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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× 1021 m−2s−1 was measured leaving the core
of a helicon plasma with a peak electron density of 4.0 × 1018 m−3. Taking the divergence of the axial ion
flux profile yields a minimum ionization rate estimate of 2×1021 m−3s−1, and including the radial divergence
increases the estimated ioniztion rate to approximately 1022 m−3s−1. 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 1020 m−3 have been
achieved in helicon sources using only a few 10s of kilo-
watts of power1,2. 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 balance3,4. 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 negligible5. 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 alone4. 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 particles6,7. 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.

II. 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 - Madison8.
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 al9, is the baseline diagnostic for electron tem-
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perature and density measurements. Electron densities
in the range of 5× 1018 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 al10,
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 4F 7/2 to 4p 4D 5/2 singly ion-
ized argon absorption transition at 668.614 nm, or the
4s 2[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 al11.

Acylindrical coordinate system is adopted with the ẑ
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 +Z direction.

III. 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,

∇ · (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

1

r

∂

∂r
(rnVr) +

∂(nVz)

∂z
= S(x). (2)

Here, Vz and Vr 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, Γ = V n, 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
al12, 668.6126 nm by Woo et al13, and 668.6128 nm
by Green et al11. The wavelength of this iodine peak
was further refined in this work by identfying the offset
from the v = 0 transition wavelength of the 3d 4F 7/2
to 4p 4D 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 × 10−5 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 al14,
which itself is the source of the data held in the NIST
ASD database15.

The prominent I2 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 al16.

The wavelength of the I2 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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mi d p oi nt b e t w e e n t h e k · V ( d a s h e d li n e ) a n d − k · V ( d a s h- d o t li n e ).

3 .1 0 × 1 0 − 5 n m  w a s f o u n d f r o m t h e st a n d ar d er r or of t h e
m e a n of 8  m e a s u r e m e nt s.

It i s i m p ort a nt t o n ot e, t h at t h e I 2 p e a k  w a v el e n gt h s
w er e e s s e nti all y c al c ul at e d a s o ff s et s f r o m  w ell k n o w n ar-
g o n li n e s.  T h e  mi ni m u m u n c e rt ai nt y i n t h e I 2 w a v el e n gt h
i s t h e n at l e a st a s l ar g e a s t h e  w a v el e n gt h u n c ert ai nt y of
t h e ar g o n li n e t o  w hi c h it i s c o m p ar e d.  T hi s l o w er li mit
l e a d s t o a  mi ni m u m v el o cit y u n c ert ai nt y of 1 7  m / s a n d
1 1  m / s f or t h e n e ut r al a n d si n gl y i o ni z e d ar g o n s p e ci e s
r e s p e cti v el y.

I V.  R E S U L T S

A. LI F t o  El e c tr o n  D e n si t y  C ali br a ti o n

T o c o r r el at e t h e  LI F i nt e n sit y  wit h t h e el e ct r o n d e n-
sit y,  LI F  m e a s u r e m e nt s  w er e  m a d e at t h e c e nt er of t h e
pl a s m a at t h e s a m e l o c ati o n a s t h e  L a n g m ui r p r o b e.  T h e
m a g n eti c fi el d st r e n gt h  w a s t h e n s c a n n e d o v er t h e s a m e
r a n g e a s  w a s u s e d f or t h e  m e a s u r e m e nt s p r e s e nt e d b el o w.
Pl otti n g t h e el e ct r o n d e n sit y a s a f u n cti o n of  LI F i nt e n-
sit y, s h o w n i n  Fi g u r e 3 f or b ot h t h e a xi al a n d r a di al c a s e,
yi el d s t h e s c ali n g r e q ui r e d t o i nf er el e ct r o n d e n sit y f r o m
LI F i nt e n sit y  m e a s u r e m e nt s.

I d e all y, b ot h of t h e c u r v e s i n  Fi g u r e 3 w o ul d li e o n
t o p of e a c h ot h er.  H o w e v er, t w o di ff er e n c e s c o m bi n e t o
c a u s e t h e r a di al d at a t o b e hi g h er t h a n t h e a xi al d at a.
Fi r st, t h e a xi al a n d r a di al d at a  w er e t a k e n b ef or e a n d
aft er a v a c u u m l e a k  w a s fi x e d i n t h e v a c u u m c h a m b er.
T h e pl a s m a c h a m b er it s elf  w a s cl e a n e d  w h e n t h e l e a k  w a s
r e p ai r e d a n d li k el y r e s ult e d i n b ett er c h a m b er c o n diti o n-
i n g l e a di n g t o hi g h er d e n sit y.  T h e o pti c al ar r a n g e m e nt
f or t h e a xi al v s r a di al  m e a s u r e m e nt i s si g ni fi c a ntl y dif-
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FI G. 3.  C ali b r a ti o n c u r v e f o r c o n v e r ti n g si n gl y i o ni z e d a r g o n
LI F i nt e n si t y t o el e c t r o n d e n si t y.  H e r e, t h e el e c t r o n d e n si t y i s
t h a t  m e a s u r e d b y t h e  R F c o m p e n s a t e d  L a n g m ui r p r o b e.  T h e
LI F i nt e n si t y  w a s  m e a s u r e d d u ri n g t h e s a m e di s c h a r g e a n d a t
t h e s a m e l o c a ti o n a s t h e  L a n g m ui r p r o b e.

f e r e nt. It i s p o s si bl e t h at t h e l a s er i nj e cti o n o pti c s a n d
fl u or e s c e n c e c oll e cti o n o pti c s  w er e n ot p erf e ctl y ali g n e d
f or t h e r a di al c a s e l e a di n g t o l o w er a p p ar e nt  LI F i nt e n-
sit y.  D e s pit e t h e o p p ort u nit y f or i m pr o v e m e nt, t h e s a m e
o pti c al ar r a n g e m e nt u s e d d u ri n g c ali b r ati o n  w a s u s e d f or
t h e  m e a s u r e m e nt f or b ot h t h e a xi al a n d r a di al c a s e.
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B.  Ar g o n I o n LI F

