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Retarding field analyzer®RFA) provide an integral of the ion velocity distribution in tokamak edge
plasmas, leading, in principle, to an estimate of the ion temperature. However, the presence of the
RFA itself perturbs the ambient plasma, such that the measured distribution is distorted with respect
to the unperturbed one far from the probe. Here, collisionless kinetic modeling is employed to
investigate the modification of the plasma characterigtesperature, particle flux, density, and
electric potentigl in the presheath of the RFA. The kinetic equations are solved independently by
means of two different numerical methods, which provide a reliable check of their results.
Moreover, they are interpreted in light of a simplified kinetic analytical model. Systematic numerical
studies are performed for a large range of values of the ion-to-electron temperature ratio and the
parallel drift speed. In the same way that a Mach probe measures upstream—downstream
asymmetries of ion saturation current in flowing plasmas, RFAs are expected to measure important
asymmetries of sheath potential and ion temperature. These asymmetries can be used to estimate
accurately the ion temperature in the absence of the probe perturbatia200®American Institute

of Physics. [DOI: 10.1063/1.1463416

I. INTRODUCTION tive (and constantpotential¢,, so that most of the electrons
coming from the plasma are repelled. The retarding potential
A good knowledge and control of edge plasma condi-¢¢ applied to the first grid ranges from zero to large positive
tions are necessary to maintain a steady state in fusion dealues in order to scan the ion distribution function. Only the
vices. In particular, material edge tokamak structures such ggns with a kinetic energy larger thamps are collected. The
antennae, limiters, or divertor plates are eroded by the impagfecond grid is negatively biased to a negatis@nstank volt-
of energetic particles. Such a flux generates impurities byge ¢, to repel energetic electrons from the plasféich
physical sputtering, which can be ionized in the scrape-ofhass the barrier potential of the entrance) slitd cancel out
layer (SOL) and transported into the core plasma, thus desecondary electron emission created by ion impact on the
grading fusion energy and confinemeéritin order to assess ¢ollector. The entrance slit width is of the order of a Debye
the incident power flux on material surfaces and the mag”irength or lesg! so that it is shielded by the sheath. In this
tude of impurity generatiqn, the ion energy distribution andgase, the jon distribution function entering the analyzer is
temperature are determining parameters. However, measifsasonably close to the one reaching its external surface, and
ing accurately the latter is a difficult task. Spectroscopicygst incident electrons are repelled back into the plasma.
measurements correspond to an average over a volume of e experimental device RFA has already been em-

plasma aqd do not provide qlirectly the iqn temperature, 3Bloyed in various domains of plasma physiést® although
hydrogen isotopes do not emit photdiiBhe ion temperature e high heat flux released in the SOL and the smallness of

is estimated from the neutral temperature and an ion-neutrg, Debye length had limited its use for tokamak plasmas in
coupling model is therefore requiréd® An alternative tech- 4, past—° Nowadays, even if this problem can be over-

nique, using a RFA de-viceretarding-fie.ld a.nalylze’?r_ll th"_"t come by an appropriate design of the analyZzéfthere are
measures directly the ion energy distribution, is mvestlgatecgti” some difficulties, particularly because RFA measure-

here by means of a kinetic model and numerical simulations,, o5 strongly depend on the plasma flow. As large plasma
A schematic description of the RFA is represented in Fi94ows are frequently observed in the SO their effect

1. It consists of a small entrance slit in the probe surface, Wy, 14 pe taken into account to provide a realistic interpre-
grids and a collector. The probe is aligned along the madg oy of the measurements. The latter point will be ad-
netic field lines so as to measure the parallel component ressed in the present paper

the ion flux. The entrance slit is sufficiently biased to a nega- 105 types of models, both fluid and kinetic, have

been used in the past for the theoretical and numerical analy-
dAuthor to whom correspondence should be addressed. Electronic maikis of the plasma-probe transition layer. As the ion density is
fabrice.valsaque@lpmi.uhp-nancy.fr depleted by the probe, the dynamical equations must be
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| AN Il. MODEL: PROBE IN A STRONG MAGNETIC FIELD
Oc o A. Governing equations
Oer

