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Measurements and modeling of ion and neutral distribution functions
in a partially ionized magnetically confined argon plasma
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The influence of ion-neutral collisions on the ion and neutral distribution functions is studied in low
field (<0.15 T) rf heated argon discharges of the H-1 He[tacM. Hamberger, B. D. Blackwell,

L. E. Sharp, and D. B. Shenton, Fusion Technblf, 123 (1990], both experimentally and
theoretically. The distribution function measurements are based on the Doppler broadening of
plasma ion and neutral spectral lines using a novel coherence imaging camera. Measurements show
that neutrals are abundant throughout the plasma. The neutral temperature is found to be in the range
1-2 eV, which, when compared with ion temperatures of the order of 10 eV, suggests that neutrals
are being heated substantially through ion-neutral collisions. Measurements of the ion distribution
function reveal a substantially elevated fraction of low energy partigle®se energy is similar to

the neutral temperatureassociated with charge exchange and ionization. In order to understand the
origin of the high neutral temperature and distorted ion distribution function, the ion and neutral
distribution functions are modeled using the Boltzmann equation including collision operators for
ion-ion and ion-neutral collisions, ionization, heating, and particle loss. The simulation results
compare well with the experimental results. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1768175

I. INTRODUCTION ments of the ion temperature are up to two to three times
larger than spectroscopic measurements presented here. This
Neutral particle interactions with plasma ions are knownapparent discrepancy might be at least partially due to non-
to have a significant effect on plasma propertiésn this  Maxwellian features of the ion distribution function.
paper, we investigate the mutual influence of ion-neutral fric-  \We have made spectroscopic measurements of the ion
tion on both the ion and neutral distribution functions in low distribution function and neutral temperature, based on the
field (B<0.15T) argon discharges of the H-1 Heliac, Doppler broadening of ion and neutral spectral lines. At
where the plasma is produced and the electrons are heated fiese low temperature§(~ 10 eV, T,~1 eV), a high spec-
helicon wave$:® In these discharges, the central electronira| resolution ¢/A v~ 10 000) is required in order to resolve
density is comparable with the background neutral fill denthe spectral line, and so infer the velocity distribution func-
Slty Radiation losses limit the attainable central electrortion_ Such measurements were made using a novel coherence
temperature tos15 eV,” so that the mean free path of the imaging camera;® described in Sec. II. Since interferomet-
neutrals for ionization is comparable with the plasma radiugic techniques are used, the instrument light throughput is up
and the plasma is only partially ionized. Because of this, thgg several orders of magnitude higher than for an equivalent
ion-ion collision rate is generally less than or equal to thegrating spectrometer, at high spectral resolution. In the TJ-II
charge exchange and the ionization rates. Consequently, thfsjiac, measurements of the ion distribution function have
low energy part of the ion distribution function is signifi- heen performed using a charge-exchange neutral particle
cantly elevated since both charge exchange and ionizatiognalyzer®
tend to produce low energy ions at a greater rate than ion-ion - our experimental results show the ion distribution func-
collisions can relax the distribution function to a Maxwell- tjon to pe significantly non-Maxwellian. The measurements,

ian. Conversely, the power deposited into the neutralgyesented in Sec. Ill, conform approximately to a two-
through ion-neutral collisions can result in substantial neutra; emperature drifting isotropic model. We find a bulk compo-
heating. nent around 30—60 eV, and a minority cold component of

The work presented here was also in part motivated byraction ~30% at a temperature of 3—6 eV, produced by
the observation using probes of ion temperatures substaisieractions with cold neutral species, through charge ex-
tially greater than electron temperatufelsleasurements of change and ionization.
the ion distribution function might give insight into the ion Measurements of the neutral spectral line intensity and
heating mechanism. Spectroscopic measurements presentgthnerature are presented in Sec. IV. Neutrals were found to
here show hollow ion temperature profiles, implying that thepe ahundant throughout the plasma, consistent with previous
ion heating is edge localized. However, the probe measurgqeasurementd The neutral temperature was found to be
~1 eV, which appears to be high considering that neutrals
dElectronic address: Clive.Michael@anu.edu.au are not confined by the magnetic field.
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To understand the distorted ion distribution function and e
moderate neutral temperatures, we have developed kineti éQo%"‘\g 2
models for the ion and neutral distribution functions, incor- o‘\?:
porating the effects of charge exchange and elastic ion-
neutral collisions, ionization, and ion-ion collisions. These
are presented in Sec. V. The results of the kinetic modeling
were consistent with the measured two-temperature ion dis
tribution functions. To account for the moderate neutral tem-
peratures, we found it necessary to incorporate the effects o

elastic ion-neutral collisions.