F o r t h e a r g o n i o n a xi al  LI F d at a t h e l a s er  w a s ali g n e d
wit h t h e a xi s of t h e c h a m b er a n d t h e c oll e cti o n o pti c s
w er e t r a v er s e d al o n g t h e a xi s of  M A RI A, c oll e cti n g fl u-
or e s c e n c e p h ot o n s e mitt e d p er p e n di c ul ar t o t h e l a s er
b e a m.  T h e  LI F s p e ct r a i nt e n siti e s  w er e c o n v ert e d t o
el e ct r o n d e n sit y u si n g t h e a xi al c ali b r ati o n d at a s h o w n
i n  Fi g u r e 3 .  T h e c al c ul at e d el e ct r o n d e n sit y at s e v er al
m a g n eti c fi el d st r e n gt h s a n d pl ott e d a s a f u n cti o n of a x-
i al p o siti o n al o n g t h e pl a s m a c h a m b er i s s h o w n i n  Fi g u r e
4 .  At  m a g n eti c fi el d st r e n gt h s b el o w a p p r o xi m at el y 6 0 0
G, e. g. t h e 5 0 0  G t r a c e, t h e el e ct r o n d e n sit y i s r el ati v el y
e v e nl y di st ri b ut e d b et w e e n t h e a nt e n n a a n d t h e d o w n-
st r e a m b o u n d ar y pl at e.  A s t h e  m a g n eti c fi el d st r e n gt h i s
i n cr e a s e d f u rt h er, t h e el e ct r o n d e n sit y d o e s n ot i n cr e a s e
si g ni fi c a ntl y n e ar t h e a nt e n n a at 2 1 0  m m, a n d a p p e ar s
t o hit a n u p p er li mit n e ar 7 0 0  G at a n a xi al l o c ati o n of
6 8 0  m m.  F urt h er d o w n st r e a m h o w e v er, n e ar 1 2 0 0  m m,
t h e el e ct r o n d e n sit y c o nti n u e s t o i n cr e a s e  wit h i n cr e a si n g
m a g n eti c fi el d st r e n gt h.  T h e r e s ult of t hi s a s y m m et ri c
d e n sit y s c ali n g  wit h  m a g n eti c fi el d st r e n gt h i s a d o w n-
st r e a m s hift i n l o c ati o n of t h e  m a xi m u m el e ct r o n d e n sit y.
T hi s s hift s u g g e st s a c h a n g e i n t h e f u eli n g a n d i o ni z ati o n
e q uili b ri u m r e a c h e d at di ff er e nt  m a g n eti c fi el d st r e n gt h s.
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FI G. 4.  T h e el e c t r o n d e n si t y f o u n d b y s c ali n g t h e si n gl y i o n-
i z e d a r g o n  LI F i nt e n si t y b y t h e a xi al c ali b r a ti o n d a t a s h o w n
i n  Fi g u r e 3 .

T h e a r g o n i o n fl o w v el o cit y  m e a s u r e m e nt s, s h o w n i n
Fi g u r e 5 , ar e e xt r a ct e d di r e ctl y f r o m t h e  LI F d at a b y
m e a s u ri n g t h e  D o p pl er s hift of t h e a b s or pti o n s p e ct r u m.
T h e fl o w v el o cit y i s n e g ati v e n e ar t h e a nt e n n a, cr o s s e s
t h e h ori z o nt al a xi s at 9 0 0  m m, a n d t r a n siti o n s t o a st r o n g
p o siti v e v el o cit y n e ar 1 5 0 0  m m.  N ot  m u c h c a n b e s ai d
a b o ut t h e c a u s e f r o m t hi s d at a al o n e, b ut t h e s h ar p i n-

cr e a s e i n v el o cit y b e y o n d 1 6 0 0  m m i s li k el y t h e v el o cit y
i n cr e a s e t h at o c c u r s i n t h e p r e s h e at h t o s ati sf y t h e  B o h m
crit eri o n 1 7 .  T h e s o u n d s p e e d f or t h e 2. 5 e V pl a s m a s i n
t hi s c a s e i s 2, 4 6 1  m / s, a n d t h e cl o s e st  m e a s u r e m e nt  w a s
a p p r o xi m at el y 4  m m f r o m t h e s h e at h b o u n d ar y. If t hi s
i s i n d e e d t h e c a s e, t h e l a c k of a n y v el o cit y s c ali n g  wit h
m a g n eti c fi el d st r e n gt h  m a y i n di c at e n e ar c o n st a nt el e c-
t r o n t e m p er at u r e a n d t h u s c o n st a nt i o n s o u n d s p e e d.
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FI G. 5.  T h e fl o w v el o ci t y of si n gl y i o ni z e d a r g o n a t o m s i n t h e
3 d 4 F 7 / 2  m e t a s t a bl e s t a t e.

T h e s h a p e of t h e a xi al i o n fl u x pr o fil e s h o w n i n  Fi g u r e
6 ,  w hi c h i s a p r o d u ct of t h e d e n sit y a n d v el o cit y d at a, i s
m o st str o n gl y i n fl u e n c e d b y t h e i o n v el o cit y p r o fil e a n d
t h u s h a s a v er y si mil ar s h a p e.  T h e fl u x i s n e g ati v e ( u p-
st r e a m fl o w) n e ar t h e a nt e n n a, cr o s s e s t h e h ori z o nt al a xi s
n e ar 9 0 0  m m, a n d t r a n siti o n s t o a st r o n g p o siti v e fl u x
( d o w n st r e a m fl o w) n e ar 1 5 0 0  m m.  T h e fl u x i s a u g m e nt e d
u p or d o w n d e p e n di n g o n t h e el e ct r o n d e n sit y. I g n ori n g
t h e e x p o n e nti al r e gi o n li k el y d u e t o t h e p r e s h e at h, t h e
sl o p e of t h e i o n fl u x  m e a s u r e m e nt s cl e arl y s u g g e st s a n
i o ni z ati o n s o u r c e di st ri b ut e d al o n g t h e a xi s of t h e d e vi c e.