In order to model the plasma-probe interaction in the
FIG. 1. Experimental device: schematic view of the retarding field analyzerSOL of tokamak plasmas, we consider the interaction of a
on the upstream side. collisionless flowing plasma with a fixed wall, in the pres-
ence of a strong uniform magnetic field, following the ap-
proach of Chung and HutchinséhThe density perturbation
supplemented by aad hocsource term, in order to reach an caused by the probe can be characterized by two regions: an
equilibrium state in the presheath. Different ion sources werelectrically charged Debye sheath and a quasineutral
proposed by Emmeet al?* and Bissel and Johns8Aput,  presheath. The Debye sheath is found in the immediate vi-
as their studies were restricted to the case of a plasmeinity of the wall and is a few Debye lengths thick. In typical
bounded between two walls, no plasma flow was consideredokamak edge plasmas, the Debye sheath thickness is of the
Stangeb$® proposed a fluid model suitable for the case oforder of 0.1 mnf® whereas the diameter of the probe tends
tokamak edge plasmas, but the source he used only permittéd be a few centimeters. On a macroscopic scale the Debye
cross-field diffusion from the plasma into the presheath, andheath is negligible; it is a thin, collisionless, and sourceless
not vice versa. Even though in strong magnetic field situatransition layer that serves to balance the ion and electron
tions, the inward(plasma to presheathransport is larger fluxes to the probe surface. The quasineutral presheath re-
than the outward transport, the latter cannot be neglected. §ion extends along the field lines inside the flux tube con-
more realistic source, accounting for ion exchange in botmected to the probe. The presheath length is determined by
directions, was introduced by Hutchins&hThis modifica- the balance between the parallel flow normal to the probe
tion significantly improved the realism of the model, which surface and the cross-field transport that feeds the presheath
has since shown to be in good agreement with experimentétom the unperturbed plasma outside the flux tubgy. 2).
results®>?® However, the fluid approach adopted in Ref. 24The probe considered is, indeed, a double-mounted RFA,
assumed isothermal ions, which is not entirely satisfactory irwhich can provide simultaneous measurements from both
such plasma-probe transition layers. In a subsequent papeaides. The magnetic field is strong enough that the ion gyro-
Chung and Hutchinsdh generalized this approach by using radius is significantly smaller than the size of the probe. In
a kinetic model, which provides direct information on the ion most tokamak SOLs with magnetic field strengths of a few
distribution and is no more restricted by the isothermal asTeslas and ion temperatures some tens of electron volts, the
sumption. For the sake of the interpretation of ion temperatarmor radius is typically a few tenths of a millimeter. In
ture measurements by RFA, the kinetic approach is crucial ahis case, the cross-field transport can be considered as being
the shape of the ion distribution functidwhich is rarely  diffusive (generally anomaloy&’ and is modeled as a ran-
Maxwellian) plays a considerable role. dom migration of ions across magnetic field lines. The mi-
The Kkinetic model developed by Chung and gration rate is governed by the magnetic field strength, so
Hutchinsor?’ in the context of Mach probé$,is applied to  that, for typical SOL regimes, parallel convection dominates
the case of RFA in Sec. Il. Section Il starts with a quick over perpendicular transport. Therefore, the parallel length of
description of the two different numerical approaches tothe presheatii is very long compared to the cross-field
solve the model’s equations. That is followed by our inter-dimension of the probé&, . For instance, typical values for
pretations of the numerical results and their comparison witlthe Tore Supra tokamak atg=20 m andL, =2 cm with
analytical solutions derived from a simplified kinetic model. cs=50 km/s andD, =1 n?s !, wherecg andD, are, re-
We discuss the asymmetries between RFA measuremengpectively, the acoustic velocity and the cross-field diffusion
taken on each side of the probe. Furthermore, the plasmeoefficient. In this case, we can use a one-dimensional model
drift and plasma ion temperature effects are studiedin the parallel direction, the cross-field transport being taken
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into account by a simplified source teff£° For a collision-

less presheath, the ion dynamics is governed by the Vlasov ~#(X,t)=In f fi dv.

equation. Its parallel projection in case of singly charged ions

can be written as Outside the presheath, the ion distribution functfgns as-
of, o ad e of, sumed to be a shifted Maxwellian with temperattitg and

