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Kinetic simulations of ion temperature measurements
from retarding field analyzers
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Retarding field analyzers~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 characteristics~temperature, particle flux, density, and
electric potential! 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 perturbation. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1463416#
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I. INTRODUCTION

A good knowledge and control of edge plasma con
tions are necessary to maintain a steady state in fusion
vices. In particular, material edge tokamak structures suc
antennae, limiters, or divertor plates are eroded by the im
of energetic particles. Such a flux generates impurities
physical sputtering, which can be ionized in the scrape
layer ~SOL! and transported into the core plasma, thus
grading fusion energy and confinement.1,2 In order to assess
the incident power flux on material surfaces and the mag
tude of impurity generation, the ion energy distribution a
temperature are determining parameters. However, mea
ing accurately the latter is a difficult task. Spectrosco
measurements correspond to an average over a volum
plasma and do not provide directly the ion temperature
hydrogen isotopes do not emit photons.3 The ion temperature
is estimated from the neutral temperature and an ion-neu
coupling model is therefore required.4–6 An alternative tech-
nique, using a RFA device~retarding field analyzer!7–11 that
measures directly the ion energy distribution, is investiga
here by means of a kinetic model and numerical simulatio

A schematic description of the RFA is represented in F
1. It consists of a small entrance slit in the probe surface,
grids and a collector. The probe is aligned along the m
netic field lines so as to measure the parallel componen
the ion flux. The entrance slit is sufficiently biased to a ne

a!Author to whom correspondence should be addressed. Electronic
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tive ~and constant! potentialfe , so that most of the electron
coming from the plasma are repelled. The retarding poten
fS applied to the first grid ranges from zero to large posit
values in order to scan the ion distribution function. Only t
ions with a kinetic energy larger thanefS are collected. The
second grid is negatively biased to a negative~constant! volt-
agefer to repel energetic electrons from the plasma~which
pass the barrier potential of the entrance slit! and cancel out
secondary electron emission created by ion impact on
collector. The entrance slit width is of the order of a Deb
length or less,11 so that it is shielded by the sheath. In th
case, the ion distribution function entering the analyzer
reasonably close to the one reaching its external surface,
most incident electrons are repelled back into the plasma

The experimental device RFA has already been e
ployed in various domains of plasma physics,12–15 although
the high heat flux released in the SOL and the smallnes
the Debye length had limited its use for tokamak plasmas
the past.7–10 Nowadays, even if this problem can be ove
come by an appropriate design of the analyzer,11,16 there are
still some difficulties, particularly because RFA measu
ments strongly depend on the plasma flow. As large plas
flows are frequently observed in the SOL,17–20 their effect
should be taken into account to provide a realistic interp
tation of the measurements. The latter point will be a
dressed in the present paper.

Various types of models, both fluid and kinetic, ha
been used in the past for the theoretical and numerical an
sis of the plasma-probe transition layer. As the ion densit
depleted by the probe, the dynamical equations must
il:
6 © 2002 American Institute of Physics
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supplemented by anad hocsource term, in order to reach a
equilibrium state in the presheath. Different ion sources w
proposed by Emmertet al.21 and Bissel and Johnson,22 but,
as their studies were restricted to the case of a pla
bounded between two walls, no plasma flow was conside
Stangeby23 proposed a fluid model suitable for the case
tokamak edge plasmas, but the source he used only perm
cross-field diffusion from the plasma into the presheath,
not vice versa. Even though in strong magnetic field sit
tions, the inward~plasma to presheath! transport is larger
than the outward transport, the latter cannot be neglecte
more realistic source, accounting for ion exchange in b
directions, was introduced by Hutchinson.24 This modifica-
tion significantly improved the realism of the model, whic
has since shown to be in good agreement with experime
results.25,26 However, the fluid approach adopted in Ref.
assumed isothermal ions, which is not entirely satisfactor
such plasma-probe transition layers. In a subsequent p
Chung and Hutchinson27 generalized this approach by usin
a kinetic model, which provides direct information on the i
distribution and is no more restricted by the isothermal
sumption. For the sake of the interpretation of ion tempe
ture measurements by RFA, the kinetic approach is crucia
the shape of the ion distribution function~which is rarely
Maxwellian! plays a considerable role.

The kinetic model developed by Chung an
Hutchinson,27 in the context of Mach probes,16 is applied to
the case of RFA in Sec. II. Section III starts with a qui
description of the two different numerical approaches
solve the model’s equations. That is followed by our int
pretations of the numerical results and their comparison w
analytical solutions derived from a simplified kinetic mod
We discuss the asymmetries between RFA measurem
taken on each side of the probe. Furthermore, the pla
drift and plasma ion temperature effects are studi

FIG. 1. Experimental device: schematic view of the retarding field analy
on the upstream side.
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Conclusions and discussions on the experimental app
tions are reported in Sec. IV.