T a ki n g t h e di v er g e n c e of j u st t h e a xi al fl o w d at a, t h e
c o nt ri b uti o n of a xi al fl u x di v er g e n c e t o t h e i o ni z ati o n
s o u r c e r at e c a n b e d et er mi n e d.  T hi s d at a al o n e r e p r e-
s e nt s a l o w er b o u n d f or t h e i o ni z ati o n s o ur c e r at e.  T h e
di v er g e n c e of t h e a xi al fl u x d at a i s s h o w n i n  Fi g u r e 7 .  T h e
r a pi d fl u x i n cr e a s e i n t h e p r e s h e at h r e gi o n n e ar 1 6 5 0  m m
r e s ult s i n a si g ni fi c a nt i o ni z ati o n r at e t h e r e.  H o w e v er, i n
t h e  m ai n pl a s m a r e gi o n b et w e e n 4 5 0  m m a n d 1 5 0 0 a di s-
ti n ctl y p o siti v e i o ni z ati o n s o u r c e r at e of ∼ 1 0 2 1 m − 3 s − 1

i s al s o e vi d e nt.  D e s pit e s o m e s c att er i n t h e d at a, a f ai rl y
cl e ar s c ali n g  wit h  m a g n eti c fi el d st r e n gt h i s al s o e vi d e nt
at 1 2 5 0  m m.  T hi s s u g g e st s a n i o ni z ati o n r at e t h at s c al e s
si mil arl y t o t h e h eli c o n di s p er si o n r el ati o n m,  wit h a d e-
p e n d e n c e o n  m a g n eti c fi el d st r e n gt h.  H o w e v er t h e d o w n-
st r e a m s hift i n t h e l o c ati o n of  m a xi m u m el e ct r o n d e n sit y
c a n al s o a ff e ct t h e di v er g e n c e c al c ul ati o n.  A sli g ht di p at
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FI G. 6.  T h e fl u x of si n gl y i o ni z e d a r g o n c al c ul a t e d b y  m ul ti-
pl yi n g t h e el e c t r o n d e n si t y,  Fi g u r e 4 ,  wi t h t h e i o n fl o w v el o c-
i t y,  Fi g u r e 5 .

1 6 5 0  m m i n t h e i o ni z ati o n r at e c al c ul at e d f r o m t h e a xi al
d at a s u g g e st s a n i o n si n k i n t hi s r e gi o n.  H o w e v er, t h e r a-
di al c o nt ri b uti o n  m u st b e i n cl u d e d b ef or e a n y c o n cl u si o n
r e g ar di n g t hi s p o s si bl e si n k i s d r a w n.

T h e r a di al i o n fl u x  m e a s u r e d at r a di al p o siti o n s of r / a
≤ 0 .0 5, r / a  = 1 / 3, a n d r / a  = 2 / 3, a n d t h e s a m e a xi al
l o c ati o n s a s f or t h e a xi al d at a ar e s h o w n i n  Fi g u r e 8 .
At all p o siti o n s t h er e i s a c o n si st e nt o ut w ar d r a di al fl u x
o n t h e or d er of 2 .5 × 1 0 2 0 m − 2 s − 1 wi t h sli g htl y hi g h er
v al u e s at a n a xi al p o siti o n of 6 8 0  m m.  D e s pit e a f ai rl y
c o n si st e nt fl u x, t h e d e n sit y of i o n s i n t h e 3 d 4 F 7 / 2 st at e
a bl e t o a b s or b l a s er p h ot o n s  w a s si g ni fi c a ntl y l o w er at
gr e at er r a dii l e a di n g t o d e cr e a s e d si g n al t o n oi s e r ati o.
Si g n al s b el o w a c ert ai n t h r e s h ol d c o ul d n ot b e fit r eli-
a bl y a n d h e n c e  w er e n ot pl ott e d i n t h e fi g u r e l e a di n g t o
t h e s p ar sit y of d at a p oi nt s at r / a  = 2 / 3.  T h e r a di al fl u x
b et w e e n 2 .5 − 5 × 1 0 2 0 m − 2 s − 1 i s c o m p a r a bl e t o t h e a xi al
fl u x  m e a s u r e d b et w e e n 6 8 0  m m a n d 1 4 0 0  m m.  T hi s al-
r e a d y  m e a n s t h at o v er t h e b ul k pl a s m a d o m ai n, n eit h er
t h e a xi al n or r a di al fl u x d o mi n at e s t h e l o s s c h a n n el.

It i s al s o i nt er e sti n g t o n ot e t h at t h e p er p e n di c ul ar
fl u x i s c o m p ar a bl e t o  B o h m-li k e di ff u si o n.  T h e  B o h m
di ff u si v e fl u x, J , i s c al c ul at e d b y J = D B d n e / d r a n d
D B = c k T e / 1 6 e B ,  w h e r e c i s t h e s p e e d of li g ht, k i s
B olt z m a n’ s c o n st a nt, T e i s t h e el e ct r o n t e m p er at u r e, B
i s t h e  m a g n eti c fi el d st r e n gt h, a n d e i s t h e c h ar g e of a n
el e ct r o n.  T a ki n g t h e d e n sit y gr a di e nt i n t h e r a di al di r e c-
ti o n f r o m  L a n g m ui r p r o b e  m e a s u r e m e nt s gi v e s a r a di al
fl u x b et w e e n 1 − 4 × 1 0 2 0 m − 2 s − 1 .  T hi s i s t h e s a m e c o n-
cl u si o n r e a c h e d b y  R a p p et al aft er c o m p ari n g t h e r e s ult s
of n u m eri c al si m ul ati o n s t o e x p eri m e nt al d e n sit y d at a 1 8 .
T a ki n g  LI F d at a  wit h hi g h er s p ati al r e s ol uti o n  mi g ht b e
a n e v e n b ett er c o m p ari s o n  wit h t h e n u m eri c al d at a of
R a p p et al .