LTIt I el =S, (1)  mean velocityl,. The expression of is thus
gt Vax  ox my; ov

where fi(x,v,t) is the ion distribution function in the 1 exp( B (v—Uo)Z) ®

presheathy the ion parallel velocity,e the ion charge, " Poar 27 '

¢(x,t) the presheath electric potential computed self-

consistently from the ion distributiom; the ion mass an&  Where7=T;o/T,.

the volume source term. As the latter corresponds to a ran- We assume that the probe surfa¢ecated atx=0) is

dom migration of ions across magnetic field lines, exchangeperfectly absorbing, and that far from the probe the ion dis-

between the unperturbed plasma and the presheath must ##ution is equal tof,. Besides, using Eqg7)—(8), the

considered. We assume that these exchanges occur, in bdigundary conditions become

directions, at a frequency=D /Lf. The volume sourc&

therefore becomes

fi(x=0p>0)=0, fi(x—xo)=fy, @(x—»)=0, (9
S=W(fy—f;), (2)  on the upstream side and

where fo(v) is the ion distribution function in the unper- f,(x=0p<0)=0, f/(x——®)=fy, ¢(Xx——%)=0

turbed plasma. The first term on the right hand side of(Eq. (10)
models ions entering the presheath from the unperturbed

plasma and the second ions exchanged in the other directiof the downstream sidsee Fig. 2

Assuming electrons at thermal equilibrium, their density in ~ Therefore, considering this self-consistent set of equa-

the presheath is given by the Boltzmann relation: tions, the presheath behavior is governed by only two dimen-
sionless parameters of the unperturbed plasma, which are the
Ne(X,1)=no exp(e $(x,1)/kgTe), (3 jon to electron temperature raticand the mean ion velocity
where n, is the unperturbed plasma density is Boltz-  Uo (normalized toc,) also called the plasma drift velocity.
mann’s constant andl, the electron temperature. The ion particle density, current density, mean speed, and
This set of equations is closed by the quasineutralitykinetic temperature are computed as moments; of
condition 3
i
e p(x,t) St dv niEf fi dv, JiEf ufi dv, U=,
=In , (4) i
KgTe No (11

which implicitly assumes thakp.=0, so that the Debye T kin= iJ (v—U)%f; do.
sheath is neglected. ’ n;

lll. RESULTS

B. Normalized equations Numerical results are always generated with an inaccu-

Assuming quasineutrality and a constant ion exchangé&acy inherent to the method used. We solved independently
frequencyW, the previous self-consistent equations are northe set of Eqs(6)—(7), with the boundary conditions Egs.

malized with the following transformations: (9)—(10), by means of two different numerical approaches.
The results are obtained by initializing the codes with a spa-

=Wt o'= v X' = Vﬂ( and¢’ = ed (5) tially uniform ion distribution, which is then left to evolve
' Ce’ Ce ' kgTe' self-consistently until it reaches a stationary equilibrium. The

where we define the cold ion sound speec first numerical tool is a 'renC?ered-down version of the two-
— (ksT./m)¥2 as a type of acoustic velocity. In our treat- dimensionalcunpy particle-in-cell (PIC)** code used to
ment, we do not use a fluid approximation, such as the asimulate ion floyvs around a Cyllndrl_cal Gundestrup prébe. _
sumption of isothermal or adiabatic behavior for the ions, sol € Presheath is adequately described by 100 cells contain-
that the choice of a precise definition of the acoustic velocitynd 2000—4000 particles e§Ch- The second numerical tool is
is not important. This normalization, which is useful to ex- & Vasov—Eulerian cod®~**It computes directly the ion
press velocities with an appropriate unit, will be useddlstrlbutlor_1 function on a grid corresponding to _the phase
throughout the rest of this paper. By dropping the primes foSPace variablesx(v), which are both sampled with 200

brevity on the quantities defined in E@), Egs.(1)—(4) can 400 points. As it will be presented in the following, results
thus be written in the form from both numerical approaches are in good agreement in all

the cases studied. We interpret this agreement as an indica-
tion that numerical inaccuracy does not significantly affect
the results.

ofi  of ag oty

Gt TV ax o o fi ©)
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downstream upstream tion [Eq. (7)]. lons are then accelerated by the electric field
N e in the direction of the wall. This shifts the distribution pro-
files toward positive values of the velocity. Further, as it was
also noticed in a preliminary study,the shape of the distri-
bution is no longer Maxwelliarte.g., atx=0.1 the profile is
clearly asymmetri; which points out that a kinetic model is
indeed necessary for this kind of problem.