. ! 0 r Fomm ]
II. DIAGNOSTIC AND MEASUREMENT PRINCIPLE Camera 1:¢9=72.5"  Camera 2: ¢=-7.2

The coherence imaging camera is a fixed-delay imagin IG. 1. Viewing ;hord positions for cameras installed on HQrosses
Fourier transform spectrometer. Information about the ion enote survey points.
and neutral distribution functions is obtained through the
Doppler broadening of plasma ion and neutral spectralVhenf(v) is isotropic about a drifting framey, the line
lines’~® Being a two-beam interferometer, the instrumentShapeg(é-vq) is even and related té(v), the isotropic
measures the fringe phageand contrast, at a single delay component off(v),
7o (which is determined by the thickness of an electro-optic, o
birefringent wave plate These can be combined to give the g(f—vd)ZZWf f(v)vdo, (4)
complex spectral coherenge= ¢e'®. The fringes are visual- ¢
ized by electro-optically modulating the birefringence, andwherep=vy-1.

hence the delay abou using an applied ac electric field. When the ion distribution function is Maxwellian, the
The spread of rays through the instrument results in a redugrojected spectral line shagg¢) is Gaussian and so, ne-
tion of the fringe contrast by a factaf; and introduces a glecting line-integration effectéconsidered in the Appen-
phase delay offseth,, which is also taken to include the dix), the coherence curve is given by

phase offset associated with the unshifted spectral line. In- _ ) 2
strument calibration is achieved by dividing the measured Y(N)=expivgN—aN"T), ©)
coherencey by the instrument coherencg=/,e'*.” The where a=2m?k?kg/m,c? with mg being the species mass.
instrument coherence was measured for each crystal configirthe temperature corresponding to each delay can be thus
ration and spectral line using an expanded diffuse monochrazomputed from the fringe contrast=|y| according to

matic light source. Hereafter, it is understood that the com-

plex coherence has been compensated for instrumental T:_Int. (6)
effects. o

For convenience we represent the delay in terms of the  There are two 1D coherence imaging cameras installed
number of wavedN at the unshifted spectral line frequency on H-1, viewing different poloidal cross sections as shown in
vo, given byN=vg7,. The (calibrated complex coherence Fig. 1. Camera 1, which uses a tunable grating spectrometer
as a function of delayy(N), is related to the normalized to select the spectral line of interest and a 16 channel detec-
spectral line shapg(¢), where&=(v—wvg)/vg is the nor-  tor array, has been used for neutral temperature measure-
malized frequency difference coordinate through a Fouriepments presented in Sec. IV. Camera 2 uses an interference

transform? filter to select the spectral line and has a 32 channel detector
array having a more dense sampling than camera 1. This has
Y(N)Zf g(&)exp(2mikNE)dE, (1)  been used for characterization of the ion distribution func-
tion.
where the quantityx, representing the ratio of the group
delay to the phase delay, is defined as IIl. MEASUREMENTS OF PROJECTIONS OF THE ION
3 DISTRIBUTION FUNCTION
Vo 0T
k=1+—— 2 To study the ion distribution function we have made
0 Yo measurements of the coherengeat several fixed optical
For lithium niobate crystals used~1.6 at 488 nm. delays. As the delay is determined by the total thickness of a

For a homogeneous medium, assuming that Dopp|eg;ombination of birefringent wave plates, multiple delay mea-
broadening is the primary line-broadening mechanism, théurements were carried out on a shot-to-shot basis.
line shapeg(&) is a projection of the 3D distribution function The consistency of the inferred temperature obtained for

f(v) (radon transform wherev is in units ofc, along that different delay plates indicates whether the ion distribution
line of sight(directionT) 12 function is Maxwellian. The inferred ion temperature is plot-

ted as a function of delay for chord positiomsa=1, 0,
_ uf —0.5 in Fig. 2. Figure @) is for a low field discharge at
9()= f f(v)o(§=v-l)dv. ) B=0.06T, while Fig. 2b) is for a high field discharge at
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FIG. 2. lon temperature as a function of delay for several viewing chords.