FI G. 7.  T h e i o ni z a ti o n s o u r c e r a t e c al c ul a t e d b y t a ki n g t h e
di v e r g e n c e of t h e a xi al i o n fl u x, s h o w n i n  Fi g u r e 6 .  T y pi c al
u n c e r t ai nti e s a r e i n di c a t e d b y t h e 6 5 0  G t r a c e.

C al c ul ati n g t h e c o nt ri b uti o n of t h e r a di al fl u x di v er-
g e n c e t o t h e i o ni z ati o n s o u r c e r at e i s c o m pli c at e d b y t h e
s p ar s e d at a.  N o di ff er e nti a bl e r a di al t r e n d c a n b e i d e n-
ti fi e d t o p erf or m t h e n e c e s s ar y c al c ul ati o n s.  A s s u mi n g a
c o n st a nt fl u x yi el d s a n a xi all y p e a k e d i o ni z ati o n s o u r c e,
b ut o n e t h at bl o w s u p at r = 0  w hi c h i s u n p h y si c al.  C al-
c ul ati n g a n a p p r o xi m at e fl u x gr a di e nt b a s e d o n t h e r / a  =
1 / 3 a n d r / a  = 2 / 3 d at a, a n d a s s u mi n g a li n e ar t r e n d b e-
t w e e n t h e s e t w o d at a p oi nt s, yi el d s a n i o ni z ati o n s o u r c e
r at e of 1 0 2 2 m − 3 s − 1 .  H o w e v e r, t hi s c al c ul ati o n c ar ri e s a n
u n c ert ai nt y of 2 0 0 %.  T h e i o ni z ati o n r at e of 1 0 2 2 m − 3 s − 1

i s c o m p a r a bl e t o t h e i o ni z ati o n r at e c al c ul at e d f r o m t h e
a xi al fl u x d at a i n f r o nt of t h e b o u n d ar y pl at e.  T hi s s u g-
g e st s a b ul k pl a s m a i o ni z ati o n r at e b et w e e n .5 − 1 × 1 0 2 2

m − 3 s − 1 .  Hi g h e r s p ati al r e s ol uti o n i n t h e r a di al di r e cti o n
i s n e e d e d t o b ett er c o n st r ai n t h e r a di al fl u x p r o fil e a n d
i o ni z ati o n s o u r c e r at e.

C.  N e u tr al  Ar g o n LI F

W h e r e t h e r e i s a n i o n s o ur c e vi a i o ni z ati o n i n a si n gl y
i o ni z e d pl a s m a, t h er e  m u st n e c e s s aril y b e a n e ut r al si n k.
F ort u n at el y t h e di o d e l a s er u s e d i n t hi s  w or k c a n b e r e-
t u n e d t o l a s e at 6 6 7. 9 1 2 n m t o p u m p t h e 4 s 2 [ 3/ 2] 1 t o
4 p 2 [ 1/ 2] 0 n e ut r al ar g o n a b s or pti o n t r a n siti o n.  T h e n e u-
t r al  LI F i nt e n sit y i s di r e ctl y p r o p orti o n al t o t h e d e n sit y
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FI G. 8.  O ff a xi s r a di al a r g o n i o n  LI F i nt e n si t y  m e a s u r e m e nt s.
T y pi c al u n c e r t ai nti e s a r e i n di c a t e d b y t h e 8 5 0  G t r a c e.

of t h e 4 s 2 [ 3/ 2] 1 e x cit e d at o mi c l e v el of n e ut r al ar g o n.
T hi s l e v el i s di r e ctl y p o p ul at e d f r o m t h e n e ut r al ar g o n
gr o u n d st at e vi a el e ct r o n i m p a ct e x cit ati o n. S o,  w hil e it’ s
c o n n e cti o n t o t h e n e ut r al gr o u n d st at e  m a k e s it a d e c e nt
m e a s u r e of t h e gr o u n d st at e p o p ul ati o n, t h e l e v el d e n sit y
i s al s o v er y s e n siti v e t o t h e el e ct r o n d e n sit y.  U nf ort u-
n at el y, n o ot h er di a g n o sti c s t h at c o ul d  m e a s u r e l o c ali z e d
n e ut r al d e n siti e s  w er e a v ail a bl e t o cr e at e a n  LI F si g n al
t o n e ut r al d e n sit y c ali br ati o n.  H o w e v er, a s s h o w n b el o w,

t h e  m a s s c o n s er v ati o n e q u ati o n c a n b e u s e d t o e sti m at e
t h e n e ut r al at o m d e n sit y u si n g t h e a xi al n e ut r al ar g o n
LI F d at a al o n e.