An analytical solution can be derived from the Vlasov

equation, by neglecting the electric field. At equilibrium
(of;10t=0), EqQ.(6) becomes

v—=fo—f;. (12)

According to the boundary conditions specified in E§—
(10), a solution forf; is

X
FIG. 3. (8—(b) Vlasov simulations{c)—(d) analytical model. lon distribu- fa(x,v)= fO(U)( 1-H(= v)exr< — _) ) , (13
tion profiles(r=2 andU,= 1) for different positions from the plasma to the v

wall (dashed curve (Left: downstream sidex=15, 1.5, 0.7, 0.25, 0.1, and . ) ) )

0; right; upstream sidex=0, 0.15, 0.65, and 15, positions normalized to Where positive and negative signs stand, respectively, for up-

Ce/W.) stream and downstream cases, &his the Heaviside func-
tion. It is useful to contrast this model with the full kinetic
results in order to distinguish the importance of simple geo-
metrical shadowing with respect to distortion of the distribu-
tion function by the electric field. The distribution profiles

The primary goal of this paper is to propose a method taat the same positions as those presented from the numerical
extract the ion temperature in the unperturbed plasma fromesults are plotted in Figs(8—-3(d). For velocities directed
quantities measured by the RFA. For the purpose of illustratowards the analyzdr.e.,v >0 on the downstream side, and
tion, the two parameters controlling the presheath behavios < 0 on the upstream sigleall profiles are identical to the
are firstly set tor=2 andU,=1; the ions are twice as hot as equilibrium Maxwellian distribution, because the ions are
electrons and drifting with a parallel speed equation the  not accelerated. The functiof) is continuous even at the
unperturbed plasma. The latter value corresponds to a fluidpparent singularity =0, except forx=0: asx decreases,
Mach number drift velocity normalized to the acoustic ve- its gradient atv =0 becomes gradually steeper, until a dis-
locity with isothermal ions cg=(kg(Te+T;)/m)Y¥4 of  continuity occurs. On the analyzex£0), the analytical
around 0.6, which is consistent with expectations in SOLmodel yields a shifted Maxwellian, truncatedwat O. In the
plasmas.’~?°Referring to Figs. 12, ions moving toward the general caséfor U,#0), the ion distributions are, thus, not
analyzer on the downstream side have positive speeds amsimply half-Maxwellian. The shadowing effect of the probe
vice versa on the upstream side. Figuréa)-33(b) present vyields a density decrease and thus a potential drop, which are
the ion distribution functionf;(x,v) obtained from the both larger on the downstream side. Therefore, the electric
Vlasov—Eulerian simulations, on both sides of the analyzerfield magnitudes on each side of the probe are not the same.
at different positions. It shows the progressive modificationsThis fact determines the relative degree of distortion of the
from the Maxwellian distribution at the plasma boundary todistribution functions computed numerically and explains
the one at the wall(Strictly speaking, we calculate the dis- why the upstream analytical profiles are closer to the numeri-
tribution function at the sheath edge, but for brevity we refercal results.
to it here as the “wall.” The actual distribution at the solid Figure 4 shows, on both sides of the probe, the electro-
surface can be easily obtained by applying a shift in energgtatic potential, ion current, and ion kinetic temperature,
equal to the sheath potential drpn both sides, the ion which are computed from Ed11). Table | summarizes the
density decreases, near the probe, as the integral of the vealues of such quantities, at the wall, for the different meth-
locity distribution becomes smaller. This depletion of the dis-ods. Both numerical methods, PIC and Vlasov—Eulerian, are
tribution function is due to the total absorption condition atin good agreement, especially for the profile variations. On
the wall. On the upstream sid€ig. 3(b)], the kinetic modi- the downstream side, as it was mentioned before, the density
fications concern almost only ions entering the presheatperturbation is larger, so that the wall potential is more nega-
with a velocity not directed to the probe. The others aretive. In the vicinity of the wall, the potential and kinetic
collected without being significantly accelerated, which indi-temperature gradients are rather steep, which required the
cates that the electric field is weak. The wall distribution isuse of a nonuniform mesh to obtain accurate results. The
more distorted on the downstream sjég. 3(@)] because of kinetic temperature quantifies the narrowing, near the wall,
the heavy depletion by the probe of ions coming from theof the distribution functions of Figs.(8-3(b). However,
upstream direction. Therefore, the density is very low andhis does not give any information on the distortions of such
the potential drop is large, as given by the Boltzmann reladistributions. By using the same procedure figias forf; in

A. lon distributions and probe characteristics
for /=2 and Uy,=1
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Uy=1).