N

FIG. 3. (a) log;o ¢ vs N? and (b) phase vs delay, for chords ata=0.96,
0.40, and—0.48. For clarity, different chords have been displaced vertically
B=0.12 T. The low field discharge is much colder than thein (&. The curves in@ are two-temperature fits, based on Ef), and the
high field discharge, and in the interior regions Conformslines in(b) are lines of best fitconsistent with a drifting isotropic 'distribu-
R K . tion function. The error bars were based on shot-to-shot variation. Plasma
V\(ell_v_vlth a ngwelllan since th(_a tempera_ture does not vary,iions areB=0 12 T, Py =36 uTorr.
significantly with delay. In the high field discharge, the tem-
perature varies strongly with delay for all chord positions,
implying that the ion distribution function is strongly dis-
torted. These distortions cannot be explained by integratiotion, which we physically interpret as a majority warm bulk
over a spatially innomogeneous source. This is considered i@omponent, and a cold component which is produced by in-
the Appendix. teractions with neutrals, including charge exchange and ion-
To analyze in more detail the nature of the distortion toization. We therefore fit the data points to a drifting isotropic
the ion distribution function we have plotted in Fig. 3 the two-temperature distribution function having contrast
fringe contrast and phase as functions of delay at three chord 2 2
pos?tions, for the hirz;h field discharg®€0.12 34). In Fig. EN)=wpe ™ T+ wee™ T @)
3(a), we have plotted log ¢ vs N2. It follows from Eq.(6)  with majority bulk component denoted by subscripiand
that a Maxwellian distribution function should produce aminority cold component denoted by subscriptBy taking
straight line through1, 0) with negative slope dependent on the inverse Fourier transform of E¢7) (to determine the
temperature. Figure(B) shows a graph ofp vs N. For a  line shapé and converting to a distribution function using
drifting isotropic distribution functiorfincluding a Maxwell-  Eq.(7), the weightsv, andw, can be shown to represent the
ian), it follows from Eq. (4) that the spectral line shape relative densities of bulk and cold components ¢ w,.
g(é—vy) has even parity. Therefore, according to Eij.the  =1). The fitted curves fot(N) in Fig. 3(a adequately fit
phase should be proportional the experimental measurements.
It is clear from Fig. 8a) that for a given viewing chord, There remain components #&(N) and{(N) that are not
the contrast variation with delay appears to be asymptotic tovell fitted by the model. Direct Fourier transform of the
two straight lines of different slope. The steep slope at lowcomplex coherence data suggests that the distribution func-
delay corresponds to a high temperature component, whilgon contains energetic, anisotropic tails which are more pro-
the shallower slope at high delay indicates a low temperaturaounced towards the edge of the plagmee Fig. 2a), x/a
component. The phase variation with delay conforms ap=1.0]. These tails may be driven by interactions with the
proximately to a straight line, implying that the distribution sheath attached to the rf antenna and may be a source of
function is mostly isotropic about a driftingotating frame.  direct ion heating. These issues are not further addressed in
The sign of the slope of phase shift vs delay indicates thehis paper.
drift direction. The inferred parameters of the two-temperature fits of
The results suggest a two-temperature distribution funcFig. 3 are given for several chord positions in Table I. The
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TABLE |. Fitted parameters of the two-temperature model for different &,

)i
N

chord positions. The error values were determined based on changes to the g Pq=96uTorr
x? residual, where there is predominantly only one degree of freddimme % 1.5F ] 310 r ]
one of the singular values of the covariance matrix far exceeds all dthers T 58
The sign of the error valuefgiven in parenthesgsndicates the relative @ '-0f ] -‘56*
direction of the errofi.e., if w, decreases thefi, and T, must increase 3 5o 5 4 PacESETo
[t ]
Chord position Bulk temperature Cold temperature Cold fraction % ) . . . . i ‘
xla Ty (eV) T (eV) we (%) 00 02 04 06 08 1.0 00 02 04 06 08 10
flux coordinate flux coordinate
0.96 61 (—-13) 5.2-(—-15) 29+ (+6) (a) electron density profile (b) neutral spectral line intensity
0.40 37 (—-6) 7.1+(-1.7) 28+ (+8) (Abel inverted using 5 Bessel profile (Abel inverted using 7
—0.48 30 (—12) 7.3+(—7.8) 17+ (+29) basis functions) local basis functions).
Simulation 39 4 28

FIG. 5. Profiles(Abel inverted of (a) the neutral intensity at two fill pres-
sures B=0.12 T) and(b) the electron density in a discharge witPgf
=36 uTorr andB=0.12 T).

cold component temperature is much smaller than the bulk

component temperature, with the cold component fraction

being around~30%. tal picture, we have studied the neutral density and tempera-
The cold component fraction is observed to increaseure profiles by measuring the intensity and Doppler broad-

with fill pressure, from~30% atPy, =36 uTorr to 45% at  ening of the 763 nm Ar neutral line.

Psn=72 nTorr. This supports the hypothesis that the cold  Assuming coronal equilibrium for the excited neutrals,

component is being produced by ion-neutral interactions. the local spectral line intensityis related to the local neutral
An independent confirmation of the two-temperature dis-density n,, electron densityn., electron temperatur@,,

tribution was obtained using a high resolution grating specand excitation potential of the upper statgthrough®

trometer which integrates light over the duration of the 12 ey KT

plasma dischargés0 ms. The measured spectral line shape | *NeMTe “7& e, ®

is presented in Fig. 4. It is clear that the best fit Gaussiajyen radial profilegas functions of the flux surface coordi-
curve is a poor match to the measured line shape. Howevegatg of the spectral line intensity, electron density, and tem-
we find excellent agreement when compared with the lingyerature, we can determine the neutral density profile. A
shape inferred from representative parameters for the twqypical electron density profile obtained from a scanning far
temperature distribution function when convolved with thejnfrared (FIR) interferometef**® using an Abel inversion
instrument function. technique is shown in Fig.(8. The neutral spectral line
intensity profiles(after Abel inversion at Py =36 uTorr

IV. NEUTRAL DENSITY AND TEMPERATURE PROFILE andPy; =96 uTorr are plotted in Fig. &). Itis clear that the
MEASUREMENTS neutral light intensity is flat in the center, and peaked towards