T h e n e ut r al ar g o n i nt e n sit y p r o fil e t a k e n  wit h t h e l a s er
ali g n e d al o n g t h e a xi s of t h e d e vi c e, s h o w n i n  Fi g u r e 9 A ,
i s n e arl y a n i n v er s e of t h e i o n d e n sit y p r o fil e.  T hi s i s g e n-
er all y e x p e ct e d a s a hi g h el e ct r o n d e n sit y s u g g e st s a hi g h
i o ni z ati o n r at e a n d t h u s r a pi d c o n v er si o n of n e ut r al s i nt o
i o n s.  At l o w  m a g n eti c fi el d st r e n gt h, ≤ 4 0 0  G, t h e n e ut r al
LI F i nt e n sit y i s f ai rl y br o a d a n d e xt e n d s al o n g a si g ni fi-
c a nt l e n gt h of t h e  M A RI A c h a m b er.  B et w e e n 5 0 0  G a n d
6 0 0  G or s o t h e t h e n e ut r al i nt e n sit y p r o fil e i n cr e a s e s a n d
i s c o n c e nt r at e d n e ar a n a xi al p o siti o n of 1 4 0 0- 1 7 0 0  m m.
H o w e v er, b el o w 1 4 0 0  m m t h e n e ut r al  LI F i nt e n sit y i s si g-
ni fi c a ntl y r e d u c e d i n di c ati n g a r e d u c e d d e n sit y of n e ut r al
at o m s i n t h at r e gi o n.  A b o v e 6 0 0  G t h e n e ut r al i nt e n sit y
i s still c o n c e nt r at e d i n t h e s a m e a xi al l o c ati o n, b ut t h e
i nt e n sit y d e cr e a s e s  wit h f u rt h er  m a g n eti c fi el d st r e n gt h
i n cr e a s e.
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FI G. 9.  A. )  N e u t r al a r g o n  LI F i nt e n si t y  w hi c h i s p r o p o r ti o n al
t o t h e 4 s 2 [ 3/ 2] 1 a t o mi c l e v el d e n si t y.  T h e fi t of  E q u a ti o n 4
t o t h e 5 5 0  G t r a c e i s i n di c a t e d b y t h e bl a c k li n e.  B. )  A v e r a g e
fl o w v el o ci t y of n e u t r al a t o m s i n t h e 4 s 2 [ 3/ 2] 1 e x ci t e d l e v el.
E r r o r b a r s a r e hi d d e n f o r cl a ri t y b u t t y pi c al e r r o r s a r e s h o w n
o n t h e 4 5 0  G t r a c e.
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T h e n e ut r al fl o w v el o citi e s, s h o w n i n 9 B , ar e  m u c h
sl o w e r, ar o u n d 5 0  m / s, i n c o nt r a st t o t h e ar g o n i o n fl o w
v el o citi e s  w hi c h e x c e e d e d 1 0 0 0  m / s i n t h e p r e s h e at h r e-
gi o n.  T h e v el o cit y  m e a s u r e m e nt cl o s e st t o t h e b o u n d ar y
pl at e at 1 6 8 0  m m,  w hi c h  w a s 4  m m a w a y f r o m t h e pl at e,
i s n e g ati v e f or all  m a g n eti c fi el d st r e n gt h s.  T h e fl o w v e-
l o cit y i s p o siti v e b et w e e n a xi al l o c ati o n s of 1 4 0 0 a n d 1 6 5 0
m m.  B et w e e n 6 0 0 a n d 1 4 0 0  m m t h e fl o w a p p e ar s t o b e
p o siti v e, b ut l o w si g n al t o n oi s e r ati o  m e a n s  m a n y d at a
p oi nt s ar e  mi s si n g a n d d at a t h at c o ul d b e a n al y z e d c ar-
ri e s l ar g er u n c ert ai nt y.  T h e a p p ar e nt fl o w v el o cit y r e v er-
s al i s a c u ri o u s f e at u r e t h at c o ul d s u p p ort t h e t h e or y of
M a g e e et al t h at c olli si o n al n e ut r al e x p ul si o n i s pl a yi n g
a r ol e i n t h e b ul k pl a s m a n e ut r al d e pl eti o n.

T h e n e ut r al i nt e n sit y a n d fl o w v el o cit y e v ol uti o n i s
i nt uiti v e i n t h e c o nt e xt of st r o n g i o n fl u x t o w ar d s t h e
b o u n d ar y pl at e. I o n s i m pi n gi n g o n t h e b o u n d ar y pl at e
ar e n e ut r ali z e d a n d ar e n e c e s s aril y r e c y cl e d b a c k i nt o t h e
pl a s m a v ol u m e a s n e ut r al at o m s.  T h e s e r e c y cl e d n e ut r al
at o m s ar e t h e n e x p o s e d t o t h e fl u x of i o n s a n d el e ct r o n s
a n d c a n u n d er g o i o ni z ati o n a n d e x p eri e n c e c olli si o n al  m o-
m e nt u m t r a n sf er.  T h e fl o w r e v er s al i s p o s si bl y a n i n di-
c ati o n of t h e c olli si o n al  m o m e nt u m t r a n sf er,  w hil e t h e
st r o n g b uil d u p a n d t h e n d e c a y of t h e  LI F i nt e n sit y i s a n
i n di c ati o n of t h e el e ct r o n i m p a ct e x cit ati o n a n d i o ni z a-
ti o n p r o c e s s.

B y a p pl yi n g t hi s h y p ot h e si s t o t h e d at a,  w e fi n d t h at a
v er y si m pl e t w o s p e ci e s e x p o n e nti al d e c a y  m o d el fit s t h e
a xi al n e ut r al  LI F d at a q uit e  w ell.  T h e  m o d el u s e d t a k e s
t h e f or m:

d n 1

d z
= − λ 1 n 1 ,

d n 2

d z
= − λ 2 n 2 + c λ 1 n 1 , ( 3)

w hi c h h a s t h e s ol uti o n:

n 1 = n 0 e x p( − λ 1 z ) ,

n 2 =
c λ 1 n 0

λ 2 − λ 1
( e x p( − λ 1 z ) − e x p( − λ 2 z )) . ( 4)

I n t hi s v e r y si m pl e  m o d el n 0 i s t h e g r o u n d st at e i m-
m e di at el y a dj a c e nt t o t h e d o w n st r e a m b o u n d ar y pl at e,
n 1 r e p r e s e nt s t h e n e ut r al ar g o n gr o u n d st at e d e n sit y, n 2

i s t h e d e n sit y of t h e at o mi c l e v el b ei n g p u m p e d i n t h e
LI F p r o c e s s, a n d λ 1 a n d λ 2 a r e t h e d e c a y c o n st a nt s f or
t h e t w o at o mi c l e v el s r e s p e cti v el y.  T h e p h y si c al ‘ d e c a y’
m e c h a ni s m  wit hi n t hi s  m o d el i s el e ct r o n i m p a ct e x cit a-
ti o n f r o m l e v el 1 t o l e v el 2 f oll o w e d b y f u rt h er e x cit ati o n
a n d i o ni z ati o n f r o m l e v el 2.  T h e f a ct or c i s a c o n st a nt
t h at t a k e s i nt o a c c o u nt t h e f a ct t h at n ot all e x cit ati o n o ut
of t h e gr o u n d l e v el e n d s u p i n t h e si n gl e e x cit e d l e v el. I n-
s u ffi ci e nt d at a i s a v ail a bl e t o f ull y c o n st r ai n t h e v al u e of
c.  H o w e v er, r e c o g ni zi n g t h at it i s si m pl y a d e n sit y s c al ar
f or t h e 4 s 2 [ 3/ 2] 1 n e ut r al ar g o n l e v el, it’ s v al u e c a n t e m-
p or aril y b e s et t o a n ar bit r ar y v al u e, c = 1 h er e, a n d t h e
d at a c a n b e fit r e m ar k a bl y  w ell a s i n di c at e d b y t h e bl a c k
li n e i n  Fi g u r e 9 A .

