= positive between axial locations of 1400 and 1650
mm. Between 600 and 1400 mm the flow appears to be
positive, but low signal to noise ratio means many data
points are missing and data that could be analyzed car-
ries larger uncertainty. The apparent low velocity rever-
sal 18 a curious feature that could support the theory of
Magee et al that collisional neutral expulsion 1= playing
a role in the bulk plasma neutral depletion.

The neuntral intensity and flow velocity evolution is
intuitive in the context of strong ion flux towards the
boundary plate. lons impinging on the boundary plate
are neutralized and are necessarily recycled back into the
plasma volume as neutral atoms. These recycled neutral
atoms are then exposed to the flux of ions and electrons
and can undergo lonization and experience collisional mo-
mentum transfer. The How reversal is possibly an indi-
cation of the collisional momentum transfer, while the
strong buildup and then decay of the LIF intensity is an
indication of the electron impact excitation and loniza-
tlon process.

By applying this hypothesis to the data, we find that a
very simple two species exponential decay model fits the
axial neutral LIF data quite well. The model used takes
the form:

drny

@

dna _ A 3
E——2ﬂ2+ﬂ 17y, (3)

which has the solution:

ny = ngexp(—Aiz),

cA
ny = o (exp(—Miz) —exp(—Xaz). (4
2 1

In this very simple model ng is the ground state im-
mediately adjacent to the downstream boundary plate,
nj represents the neutral argon ground state density, na
15 the density of the atomic level being pumped in the
LIF process, and Ay and As are the decay constants for
the two atomic levels respectively. The physical ‘decay’
mechanism within this model is electron impact excita-
tion from level 1 to level 2 followed by further excitation
and 1onization from level 2. The factor ¢ 1= a constant
that takes into account the fact that not all excitation out
of the ground level ends up in the single excited level. In-
sufficient data is available to fully constrain the value of
c. However, recognizing that it is simply a density scalar
for the 4s 2[3/2] 1 neutral argon level, it’s value can tem-
porarily be set to an arbitrary value, ¢ = 1 here, and the
data can be fit remarkably well as indicated by the black
line in Figure 9A.

TABLE 1. Fitting parameter values optained from fitting
Equation 4 to the neutral argon LIF data.

B-field [G] np A | Az
450 450 % 108 06| 1.3
500 7.15 % 10'%[ 0.7 [ 5.0
550 0.35 = 10'8[10.3| 6.5
650 1.63 < 10'9] 4.8 [21.8
750 233« 10'9( 4.3 |51.5
850 4.33 = 10'9( 3.3 [05.1

Despite setting ¢ = 1 in this work, reasonable estimates
of the neutral argon ground state density near the bound-
ary plate can be made. As described above, the flux of
ions into the boundary plate must reappear as a flux of
neutral atoms. To caleulate the flux, a recycling velocity
must be determined. Unfortunately the neutral velocity
1s pretty scattered, but the average recycling velocity for
all mangetic field strengths 4 mm in front of the plate
was 25 m/s away from the plate. Multiplying the val-
ues of ng found through fitting Equation 4 to each of the
traces in Figure 9A and matching to the argon ion flux
in Figure 6 indicates ng should be scaled by 7.2 x 10 to
yield the neutral argon flux in m?/s. The ion and neutral
particle flux in close proximity to the boundary plate at
each magnetic field strength after scaling np 1s shown in
Figure 10. The agreement between the two is very good,
and both scale with increasing density as expected. A
table showing the values obtained by fitting Equation 4
to the LIF data is shown in Table 1.
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FIG. 10. Sealing ng in Equation 4 by 7.2 x 10'® was sufficient
to match the indident ion flux to the recycling neutral flux.
The ion flux, shown by the orange curve, is from direct mea-
surement. The neutral flux was inferred by fitting Equation
4 to the neutral argon LIF intensity data.



The level of agreement between the experimental neu-
tral argon LIF data and the relatively simple model used
to fit it adds confidence that the underlying physics are
being captured to first order. Assuming this is true, the
lonization rate can again be calculated as the neutral
atom loss rate. In the model presented above, the atoms
lost from the ground state population are step-wise ex-
cited and ionized. The lonization rate can thus be esti-
mated by caleulating the neutral ground state population
loss rate. The loss rate can be caleulated using the same
model as Equation 3. The lonization rate is thus

5(0) = V) _ ) _

—VAiny. (5)

Figure 11 shows the ionization rates calculated using
Equation 5 and the data from Table 1. For axial positions
above 1250 mm, these lonization rates are comparable
with those calculated from the ion LIF data. However,
the lomization rates calculated from the neutral LIF data
do not reflect the 10?2 m~3s~! ionization rates in the
presheath region. The neutral lonization rates at axial
locations below 1250 mm are significantly lower than the
1ion LIF data. This suggests that while ionization of ax-
1ally recycling neutrals iz likely still occuring, it is not a
dominant source of ions in this region. The axial loca-
tion of 1250 mm is therefore likely the transition point
between axially dominant fueling and radially dominant
fueling.
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FIG. 11. Ionization rates calculated using Equation 5 and the
data in Table 1.