Je,pown™ f ,_Ufi(X: Ov)dv,
\/2¢S

- 775 a8
JC,Up:f vfi(x=0p)dv.

Collected currents vary from their maximum valuésb-
tained for¢s=0) to zero(for large positive values o).
RFA characteristics, which are the semi-logarithm plots pre-

Eq. (12), the analytical model gives the density, current, andsented in Fig. 5, are the kind of results obtained experimen-
temperature, which are also plotted in Fig. 4. Both analyticafally. In our computations, the Debye sheath was neglected,
and numerical results present a substantial kinetic tempergo the numerical results correspond only to the decreasing
ture drop near the analyzer, which is similar to the case of @art of the curve. However, the plateau region in Fig. 5 can
presheath surrounding a Mach prcfﬁd—.lere, an isothermal be explained as follows. The entrance sigse also Fig. Jl

ion assumption is clearly not valid. Considering the drasticon both sides of the RFA, are usually negatively biased to the

assumption made on the electric field, the analytical profilesame valugp, [lower thang,s= ¢(x=0)]. Before entering
are rather close to those obtained by solving numerically théhe RFA, all ions are accelerated by the potential difgp

full Vlasov equation. This points out théfor this caser=2

= ¢pps— P, Which is considered occurring within the colli-

andU,=1) the electric field effects are not predominant: thesionless Debye sheath. Therefore, as longais lower than
presheath behavior is mainly governed by the probe shadowpq, no ions are deflected and the collected current remains

ing effect.
Concerning the measurements by the RBée Fig. 1,
the retarding potentiads applied to the ion selector affects

TABLE |. Density, electric potential, ion current and ion kinetic tempera-
ture, at the wall(Quantities respectively normalized g, kgTe, NoCe and
Te; =2 andUy=1.)

Downstream Upstream
n; ¢ Ji Tiwn N ¢ J; Ti kin
PIC 0.21 —-156 0.31 043 0.67 —0.40 —-1.25 0.94
Vlasov 0.19 -166 0.31 0.37 0.66 -0.42 -1.25 0.91
Analytical 0.24 —-1.43 0.20 0.47 0.76 —0.27 -1.20 1.09

maximal. The electric potentiap,s at the wall k=0), is
larger (in absolute valugon the downstream side, therefore
the potential droppy is smaller. The absolute value @f,
does not really matter, as it just shifts the two characteristics
by the same voltage. What is more important is the relative
difference between them, which ia¢= ¢y o= b down

= ¢up(X=0)— dgour(X=0): we call this quantity upstream-
to-downstream potential difference.

An estimated ion temperaturBzga= — 1/ can be de-
duced from the slopea of the linear part of the
characteristics! We computed the slopes by using a least
square method. This estimation would give the correct ion
temperature only if the ion distribution on the wall were a
half-Maxwellian with no shift, which is clearly not the case,
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as shown in Fig. 3. The kinetic modifications can be signifi-TABLE Il. Downstream, upstream and average RFA temperatimesnal-
cant, so it is not surprising that the measured value is ngfed ©Te; 7=2 andUo=1).

equal to the equilibrium plasma temperatdig. However, — _, Up=1
by means of measures on both sides of the analyzer, as we

will explain, a more accurate estimation can be obtained. ASIC 1.52 2.58 2.05
most characteristics are not linear on their upper part andf'2s°V 1.51 258 2.05
very small currents are not experimentally measurable, wenalytlcal 150 262 206
need to restrict the range of data to attempt to simulate what

one can really measure. On the other hand, such range must

be sufficiently wide to have enough data to compute accu-
rately the slope. We have used a standard procedure, whi
corresponds to a good compromise for all valuesr@nd