T A B L E I.  Fi t ti n g p a r a m e t e r v al u e s o p t ai n e d f r o m fi t ti n g
E q u a ti o n 4 t o t h e n e u t r al a r g o n  LI F d a t a.

B - fi el d [ G] n 0 λ 1 λ 2

4 5 0 4 .5 9 × 1 0 1 8 9. 6 1. 3

5 0 0 7 .1 5 × 1 0 1 8 9. 7 5. 0

5 5 0 9 .3 5 × 1 0 1 8 1 0. 3 6. 5

6 5 0 1 .6 3 × 1 0 1 9 4. 8 2 1. 8

7 5 0 2 .3 3 × 1 0 1 9 4. 3 5 1. 5

8 5 0 4 .3 3 × 1 0 1 9 3. 3 9 5. 1

D e s pit e s etti n g c = 1 i n t hi s  w or k, r e a s o n a bl e e sti m at e s
of t h e n e ut r al ar g o n gr o u n d st at e d e n sit y n e ar t h e b o u n d-
ar y pl at e c a n b e  m a d e.  A s d e s cri b e d a b o v e, t h e fl u x of
i o n s i nt o t h e b o u n d ar y pl at e  m u st r e a p p e ar a s a fl u x of
n e ut r al at o m s.  T o c al c ul at e t h e fl u x, a r e c y cli n g v el o cit y
m u st b e d et er mi n e d.  U nf ort u n at el y t h e n e ut r al v el o cit y
i s p r ett y s c att er e d, b ut t h e a v er a g e r e c y cli n g v el o cit y f or
all  m a n g eti c fi el d st r e n gt h s 4  m m i n f r o nt of t h e pl at e
w a s 2 5  m / s a w a y f r o m t h e pl at e.  M ulti pl yi n g t h e v al-
u e s of n 0 f o u n d t h r o u g h fitti n g  E q u ati o n 4 t o e a c h of t h e
t r a c e s i n  Fi g u r e 9 A a n d  m at c hi n g t o t h e ar g o n i o n fl u x
i n  Fi g u r e 6 i n di c at e s n 0 s h o ul d b e s c al e d b y 7 .2 × 1 0 1 6 t o
yi el d t h e n e ut r al ar g o n fl u x i n  m 2 / s.  T h e i o n a n d n e ut r al
p arti cl e fl u x i n cl o s e p r o xi mit y t o t h e b o u n d ar y pl at e at
e a c h  m a g n eti c fi el d st r e n gt h aft er s c ali n g n 0 i s s h o w n i n
Fi g u r e 1 0 .  T h e a gr e e m e nt b et w e e n t h e t w o i s v er y g o o d,
a n d b ot h s c al e  wit h i n c r e a si n g d e n sit y a s e x p e ct e d.  A
t a bl e s h o wi n g t h e v al u e s o bt ai n e d b y fitti n g  E q u ati o n 4
t o t h e  LI F d at a i s s h o w n i n  T a bl e I.

5 0 0 6 0 0 7 0 0 8 0 0 9 0 0

M a g n eti c  Fi el d Str e n gt h [ G]

0 .2

0 .4

0 .6
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1 .2

1 .4

1 .6
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N e u t r al  Fl u x

I o n  Fl u x

FI G. 1 0. S c ali n g n 0 i n  E q u a ti o n 4 b y 7 .2 × 1 0 1 6 w a s s u ffi ci e nt
t o  m a t c h t h e i n di d e nt i o n fl u x t o t h e r e c y cli n g n e u t r al fl u x.
T h e i o n fl u x, s h o w n b y t h e o r a n g e c u r v e, i s f r o m di r e c t  m e a-
s u r e m e nt.  T h e n e u t r al fl u x  w a s i nf e r r e d b y fi t ti n g  E q u a ti o n
4 t o t h e n e u t r al a r g o n  LI F i nt e n si t y d a t a.



8

T h e l e v el of a gr e e m e nt b et w e e n t h e e x p eri m e nt al n e u-
t r al ar g o n  LI F d at a a n d t h e r el ati v el y si m pl e  m o d el u s e d
t o fit it a d d s c o n fi d e n c e t h at t h e u n d erl yi n g p h y si c s ar e
b ei n g c a pt u r e d t o fi r st or d er.  A s s u mi n g t hi s i s t r u e, t h e
i o ni z ati o n r at e c a n a g ai n b e c al c ul at e d a s t h e n e ut r al
at o m l o s s r at e. I n t h e  m o d el p r e s e nt e d a b o v e, t h e at o m s
l o st f r o m t h e gr o u n d st at e p o p ul ati o n ar e st e p- wi s e e x-
cit e d a n d i o ni z e d.  T h e i o ni z ati o n r at e c a n t h u s b e e sti-
m at e d b y c al c ul ati n g t h e n e ut r al gr o u n d st at e p o p ul ati o n
l o s s r at e.  T h e l o s s r at e c a n b e c al c ul at e d u si n g t h e s a m e
m o d el a s  E q u ati o n 3 .  T h e i o ni z ati o n r at e i s t h u s

S (z ) =
d (n 1 V )

d z
= V

d (n 1 )

d z
= − V λ 1 n 1 . ( 5)