The radial LIF intensity and How velocity was mea-
sured for neutral argon at the same locations as for the
singly ionized argon case. The fluorescence intensity
15 shown in Figure 12 as a function of magnetic field
strength. The intensity measured just beyond the an-
tenna at 680 mm, shown in Figure 124 1z initially quite

high on axis and at low magnetic field strength. However,
moving away from the axis, increasing the magnetic field
strength, and moving further down stream substantially
reduce the LIF intensity. For higher magnetic fields,
where the electron density is greater, the lower neutral
LIF intensity i= a result of a lower neutral atom density.
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FIG. 12. Radial LIF intensity of neutral argon. A.) Data
taken at 680 mm, just downstream of the antenna. B.) Data
taken in front of the boundary plate. The LIF intensity is
shown by the solid lines, the electron density measured by
the Langmuir probe is shown by the dotted lines.

As with the argon ions, the radial low of neutral argon
atoms was measured with LIF. The radial flow velocity
data is shown in Figure 13 at the same three radial lo-
cations as the ion data. At rfa < (.05 the flow velocity
1= nearly zero for all axial locations and magnetic field
strengths. At r/a = (.33 the radial flow wvelocity for all
magnetic field strengths shift slightly negative (inward)
for axial positions below 1200 mm. However, v = 0 1=
still within the uncertainty bars. For r/a = 2/3, the flow
velocity 1= a bit more negative than at rfa = 1/3, and
now v = 0 iz not within the uncertainty. The increas-
ingly inward flow velocity suggests radial fueling of the
plasma is indeed taling place for axial positions between
210 mm and 1200 mm. For axial positions above 1500



mm, the radial flow velocity is not significantly depen-
dent on magnetic field strength or radial position and
tends to hover around -10 m/s.
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FIG. 13. Neutral argon LIF radial flow velocity measurements
along the axis of MARIA. Errorbars on the 650 G trace are
tyvpical for magnetic field strength greater than 450 G. The
data at r/a < 0.05 is taken within 4 mm of the axis, but cannot
be exactly on axis due uncertainty in radial positioning

Unfortunately the radial neutral LIF intensity cannot
be converted into a neutral flux. In the axial case, the
conservation of mass equation formed a strong relation-
ship between the incident ion flux and the recycling neu-

tral Hux. The ability to take measurements very close
to the boundary plate, and thus form a realistic con-
trol volume was essential to that analysis. In the radial
case, refraction through the glass chamber wall and sig-
nificantly reduced 1on LIF intensity meant LIF measure-
ments could not be taken right next to the chamber wall.
A realistic control volume cannot therefore be defined to
leverage conservation of mass in converting the neutral
LIF intensity and velocity into a neutral flux estimate.

V. DISCUSSION AND CONCLUSION

The flow measurements for neutral and singly ionized
argon in both the axial and radial direction presented
above begin to paint a picture of the particle balance in
the MARTA helicon device. The flux of ions flowing along
the axis of MARIA exhibits clear scaling with magnetic
field strength and the greatest ion loss term was due to
axial flux near the boundary plate. The radial ion fux
of 2.5 — 5 x 102 m?s~! between the antenna and the
boundary plate is comparable to the axial flux in the
same region. The ion loss due to axial flow is therefore
dominant near the axial boundaries, but radial and ax-
1al ion loss 1= of similar magnitude throughout the bulk
plasma.

The neutral LIF data indicates a substantial buildup of
neutral atoms directly in front of the downstream cham-
ber boundary. This buildup of neutral atoms necessarily
has an impact on both the ion losses and the neutral
fueling of the plasma. The apparent flow velocity rever-
sal 1s one such impact and strongly suggests 1on-neutral
momentum exchange is occurring in that region. The ra-
dial neutral argon LIF data is less difinitive, but clearly
indicates a depletion of neutral atoms at higher electron
densities. The neutral argon radial flow velocity indicates
an inward flow of neutral argon atoms between the an-
tenna and downstream boundary plate, while the radial
flow 1= essentially zero near the boundary plate.

Combining the ion and neutral argon LIF data sug-
gests a kind of circulatory lonization and recycling pro-
cess 1s taking place in MARTA. Tons produced just down-
stream of the antenna are lost radially and axally in
approximately equal proportions. lons lost in the radial
direction are simply recycled after neutralizing on the
chamber wall. Tons that continue along the axis possibly
exchange momentum with a higher density cloud of neu-
tral atoms before impinging on the axial boundary plate
and neutralizing. The neutral atoms recycling off the
plate encounter an intense flux of 1ons and electrons and
are either immediately ionized and sent back towards the
plate or make their way further upstream before eventu-
ally being ionized. This proposed sequence sets up a net
flux of 1ons in the downstream direction and a net flux
of neutrals in the upstream direction. The increased in-
ward How of neutral atoms in the bulk plasma region near
the antenna suggests neutral atoms recycling off the axial
boundary plate eventually rebound of the radial chamber



wall and join the flux of neutral atoms recycling radially.

It is important to note that this particular fueling cy-
cle is likely unique to the chamber geometry on MARIA
where the gas source and vacuum pump is located at the
same upstream location of the chamber. Different gas
source arrangements will likely result in very different
flows, especially when the gas is sourced upstream and
the vacuum pump is located downstream. The impact
of these alternative vacuum arrangements, including the
use of a large expansion chamber at the downstream lo-
cation, on the plasma flows and ultimate density are the
subject of future research.
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