Uy, by fitting the numerical values for which the logarithm —  Trraup™ TrRFAdown
of the current is included between [B.)—1 and RFA™ 2
IN([Imaxd) —4, Whered,,, is the current collected fops=0.
The analytical model gives, by usirfg in Eq. (14),

Trea,down Trraup TrEA

ownstream case are opposite in sign to the odd terms for the
stream case. Thus, the average RFA temperature

(18

is equal tor to the second order in the expansion. Therefore,
even if the RFA temperature on each side of the analyzer is

Uy ¢_S) +1] not equal to the one in the plasma, we can expect that the
\/ =

Uo _
[c,al= 7| erf( —\/2— + estimation from Eq(18) gives accurate results as long as the
T plasma drift is not too important.

T (V2psF Ug)? For the sake of comparison with the numerical results,
TN P T | (15  we estimated the analytical RFA temperature within the same

current interval, i.e., IMmal) —1>In I 2>IN([Jnad) —4. AsS
where upper and lower signs refer, respectively, to upstreamy, , does not depend o , but rather ongg, the corre-
and downstream cases and erf is the error function. In Fig. Ssponding retarding potential intervatp§y < ¢p<< ¢sy), for
both the analytical and the numerical characteristics areach set of values of and U, is found numerically by
shifted by the constant valugy. On the downstream side, means of a dichotomy method. Th&ggs 4 is averaged be-
the analytical curve does not fit well the numerical datatweendgs, and ¢g,:
However, we are only interested in the slope of its linear
part. The RFA temperature as a function of the retarding TRFAa:;fd)S“TRFAa((ﬁS)d(ﬁS- (19
potential 5 can be defined as the inverse of the local slope Y P~ b1ty ’
of the curve:

S1
Table Il gives the comparison between RFA tempera-
dInJcl\ 7t tures obtained by different methods. As the RFA temperature
Ibs ) (16) is estimated within a current range, the scan of the ion dis-
tribution function is restricted within an energetic rangeo
The analytical model gives low or too high energy ions in the distribution are not taken

. into account The RFA temperature, then, corresponds to the
RFAa\ ¥S — Y0 \l 2 \/E’ \[ T

temperature of a Maxwellian distribution that best fits the ion
analyzed are not Maxwellian, so that this is not a measure of
2¢ps+Ug)? ’
e
T

Trea( @)= — (

distribution within this energetic range. The ion distributions
(17) the standard deviation as given by the kinetic temperature,

which explains why the RFA temperatures are different from
The first term in Eq(17) corresponds to the result obtained those shown in Table I. Average RFA temperatures are equal
by Pitts! with a nonshifted half-Maxwellian distribution and 0 7 (the plasma temperatyreith a relative error lower than
coincides with the temperature in the plasma core. The sed”-
ond term is the correction due to the drift of the plasma and
vanishes folU,=0. It is positive on the upstream side and
negative on the downstream side. Therefore, one can expe%t
that the measured RFA temperature is larger than the real ion Keeping the procedure presented in Sec. Ill A, we now
temperature on the upstream side, and lower on the downnvestigate a larger range of the plasma parametevsry-
stream side. Aspg increases, the error function in E@L7)  ing from 0.1 to 5, andJ, varying from zero tacg, wherecg
tends to—1 faster than the exponential function grows. Thus,is the acoustic velocity with isothermal ionsg=c¢(1
the analytical RFA temperature remains finite and tends to + 7)/2.
as ¢g becomes largefan asymptotic expansion to the first The agreement between PIC and Vlasov—Eulerian re-
order givesTrea a( ps—*)x 7+ Uo7/ (2¢s) Y21 However, sults was verified for each set of valuesl(,). The physical
since for large values of the potential the current is rathecorrectness of the results was checked in two ways. First, a
small, this limit is not interesting from an experimental point few runs with zero electric field were performed to compare
of view. A Taylor series of Eq(17) with respect to the vari- with the analytic solution, and excellent agreement was
able Uy, shows that odd terms in the expansion for thefound. Second, fluid moments of the ion distribution provide

Drift and ion temperature effects
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FIG. 6. Upstream-to-downstream current ratfor ¢s=0) from Vlasov -
numerical simulationsr=0.1, 0.2, 0.5, 1, 2, 3.5, and 5. The dotted line is the 'Q 1
kinetic model of Chung and Hutchinson.The Mach number is equal to the >
drift velocity normalized tocs. o | T
T T B T e e e e IRLALANE B I A
0.0 0.5 1.0 1.5 2.0 2.5