Fi g u r e 1 1 s h o w s t h e i o ni z ati o n r at e s c al c ul at e d u si n g
E q u ati o n 5 a n d t h e d at a f r o m  T a bl e I.  F or a xi al p o siti o n s
a b o v e 1 2 5 0  m m, t h e s e i o ni z ati o n r at e s ar e c o m p ar a bl e
wit h t h o s e c al c ul at e d f r o m t h e i o n  LI F d at a.  H o w e v er,
t h e i o ni z ati o n r at e s c al c ul at e d f r o m t h e n e ut r al  LI F d at a
d o n ot r e fl e ct t h e 1 0 2 2 m − 3 s − 1 i o ni z ati o n r at e s i n t h e
p r e s h e at h r e gi o n.  T h e n e ut r al i o ni z ati o n r at e s at a xi al
l o c ati o n s b el o w 1 2 5 0  m m ar e si g ni fi c a ntl y l o w er t h a n t h e
i o n  LI F d at a.  T hi s s u g g e st s t h at  w hil e i o ni z ati o n of a x-
i all y r e c y cli n g n e ut r al s i s li k el y still o c c u ri n g, it i s n ot a
d o mi n a nt s o u r c e of i o n s i n t hi s r e gi o n.  T h e a xi al l o c a-
ti o n of 1 2 5 0  m m i s t h er ef or e li k el y t h e t r a n siti o n p oi nt
b et w e e n a xi all y d o mi n a nt f u eli n g a n d r a di all y d o mi n a nt
f u eli n g.
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FI G. 1 1. I o ni z a ti o n r a t e s c al c ul a t e d u si n g  E q u a ti o n 5 a n d t h e
d a t a i n  T a bl e I.

T h e r a di al  LI F i nt e n sit y a n d fl o w v el o cit y  w a s  m e a-
s u r e d f or n e ut r al ar g o n at t h e s a m e l o c ati o n s a s f or t h e
si n gl y i o ni z e d ar g o n c a s e.  T h e fl u or e s c e n c e i nt e n sit y
i s s h o w n i n  Fi g u r e 1 2 a s a f u n cti o n of  m a g n eti c fi el d
st r e n gt h.  T h e i nt e n sit y  m e a s u r e d j u st b e y o n d t h e a n-
t e n n a at 6 8 0  m m, s h o w n i n  Fi g u r e 1 2 A , i s i niti all y q uit e

hi g h o n a xi s a n d at l o w  m a g n eti c fi el d st r e n gt h.  H o w e v er,
m o vi n g a w a y f r o m t h e a xi s, i n cr e a si n g t h e  m a g n eti c fi el d
st r e n gt h, a n d  m o vi n g f u rt h er d o w n st r e a m s u b st a nti all y
r e d u c e t h e  LI F i nt e n sit y.  F or hi g h er  m a g n eti c fi el d s,
w h er e t h e el e ct r o n d e n sit y i s gr e at er, t h e l o w er n e ut r al
LI F i nt e n sit y i s a r e s ult of a l o w er n e ut r al at o m d e n sit y.
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FI G. 1 2.  R a di al  LI F i nt e n si t y of n e u t r al a r g o n.  A. )  D a t a
t a k e n a t 6 8 0  m m, j u s t d o w n s t r e a m of t h e a nt e n n a.  B. )  D a t a
t a k e n i n f r o nt of t h e b o u n d a r y pl a t e.  T h e  LI F i nt e n si t y i s
s h o w n b y t h e s oli d li n e s, t h e el e c t r o n d e n si t y  m e a s u r e d b y
t h e  L a n g m ui r p r o b e i s s h o w n b y t h e d o t t e d li n e s.

A s  wit h t h e ar g o n i o n s, t h e r a di al fl o w of n e ut r al ar g o n
at o m s  w a s  m e a s u r e d  wit h  LI F.  T h e r a di al fl o w v el o cit y
d at a i s s h o w n i n  Fi g u r e 1 3 at t h e s a m e t h r e e r a di al l o-
c ati o n s a s t h e i o n d at a.  At r / a ≤ 0. 0 5 t h e fl o w v el o cit y
i s n e arl y z er o f or all a xi al l o c ati o n s a n d  m a g n eti c fi el d
st r e n gt h s.  At r / a  = 0. 3 3 t h e r a di al fl o w v el o cit y f or all
m a g n eti c fi el d st r e n gt h s s hift sli g htl y n e g ati v e (i n w ar d)
f or a xi al p o siti o n s b el o w 1 2 0 0  m m.  H o w e v er, v = 0 i s
still  wit hi n t h e u n c ert ai nt y b ar s.  F or r / a  = 2 / 3, t h e fl o w
v el o cit y i s a bit  m or e n e g ati v e t h a n at r / a  = 1 / 3, a n d
n o w v = 0 i s n ot  wit hi n t h e u n c ert ai nt y.  T h e i n cr e a s-
i n gl y i n w ar d fl o w v el o cit y s u g g e st s r a di al f u eli n g of t h e
pl a s m a i s i n d e e d t a ki n g pl a c e f or a xi al p o siti o n s b et w e e n
2 1 0  m m a n d 1 2 0 0  m m.  F or a xi al p o siti o n s a b o v e 1 5 0 0
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m m, t h e r a di al fl o w v el o cit y i s n ot si g ni fi c a ntl y d e p e n-
d e nt o n  m a g n eti c fi el d st r e n gt h or r a di al p o siti o n a n d
t e n d s t o h o v er ar o u n d - 1 0  m / s.
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FI G. 1 3.  N e u t r al a r g o n  LI F r a di al fl o w v el o ci t y  m e a s u r e m e nt s
al o n g t h e a xi s of  M A RI A.  E r r o r b a r s o n t h e 6 5 0  G t r a c e a r e
t y pi c al f o r  m a g n e ti c fi el d s t r e n g t h g r e a t e r t h a n 4 5 0  G.  T h e
d a t a a t r / a ≤ 0. 0 5 i s t a k e n  wi t hi n 4  m m of t h e a xi s, b u t c a n n o t
b e e x a c tl y o n a xi s d u e u n c e r t ai nt y i n r a di al p o si ti o ni n g