- . . the edge, and is seen to increase with fill presgbek-
lon-neutral collisions can be a significant ion energy

sink. Doppler-based ion distribution function measurementsqround neutral densi)ywhiile the electron density profile is
have indicated the presence of a significant cold fractiongenerally also peaked. Given that the electron temperature

driven by ion-neutral collisions. To complete the ex erimen—does not vary significantly with radius fara<0.7.” we
y ' P P deduce that the neutral density is not significantly depleted in
the center of the plasm@A more detailed analysis of the

15 neutral density profile using concurrent data fom,, and

®  CCD measurement T is given in Ref. 11. There it is shown that the central
- — - best-fit gaussian neutral density depletes to 30% of the edgdfill) neutral
@ two-temperature d.f density] These results are consistent with estimates of the
410 i i\ unconvolved mean free path for the penetration of room temperature neu-
= —— konvolved trals discussed in Sec. VB.
8 To reveal the nature of the neutral distribution function,
2 we made measurements of the contrast at several fixed de-
% 05 lays. Because the contrast degradation at the maximum avail-
= able delay was smalteducing to only 80% of the maximum
instrument contragt it is difficult to ascertain whether the
projection of the neutral distribution function was Maxwell-
0.0 s e ian. (Kinetic modeling of the neutral distribution function in
487.94 487.96 487.98 488.00 488.02 Sec. VB predicts a significantly non-Maxwellian distribu-
Wavelength (nm) tion.) Nevertheless, the fixed delay inferred “temperature,”

G 4 M dline sh ) ) her with which we label byT, is useful for characterizing the width in
. 4. Measured line shape using a grating spectrometer, together with t . T . .
best-fit Gaussian, and the inferred line shape using the measure(fnents r\(;eIOCIty space of the neutral distribution function. The in

the coherence imaging campi the two-temperature distribution function f_e‘”ed neutral temperatuf’g atN= 1_2 00_0 waves as a func-
(T.=3eV, T,=30 eV, cold fractior 40%). tion of chord positiorx/a is plotted in Fig. 6a) for various
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(a) neutral temperature

neutral temperature (eV)

0.0

0.5

chord position (x/a)

(b) ion temperature

ion temperature (eV)

Michael, Howard, and Blackwell

A. lon distribution function

Nonthermal features in a species distribution function
can arise when the particle and/or energy confinement times
are shorter than the like particle collision time. The ioniza-
tion rate can be used to estimate the particle confinement
time, and the charge-exchange rate contributes to the energy
confinement time. Both ionization and charge exchange
strongly replenish the ion distribution function at low ener-
gies, thereby distorting it away from a Maxwellian.

Taking the value for the charge-exchange cross section
as ocy=50 A? 16 and the ionization rate given through the
exchange classical impact parameter approximafidncan
be shown that the ion-neutral charge-exchange wgteand
ionization rater;, normalized to the ion-ion collision ratg;
are given hy

25_ T T T T
A ) Ti 2nn
Vinlvii= 89 eV n’ (9)
: i
n
Vi, /v =071 Xi ’Te\/Te/XiT?’Zn—'_‘, (10)
I

for T, given in eV, and where the ionization potentig,
=15.1 eV. For typical H-1 parameteig,=T;=10 eV, and

sk B=0.045T ] n;=n,, we find v;,/v;; ~1 andv;,/v; =4.13, so that both

f processes will appreciably drive the distribution function
(o] s s . away from Maxwellian form.

-0.5 0.0 0.5 1.0

chord position (x/a)
1. Model description
FIG. 6. Neutral and ion temperature as a function of chord position, for

several magnetic field strengthB =36 wTorr). We solve for the equilibrium ion distribution function

fi(v) (which, for simplicity, we assume to be isotropic and
homogeneoysy solving the Boltzmann equation, which for

magnetic field strengths. The ion temperature, measured come ions can be expressed as
currently using camera 2 is plotted in Figb based on a 4f; e
fixed delay measurement Bit=8000 waves. —p TVt (E+VvXB)-V,

The dependence df, on magnetic field strength shows
a similar trend to that for the ions. This suggests that neutral  =C;;(f;) +Cin(fi,f,)+Ci,(f,,fe). (11
heating occurs as a result of the ion—neytral interaction. NOt?—IereC“ is the ion-ion collision operato€;, represents ion-
that because the neutrals are not confined, measured neutfgl, a| collisions, and;, is the source term for ionization.
temperatures of 1-2 eV are not insignificant compared with, steady state, the left-hand side of the equatiefVf,
the average ion temperatui@ the order of 10-20 eN The (e/m) (E+VXB)-V, f; represent the effects of confine-

neu_tral _tempere_lture in_crease_s with magnetic field St_rengtnwent by the electric and magnetic fields, as well as the heat-
(which is associated with an increaseTej, and the profile g effects of the wave-particle interactions. In order to

changes in shape. Variation of the fill pressure in the rangganqie these terms rigourously, it would be necessary to take
30—100,uTorr had little effect on the mferrgd neutral tem- ,..qunt of the spatial variations ff, f,,, andf, and to have
perature profile. Note that Zeeman broadening of the 763 Ny, 5.crate kinetic description of the ion heating mechanism.
line is too small (-0.13 eV) to account for either the mag- ynjl the jon heating mechanism in H-1 is better understood,
nitude or shape of the neutral temperature profiles. it is not possible to make such a full description of these
terms.