) ) o ) normalized drift speed (Up)
a simple test to confirm the validity of the numerical results.
FIG. 7. Upstream-to-downstream RFA temperature ratio and difference po-

Integration of the Vlasov equatidi), with respect ta, and rertal Ad from VI ool simulatione0.1 0.2 05 1 5 385
using the definitions of Eq(11), gives at equilibrium %% ¢ from Viasov numerical simulations==0.1, 0.2, 0.5, 1, 2, 3.5,

(of;19t=0)
dJ;
&Zl_ﬂi : (20 from 0.1 to 2. As it was mentioned in Sec. Ill A) a non-

) _ ) _ . . . shifted Maxwellian distributionl{ ,=0) would give[see Eq.
Typically, in our simulations, Eq(20) is verified with an (17)] Trea(bs) = 7V s (i) by taking into account the shift,
error below 0.4%. downstream RFA temperatures are lower than the corre-

In Fig. 6, the ratio of upstream-to-downstream collectedsonding values of; (iii) RFA characteristics are not linear
current (for ¢S.= 0) is _plotted versus the Mach pumber on their upper partsee Fig. 5, and thereford gea( ¢s) is not
(equal to the drift velocity normalized to the acoustic veloc-5 significant quantity for small values of the retarding poten-
ity cs) and for different values of the parametetfrom 0.1 i) Figure 9 shows that for cold ions it is less justified to
to 5. As both numerical methods_give very similar results, yeduce one single value of the RFA temperature from the
only those from the Viasov—Eulerian computations are prerga characteristic, as the latter is constant only in a narrow
sented. For each, the current ratio curves are remarkably jnterval of the potentialps. Since the analytical model ne-
straight on a semi-logarithm scale, as it was pointed out byjjects the presheath electric field, leading to a truncated
Chung and .HUtCh"’!SOR By expressing the plasma drift \jaxwellian distribution on the analyzgsee Eq.(13)], one
speed in units ofs instead ofc,, all current ratio curves  an see qualitatively the differences due to the electric field
have almost the same slope. Therefore, this kind of plot cagp the kinetic distribution. For<1 and asr decreases, elec-
be used to calibrate Mach prob@ﬁﬁas the value of is Nt i¢ effects become larger, and the numerical curves of Fig. 9
required to estimate the dimensionless Mach number. Thgye farther from the analytical ones. Therefore, deducing the
upstream-to-downstream RFA temperature ratio and
upstream-to-downstream difference potentia, plotted

versus the plasma drift speed,, also yield relatively A S T
straight lines(see Fig. 7 for ==1. It appears that both ¢ 5] r
and the RFA temperature ratio increase withand decrease T
with 7. The dependence dd, can be expressed as 1

‘]C,up((bzo) 4 2.07] L

Jc,dowrd $=0) expKo(nUo). § 1

8 1.5 -

M:exp(K (1Ug), Ap=K,(rU (21) o

TREA, down T o ¢ 0 5 1 Kj
whereK (1), K(7) andK () are computed with a least § 107 L
square method to fit the curves of Figs. 6 and 7. The depen- * Ky
dence of such quantities anis shown in Fig. 8. 0.5 K L

For cold ions(7=0.1 or 0.2, the semi-logarithm plots of | T i
RFA temperature ratio versus the plasma drift spggdare ] [
not linear. For these values ef the second equality of Eq. 0.0 O' T 11 T |2 T 13 T 4';' T é

(21) is not a good approximation. This fact is illustrated in
Fig. 9, which shows the numerical and analytical RFA tem-

peraturegcomputed from Eq(16)] versus the retarding po- gig. g Fiting factorsk,, Ky, andK, (expressed in unit of;?) as a
tential, on the downstream case fdp=0.5 and7 ranging  function of r.

normalized temperature ratio (1)
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plasma temperatureas long asJ, is not too larggtypically

T=2 Uy=<1). Except for cold ion plasmasr&1), the average

I RFA temperature obtained from the simulations remains
close toreven for greater drift velocities; far=1, 2, 3.5 and