U nf o rt u n at el y t h e r a di al n e ut r al  LI F i nt e n sit y c a n n ot
b e c o n v ert e d i nt o a n e ut r al fl u x. I n t h e a xi al c a s e, t h e
c o n s er v ati o n of  m a s s e q u ati o n f or m e d a st r o n g r el ati o n-
s hi p b et w e e n t h e i n ci d e nt i o n fl u x a n d t h e r e c y cli n g n e u-

t r al fl u x.  T h e a bilit y t o t a k e  m e a s u r e m e nt s v er y cl o s e
t o t h e b o u n d ar y pl at e, a n d t h u s f or m a r e ali sti c c o n-
t r ol v ol u m e  w a s e s s e nti al t o t h at a n al y si s. I n t h e r a di al
c a s e, r ef r a cti o n t h r o u g h t h e gl a s s c h a m b er  w all a n d si g-
ni fi c a ntl y r e d u c e d i o n  LI F i nt e n sit y  m e a nt  LI F  m e a s u r e-
m e nt s c o ul d n ot b e t a k e n ri g ht n e xt t o t h e c h a m b er  w all.
A r e ali sti c c o nt r ol v ol u m e c a n n ot t h er ef or e b e d e fi n e d t o
l e v er a g e c o n s er v ati o n of  m a s s i n c o n v erti n g t h e n e ut r al
LI F i nt e n sit y a n d v el o cit y i nt o a n e ut r al fl u x e sti m at e.

V.  DI S C U S SI O N  A N D  C O N C L U SI O N

T h e fl o w  m e a s u r e m e nt s f or n e ut r al a n d si n gl y i o ni z e d
ar g o n i n b ot h t h e a xi al a n d r a di al di r e cti o n pr e s e nt e d
a b o v e b e gi n t o p ai nt a pi ct u r e of t h e p arti cl e b al a n c e i n
t h e  M A RI A h eli c o n d e vi c e.  T h e fl u x of i o n s fl o wi n g al o n g
t h e a xi s of  M A RI A e x hi bit s cl e ar s c ali n g  wit h  m a g n eti c
fi el d st r e n gt h a n d t h e gr e at e st i o n l o s s t er m  w a s d u e t o
a xi al fl u x n e ar t h e b o u n d ar y pl at e.  T h e r a di al i o n fl u x
of 2 .5 − 5 × 1 0 2 0 m − 2 s − 1 b et w e e n t h e a nt e n n a a n d t h e
b o u n d ar y pl at e i s c o m p ar a bl e t o t h e a xi al fl u x i n t h e
s a m e r e gi o n.  T h e i o n l o s s d u e t o a xi al fl o w i s t h er ef or e
d o mi n a nt n e ar t h e a xi al b o u n d ari e s, b ut r a di al a n d a x-
i al i o n l o s s i s of si mil ar  m a g nit u d e t h r o u g h o ut t h e b ul k
pl a s m a.

T h e n e ut r al  LI F d at a i n di c at e s a s u b st a nti al b uil d u p of
n e ut r al at o m s di r e ctl y i n f r o nt of t h e d o w n st r e a m c h a m-
b er b o u n d ar y.  T hi s b uil d u p of n e ut r al at o m s n e c e s s aril y
h a s a n i m p a ct o n b ot h t h e i o n l o s s e s a n d t h e n e ut r al
f u eli n g of t h e pl a s m a.  T h e a p p ar e nt fl o w v el o cit y r e v er-
s al i s o n e s u c h i m p a ct a n d st r o n gl y s u g g e st s i o n- n e ut r al
m o m e nt u m e x c h a n g e i s o c c u r ri n g i n t h at r e gi o n.  T h e r a-
di al n e ut r al ar g o n  LI F d at a i s l e s s di fi niti v e, b ut cl e arl y
i n di c at e s a d e pl eti o n of n e ut r al at o m s at hi g h er el e ct r o n
d e n siti e s.  T h e n e ut r al ar g o n r a di al fl o w v el o cit y i n di c at e s
a n i n w ar d fl o w of n e ut r al ar g o n at o m s b et w e e n t h e a n-
t e n n a a n d d o w n st r e a m b o u n d ar y pl at e,  w hil e t h e r a di al
fl o w i s e s s e nti all y z er o n e ar t h e b o u n d ar y pl at e.

C o m bi ni n g t h e i o n a n d n e ut r al ar g o n  LI F d at a s u g-
g e st s a ki n d of ci r c ul at or y i o ni z ati o n a n d r e c y cli n g p r o-
c e s s i s t a ki n g pl a c e i n  M A RI A. I o n s p r o d u c e d j u st d o w n-
st r e a m of t h e a nt e n n a ar e l o st r a di all y a n d a xi all y i n
a p p r o xi m at el y e q u al p r o p orti o n s. I o n s l o st i n t h e r a di al
di r e cti o n ar e si m pl y r e c y cl e d aft er n e ut r ali zi n g o n t h e
c h a m b er  w all. I o n s t h at c o nti n u e al o n g t h e a xi s p o s si bl y
e x c h a n g e  m o m e nt u m  wit h a hi g h er d e n sit y cl o u d of n e u-
t r al at o m s b ef or e i m pi n gi n g o n t h e a xi al b o u n d ar y pl at e
a n d n e ut r ali zi n g.  T h e n e ut r al at o m s r e c y cli n g o ff t h e
pl at e e n c o u nt er a n i nt e n s e fl u x of i o n s a n d el e ct r o n s a n d
ar e eit h er i m m e di at el y i o ni z e d a n d s e nt b a c k t o w ar d s t h e
pl at e or  m a k e t h ei r  w a y f urt h er u p st r e a m b ef or e e v e nt u-
all y b ei n g i o ni z e d.  T hi s pr o p o s e d s e q u e n c e s et s u p a n et
fl u x of i o n s i n t h e d o w n st r e a m di r e cti o n a n d a n et fl u x
of n e ut r al s i n t h e u p st r e a m di r e cti o n.  T h e i n cr e a s e d i n-
w ar d fl o w of n e ut r al at o m s i n t h e b ul k pl a s m a r e gi o n n e ar
t h e a nt e n n a s u g g e st s n e ut r al at o m s r e c y cli n g o ff t h e a xi al
b o u n d ar y pl at e e v e nt u all y r e b o u n d of t h e r a di al c h a m b e r
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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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