We proceed with a spatially homogeneous kinetic de-
scription based on simple forms for particle loss and heating
[represented by the left-hand side of Efjl)]. We postulate

In order to account for the observed cold component othat these terms can be effectively replaced by operators for
the ion distribution function and moderate neutral temperaheating,Cy,(f;), and particle lossC;(f;),
tures, we model thésotropig velocity space ion and neutral e
distribution functions under the influence of charge exchange v-Vf,+ —(E+vXB)-V, f;=—C,(f;)—C(f;)). (12
and elastic ion-neutral collisions using the Boltzmann equa- m
tion. Equation(11) therefore can be expressed as

V. KINETIC MODELING OF ION-NEUTRAL
INTERACTIONS
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of; where superscripts refer to the time-step indAx, is the
—t ~ Cuon (13)  time-step interval, an€,y is given in Eq.(14).
We impose the condition that the density and average
where,C,, is defined as energy remain at their initial values by defining the param-

etersa andd at each step in the iteration such that the zeroth
and second moments @ are zero. We assign the initial
+C(f)). (14)  functionf,(v) to be a Maxwellian with density and tempera-
The particle loss operator can be defined simply througt'%ure qpproprlate to thg measured values. W'th the moments
a velocity dependent loss ratév), of fi.f|xe:-d, the re_laxat|on allows only for a distortion of the
distribution function away from Maxwellian form.

Ci=—fi(v)v(v). (15 Since the heating operatdt, is particle conserving
(having its zeroth moment equal to zgrthe zeroth moment
of C, (the net particle loss ratamust be balanced by the

zeroth moment ofC;, (the net particle ionization rake

Cior=Cii(f) + Cin(fi , fr) + Cio(f, o) + Cr(f))

As an ansatz, we assume theihcreases in proportion to,
defining a scale lengtt such that

v(v)=v/d. (16)
. _ . . CO=_c®
The heating operator, which is particle conserving, _ = 23)
couples energy to the distribution function through wave- <0 >0

particle interactions, resulting in an average net acceleration
of all particles. To elucidate the nature Gf,, we introduce
the functionP(v,Av) to be the probability that a particle of \yhere C(™ s the nth velocity moment defined a€®™

speedv will be accelerated to speedtAv inatimeAt. By = c(y)p"*2dy. Using Egs(15) and(16), the parameted
linearizing the operator®, and neglecting second-order js determined by

terms, we identify the generalized heating oper&gfv),*’
[fi(v)v3dv

1 =
Chlv)= 3 2 [0 ()02, an FCa(w)?dy @

wherea is the average acceleration with respect to the prob- The total power input equal to the second momen_t of
ability distribution functionP Cy+C;, must be balanced by the power lost through ion-

neutral collisions and particle loss,

a(l)):J P(U,aAt)ada. (18) CEIZ)-FC(Z):—(C(Z)-FC;Z))
In the absence of any detailed knowledge of the ion heating ECERE] =0 <o 29
mechanism, we impose the ansatz that the average accelesmd soa is determined by
tion is independent of velocity,
_ _ J(C(0) +Cix(v) + Cin(v))v*do
a(v)=const. (19 a=-— 3 . (26)
For modeling ion- isi i [ 55 (fo?)v?d
g ion-neutral collisions, we consider only v
charge exchange, for which the collision operator can be
expressed simply 8 2. Simulation results and comparison with
Cin(fi)=&in(nifn—nyfy), (20)  experiment
where &,=(ocxv) is the charge-exchange rate coefficient. There are three input parameters for the simulation: the
For the ionization collision operator, we take initial ion temperaturel;o, the electron temperatufi,, and
the ratio of the neutral density to the ion density, (n;).
Ciz=ni&izfn, (2D Since accurate measurements of the electron temperature and

where g, is the ionization rate coefficient and can be deter-neutral density are not available, we do not attempt to make
mined using the classical exchange approximatidfor the @ detailed comparison with the experimental results. Never-
ion-ion collision operator we have used the isotropic form oftheless, the modeling results show that the gross features of
the Fokker-Planck-Landau Coulomb collision operafor. the computed distribution function appear not to be sensi-
The Krook collision operator cannot be used because of thévely dependent on the chosen input parameters.

large gradients in velocity space caused by the influx of par- For comparison with the high fieldB=0.12 T) dis-
ticles at the neutral temperature due to ionization and chargéharge shown in Fig. 3, we take the initial temperafliggto

exchange. be 40 eV, estimatd =8 eV based on probe datand as-
The equilibrium distribution functiorf is obtained by ~Sumen,/n;=30% according to estimates given in Ref. 11.

solving the Boltzmann Eq11) using relaxation techniques. The initial and relaxed distribution functions are shown

An expncit iterative scheme is used in F|g 7 tOgethel‘ with a tWO-tempel’ature distribution ob-

ki1 ek . tained by fitting to the corresponding coherence cuy(i)
fi " =1+ AtCiy, (22)  (the Fourier transform of the projection bj given in Fig. 3.
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FIG. 7. Relaxed distribution function, together with a two-temperature fitFIG' 9. Contrast, based on the computed distribution function, as a function

2 . St .
(where the parameters are determined from the coherence curve in) Fig. £f N° for the ions for the low field =0.06 T), low temperature discharge,
The initial Maxwellian distribution(with the same rms velocilyis also  together with the experimental measuremeitte the extended range for

shown. N2, compared with Fig. 3, showing the two-temperature characteristics of
the modeling results.