5, the relative differences betwe&pg, andr, are below 6%,

3%, 1.5% and 1%, respectively. For lower values,adue to

the problems described above, the ion temperature estima-

tion is less accurate, although it remains roughly correct. In

contrast, temperature estimations obtained from a single

measure on either side of the RFA are far less acclisaie,

- for example, Table )l Therefore, the averaging procedure of
Eqg. (18) constitutes a reliable technique to deduce the ion
temperature from RFA measurements.

o0 RSN T T —
2 4 6 8 10
normalized potential (s) IV. CONCLUSION
FIG. 9. Numericalsolid line) and analyticaldotted ling RFA temperature The behavior of the presheath surrounding a RFA ana-

as a function of the retarding potential, on the downstream cas&/dor |yzer has been studied by means of theoretical analysis and
=0.5andr=0.1, 0.2, 0.5, 1, and 2. The thick vertical segments delimit the y merical simulations of a kinetic model. The model incor-
intervals where the RFA temperatures were estimated. . N
porates the effect of self-consistent electric fields, global
plasma drifts, as well as cross-field diffusion across magnetic

plasma temperature from the RFA one is less accurate sindi€'d lines, and was first proposed by Chung and

the correlation between the ion distributions at the plasm utch|_nsoﬁ7 in a seminal paper. We have used two dlffer_ent
boundary and on the analyzer is less clear. Moreover, fopumencal .methods,_ particle-in-cell and VIasov—EuIerlan,
each value ofr, the RFA temperature was estimated within aWh_'Ch prowde; a rel|ab!e Ch‘?Ck for the_ results of the simu-
current interval compatible with the restrictions presented iAat'QnS' In addltlon,. a simplified analytical mo.dell has. been
Sec. lll A. These intervals are delimited by the thick verticalder'ved' by neglecting the effect of the electric field in the
segments on each numerical curve of Fig. 9. One can see thRfesheath. . .
they are less and less appropriateratecreases, since they Ina to|_<amak enwr_onment, the_amblent plasma f"?“ f_rom
do not correspond to the intervals wheFgea(e) is con- the prqbe is charact_erlzed by a shifted Maxwellian d|s_tr|bu-
stant. tion, with a well-defined temperature and average drift ve-
From Eq. (18), the average RFA temperatuﬁFA is locity. In the vicinity of the probe, the plasma is perturbed

- : (mainly due to the shadowing effect induced by the probe
plotted, in Fig. 10, versus the plasma drift spddgl. Ac- itself), and its velocity distribution is no longer Maxwellian.

cording to Sect. Il A, the average temperature computedrhe perturbation also depletes the ion density, and thus gen-

from the analytical model gives a good estimation of the Ionerates a self-consistent electric field. Our simulations have

shown clearly how the equilibrium Maxwellian gets distorted
L in the presheath, both on the upstream sidieere velocities
_______________________ L are mainly directed toward the prgband on the down-
5 = t=5 | stream sidéwhere velocities are mainly directed opposite to
_ I the probe. The two sides of the probe are not symmetric.
1 ¥ Modifications of the ion distribution function are more sig-
_______ I nificant on the downstream side than on the upstream side,
| ——————— e emm e T=35 - and consequently the density and electric potential drop are
| i larger on the former than on the latter. Both PIC and Vlasov—
Eulerian codes yielded very similar results for the fully self-
consistent problem. Less obviously, the results from the ana-
2__ === B lytical model(which neglects the electric figldvere also in
1 i relatively good agreement with the simulations, except for

average RFA temperature (Iggpa)
W
!
|

very low ion-to-electron temperature ratioShis is not a

1 =1 - severe limitation for measurements in SOL plasmas, as the
| —5%s i ion temperature is generally believed to be close to or greater
Mr:&? ’ L than that of the electrori$'9 It appears therefore that the
O electric field plays only a secondary role in determining the
0.0 0.5 1.0 1.5 2.0 2.5

structure of the presheath, at least for warm-ion regimes rel-
evant to SOL plasmas. The primary effect in shaping the
FIG. 10. Numerical(solid line) and analytical(dotted lind average RFA  Presheath originates from the geometric shadowing induced
temperaturegnormalized toT,), for 7=0.1, 0.5, 1, 2, 3.5, and 5. by the very presence of the probe.

normalized drift speed (Up)
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