As is required by the constraint equati2b), the initial and
final distributions have the same rms velocity. The final ion
distribution differs significantly from a single temperature though it does not accurately reproduce the modeled distri
Maxwellian, there being an elevated population of cold paryution function. This is due to the low-pass filter properties
ticles (whose energy is of the order of the neutral temperaof the Doppler projectio3D Radon transforiy given in
ture) and a residual energetic component required by the segq. (4). The parameters of the two-temperature(dif the
ond moment constraint. It is also clear that the two-simulated distribution function which are given in Table I,
temperature distribution function does not adequatelyyre similar to the experimental measurements/at=1.0.
describe the features of the relaxed velocity distribution  \\e have also modeled the distribution function for the
function. (However, the difference between the velocity- |oy field (B=0.06 T), low temperature =4 eV) dis-
space projections of the relaxed and two-temperature distrgharge given in Fig. @). To match the measurements, we
butions are indiscernible. We return to this point later. choseT,,=6 eV, withn,/n,=30% andT.=8 eV (being the
The constituent collision operators of the final relaxedggme as used previouslyThe coherence curve for the re-
distribution function are plotted in Fig. 8. As expected, ion-|5yad jon distribution function is plotted together with the
ization and charge exchange tend to populate the lower ensherimental measurements for two chord positions in Fig.
ergy components, while ion-ion collisions and heating deg |t is clear that within the range of measuremeht (
plete the lower energy population to produce higher energy. 5 000), the distribution function appears Maxwellian, in
particles. The particle loss term is much smaller than Otheégreement with the measurements of Figg) 2However, at

Co”'_?_'ﬁn op;zrators. N btained f the Fouri larger values oN, the two-temperature characteristics of the
i f € co fetrhence 9ur¥e( )f’ 0 alme trﬁonr' ef o.urrlﬁr simulated coherence curve become apparent.
ransform of the projection of (v) along the line of sight, Since the electron temperature and neutral density are

together with a two-temperature fit is compared with the ex-
perimental data in Fig. 3. It can be seen from the figure thag
the two-temperature model describg@N) very well, even

ot accurately known, it is worthwhile to explore the sensi-
vity of the simulated distribution function to these param-
eters in order to assess the validity of the comparjsohe
case of high field B=0.12 T) dischargk The cold compo-
nent temperaturd . and fractionw, obtained from fits to

level at~40%—-50%, and the cold component temperature
remains roughly constant at 5-6 eV. Given that the cold

6-10'f ' ' . : . -
i ionization ] simulation results are plotted as a functionmgf/n; in Fig.
410" CX ion-neutral collisions 10. It is clear that as the strength of the cold neutral source is

N A U :fe”a't"i)n”gco”'s'o”s ] increased, the cold component fraction reaches a saturation
2.10"% .

.......... particle loss

C *v"2

o i ] component is produced by collisions with neutrals, the tem-
240 N : . perature of the cold component must remain small. The satu-
[ ; ] ration of the cold component fraction is a consequence of the
-4+10°F ] fact that the model enforces the second momertt tif re-
6-10'% , , ] main constant throughout the relaxation. Thereforen,ds;
10° 10° 10* 10° increases, the heating collision opera@y must increase to
velocity (m/s) balance the power lost through charge exchange and particle

FIG. 8. Constituent collision operators for the relaxed distribution function!0SS. AS Ch_ d_epletes the population of C(_)Id particles, this
in Fig. 7. effectively limits the cold component fraction.
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O.5f ' ' ' ' 18 etrate the support structure do not return to the plasma, since
: T, the volume of the vacuum vessel 4630 times the plasma
» 04 16" volume.
c § To show the influence of charge-exchange and elastic
'% 0.3 g collision processes on the neutral distribution function, we
2 14 g first consider a simple model for determining the equilibrium
3 0.2 | 8 fraction of fast particles by balancing the fast neutral “birth
o : 1 2 rate” (due to ion-neutral collisionswith the loss rate, deter-
0.1¢ {° mined by the average speedof fast particles streaming out
o oE 1o of the plasma volume, across a distaiace
0.0 0.2 0.4 0.6 0.8 1.0 o
/M nnnifin:gfnf - (29
FIG. 10. Parameters of the two-temperature fit to the simulated distribution
functions, T andws, as a function of, /n . If we assume that only charge-exchange collisions produce

“fast” neutrals, thenv;=uvy (the ion thermal velocityand
the charge-exchange neutral fraction becomeg/n,
B. Neutral distribution function =anocx. For typical plasma parametersn;0.5
x10®¥ m~3, T,=300 K, T;=10 eV), n;/n,~2.5%, which
is not sufficient to account for the measured neutral tempera-
the d ) be obtained b ding th iral tures. On the other hand, if we neglect charge-exchange col-
€ y.ngmlc;vca.n de 0 dalne y rﬁgar ng Iet.neu.ras Hions and assume that fast neutrétompared with the
comprising two independentMaxwellian) populations: a room temperature backgroundre produced only by elastic
slow component, at the temperature of the background gas . — .
. . ion-neutral collisions, then clearly;<v;; . Since the cross
and a fast component at the ion temperature, driven bg ion for elastic i | collisi is simil hat of
charge exchange. Both slow and fast neutrals are deplete(ECtlon or east|_c lon-neutral co 'S'Onsﬁlsgs'm' arto that o
’ tharge exchangén the range 1-10 e\*®!°then based on

directly by ionization. Based on a fluid model, assuming con-, . . .
stant density and temperature, it has been sRawat the Eq. (29), the fraction of elastically scattered fast neutrals is

penetration length scale for slow.{) and fast (;) neutrals expected to be much higher. . . -
is given by To more accurately quantify the kinetics of the collision

processes and their influence on the neutral distribution func-
tion, we employ the Boltzmann equation to solve for the
= , (270 neutral distribution function, using the kinetic collision op-
NV (Eip+ Eing) (2&i,+ Eins) erator ion-neutral collisionsd;,), incorporating both elastic
and ion-neutral collisions,

The penetration and kinetics of neutrals in fusion plas
mas have been a topic of much interkgt.simple view of

Utn

S

Ut

Lf: \/271 (28) &fn
i V& 2632 Eint) —6 +Culf)=CinlFn f)+ CirlFy.fo), (30

where &, =(a;,v) is the rate coefficient for ionization, and
Eins=(ainv)s, &ins=(oinv); are the rate coefficients for ion- where we have denoted the convective derivative by
neutral collisions from the slow and fast populations, respecC,(f,))=v-Vf. The collision operatoiC;, can be derived
tively. from the differential elastic scattering cross section. Conven-

The applicability of this model is limited, as it neglects tionally, the charge-exchange component arises from reverse
the finite size of the plasma and assumes constant densisgattering(for which the scattering anglé> 7/2), while the
and temperature. However, by comparingandL; with the  elastic scattered component arises from forward scattering
plasma minor radiug, we can assess whether neutrals pen{ < /2). We obtained the differential scattering cross sec-
etrate ballistically or diffusively. In H-1, fom;=n,=0.5 tion for elastic and charge-exchange ion-neutral collisions in
X10¥m™3, T,=20eV, T.=8eV, T,=300 K, and given argon from Ref. 20.

&, from Ref. 13, we findLg=4 cm<a andL{=100 cn>a In order to solve the problem rigorously, it would be
(a=15 cm). Therefore, fast neutrals are balligtigthin the  necessary to take into account the full spatial dependence of
plasma volumgwhile slow neutrals are collisional. f, and allow for anisotropy. This problem may be tractable

In our analysis of the neutral distribution function, we through the use of a high-order moment approzaim. our
neglect the effects of wall recycling of fast neutrals, whichapproach, we reduce the problem to a solvable form by as-
would tend to increase the fast neutral population. Since theuming f,, is isotropic, neglecting ionization and idealizing
H-1 Heliac features a “coil-in-tank” design, the greatest ef- the spatial dependence ©if. The first assumption allows for
fect of wall recycling is expected to arise from collisions simpler computation oC;,. We neglect ionization since it
with the coils and support structure. We estimate the albeddepletes the neutral distribution function uniformly over all
of the neutrals for collisions with the near-facing supportvelocities, thereby not affecting the temperature or rms ve-
structure to be~50%, since the spacing of toroidal coils is locity. This assumption would give erroneous results for the
of the same order as their width. Most neutrals which penneutral density, however, we seek only to account for the
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Collision operators Relaxation of the neutral distribution function
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FIG. 11. Charge-exchange and elastic scattering collision operators, evalu-
ated for Maxwellian ion and neutral distribution functions. The function hasp|g. 12. Relaxation of the neutral distribution function at successive itera-
been weighted by the volume elemert Parameters ar& =10 eV, T,

. . 12 . . .
tions. Indicated are,,s, T=3m , and density for each iteration. Pa-
=300 K, ni=nn=1018 m—3. rms 3MUms y

rameters used ar€,,=300 K, T;=10 eV, n,=n;=10®¥ m~3, and time-
step intervalAt=10"° s.

measured neutral temperature. Following the third simplifi-
cation, we approximate the convective particle loss operator

b .
y delay used for the experimenNE& 12 000). We found that
—f
n nl

f T, was within a factor of 2 of the average energy. By running
Colv)=v— 3D the simulation at different plasma parameters, we obtained
an appropriate scaling lali,= T>®h%# closely related to
the ion pressure. Consistent with the observation Thais
independent ohy,, the velocity dependence of the Boltz-
mann equatior{30) can also be shown to be independent of

wheref,, is the neutral distribution function at the center of
the plasma and,,; is the neutral distribution function at the

periphery of the plasmelefined to be a Maxwellian of tem-

perature 300 K and density; given by the fill pressupe

This accounts for the loss ¢fasb neutrals from the plasma ™ The measured and computed values of fixed delay tem-
as well as the replenishment of room temperature neutral

from outside the plasma volum SeratureTn at N=12 000 waves are plotted as a function of
0 Tﬁg si;soe'zro eicpigi niut?al]l c?)ilision operator was com the determined scaling law in Fig. 13, showing approximate
pic ) . P . . agreement between the two. The larger experimental values
puted from the differential scattering cross section using th

. . . ; ?nay be accounted for by wall recycling. This corroborates
staqdard kAL sph.erlcal polar coordinatésor the inte- the notion that the observed neutral temperatures can be ex-
gration over four variables for each value wf we use the

. . R ) lained through elastic ion-neutral collisions.
NAG routine d0O1fcf. For the ion distribution function, we P g
assume a Maxwellian, though we have shown the presence
of non-Maxwellian ion distribution functions. This is not ex-

pected to have a large influence on the ion-neutral collision
operator. Comparison of experimentally measured and calculated

. .. neutral temperature versus ion pressure
The computed charge-exchange and elastic collision op: 207 RRRRRRRE Ul R Al el e

erators(assuming ,=f,;) are compared in Fig. 11. It can be < L experimental |
seen that, while charge exchange populates the neutrals at tt5 — * 9

A4
i i i i § A B=0.11T :
ion thermal velocity, elastic collisions populate the neutrals £ ¢ 15 @ .
at a much lower intermediate velocity of<3—5uvy,. [o BT s
o B=0.047T

1. Results and comparison with experiment

The neutral distribution functiori, is relaxed in time
from f,; (defined aboveaccording to an explicit scheme.
The evolution of the distribution function from the initial to
final states is shown in Fig. 12. The distribution is seen toZ
distort from Maxwellian, populating higher energies.

To compare the modeling results directly with experi- 0035 i o oieva st oy PETTISPTE fio s v STISPTTTY PETTTY
mental data of Sec. IV, we compute the coherence curve 1 2 8 0664 086 . 8 Z
v(N) from the Fourier transform of the line shape, which is TiO06 -

Obt‘?ined using EC(4) Based ony(N), we then CaICUIate_ the Fig. 13. Comparison of the measured and computed valueE, afs a
equivalent Maxwellian temperatuilg, based on a the single function of the appropriate scaling law of the ion density and temperature.

simulation results 4
ne=0.1x 1018 m-3 4
ne=0.5 x 1018 m-3-
ne=1.0x 1018 m-3 |
ne=2.0 x 1018 m-3 |

neutral temperature Tp, (eV)

xed delay equivalent Ma
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VI. CONCLUSION It can be shown th&t to first order ind 4/t , the line-

. . integrated line shap&(é—1v4) is an even function, related to
The high light throughput and spectral resolution of the,[h locally unshifted line shapg(r,é—v4(r)) and local

recently developed coherence imaging camera has enabI% i .

. . . eémissivity 1 o(r) according to
detailed spectroscopic measurements to be made of the ion Ylo(r) 9
distribution function and neutral temperature in a magneti- v . . J’

. . - . | —vq)=| | - [ Al
cally confined, partially ionized argon plasma in the H-1 He- 09(£~0q) o(Ng(r.é-va(n)d (A1)
liac. These measurements were initially undertaken in ordegjnce j ,/5,,~10%, the distortion due to variations in the
to obtain some insight into the ion heating mechanism and t@o\ along the line of sight is of order 1%. We therefore need

resolve apparent inconsistencies between probe and spectighly to consider the effect of a variation in temperature along
scopic measurements of the ion temperature. Results hayge Jine of sight.

shown that the ion distribution function is significantly non-
Maxwellian, with the most striking feature being an elevated
fraction of cold ions. We have investigated this theoretically
and found that the cold component is produced by charge . 1 2Trzms
exchange with neutrals and ionization. The strong influence e’ 1+ EX T, |7
of the neutrals on the ions motivated us to measure the neu- T

tral temperature, which we found to be of the order of 1 ev.where

This is quite high considering the lack of magnetic confine- . .
ment, though not inconceivable given the amount of power Trzms:|51f L(r)(T(r)—T)%dl. (A3)

that the neutrals absorb from the ions. ) )
To provide a theoretical understanding of the measureFOr @ hollow temperature profile, with edge temperature be-

ments, simple, zero-spatial dimensional, isotropic kinetid"d tWwice the central temperature, the computed value of
models of the ion and neutral distribution functions haveTrms/T~0.25. Therefore, for example, at=2 (where the
been developed, based on the Boltzmann equation. Consigontrast degradation is*~8%), thefractional error in the
tent with the measurements, we found the model predicted gontrast will be~20%. This is insufficient to account for the
substantial fraction of cold ions, associated with charge exelevated contrast at large delays, as shown in Fig. 3.
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