II. MODEL: PROBE IN A STRONG MAGNETIC FIELD

A. Governing equations

In order to model the plasma-probe interaction in t
SOL of tokamak plasmas, we consider the interaction o
collisionless flowing plasma with a fixed wall, in the pre
ence of a strong uniform magnetic field, following the a
proach of Chung and Hutchinson.27 The density perturbation
caused by the probe can be characterized by two regions
electrically charged Debye sheath and a quasineu
presheath. The Debye sheath is found in the immediate
cinity of the wall and is a few Debye lengths thick. In typic
tokamak edge plasmas, the Debye sheath thickness is o
order of 0.1 mm,28 whereas the diameter of the probe ten
to be a few centimeters. On a macroscopic scale the De
sheath is negligible; it is a thin, collisionless, and sourcel
transition layer that serves to balance the ion and elec
fluxes to the probe surface. The quasineutral presheath
gion extends along the field lines inside the flux tube co
nected to the probe. The presheath length is determined
the balance between the parallel flow normal to the pro
surface and the cross-field transport that feeds the presh
from the unperturbed plasma outside the flux tube~Fig. 2!.
The probe considered is, indeed, a double-mounted R
which can provide simultaneous measurements from b
sides. The magnetic field is strong enough that the ion gy
radius is significantly smaller than the size of the probe.
most tokamak SOLs with magnetic field strengths of a f
Teslas and ion temperatures some tens of electron volts
Larmor radius is typically a few tenths of a millimeter. I
this case, the cross-field transport can be considered as b
diffusive ~generally anomalous!27 and is modeled as a ran
dom migration of ions across magnetic field lines. The m
gration rate is governed by the magnetic field strength,
that, for typical SOL regimes, parallel convection domina
over perpendicular transport. Therefore, the parallel length
the presheathL i is very long compared to the cross-fie
dimension of the probeL' . For instance, typical values fo
the Tore Supra tokamak areL i520 m andL'52 cm with
cS550 km/s andD'51 m2 s21, wherecS and D' are, re-
spectively, the acoustic velocity and the cross-field diffus
coefficient. In this case, we can use a one-dimensional m
in the parallel direction, the cross-field transport being tak

r,

FIG. 2. RFA in a flowing plasma, in the presence of a strong magnetic fi
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1808 Phys. Plasmas, Vol. 9, No. 5, May 2002 Valsaque et al.
into account by a simplified source term.27,29For a collision-
less presheath, the ion dynamics is governed by the Vla
equation. Its parallel projection in case of singly charged io
can be written as

] f i

]t
1v

] f i

]x
2

]f

]x

e

mi

] f i

]v
5S, ~1!

where f i(x,v,t) is the ion distribution function in the
presheath,v the ion parallel velocity,e the ion charge,
f(x,t) the presheath electric potential computed se
consistently from the ion distribution,mi the ion mass andS
the volume source term. As the latter corresponds to a
dom migration of ions across magnetic field lines, exchan
between the unperturbed plasma and the presheath mu
considered. We assume that these exchanges occur, in
directions, at a frequencyW5D' /L'

2 . The volume sourceS
therefore becomes

S5W~ f 02 f i !, ~2!

where f 0(v) is the ion distribution function in the unper
turbed plasma. The first term on the right hand side of Eq.~2!
models ions entering the presheath from the unpertur
plasma and the second ions exchanged in the other direc
Assuming electrons at thermal equilibrium, their density
the presheath is given by the Boltzmann relation:

ne~x,t !5n0 exp~e f~x,t !/kBTe!, ~3!

where n0 is the unperturbed plasma density,kB is Boltz-
mann’s constant andTe the electron temperature.

This set of equations is closed by the quasineutra
condition

e f~x,t !

kBTe
5 lnS * f i dv

n0
D , ~4!

which implicitly assumes thatlDe50, so that the Debye
sheath is neglected.

B. Normalized equations

Assuming quasineutrality and a constant ion excha
frequencyW, the previous self-consistent equations are n
malized with the following transformations:

t85Wt, v85
v
ce

, x85
Wx

ce
, andf85

ef

kBTe
, ~5!

where we define the cold ion sound speedce

5(kBTe /mi)
1/2 as a type of acoustic velocity. In our trea

ment, we do not use a fluid approximation, such as the
sumption of isothermal or adiabatic behavior for the ions,
that the choice of a precise definition of the acoustic veloc
is not important. This normalization, which is useful to e
press velocities with an appropriate unit, will be us
throughout the rest of this paper. By dropping the primes
brevity on the quantities defined in Eq.~5!, Eqs.~1!–~4! can
thus be written in the form

] f i

]t
1v

] f i

]x
2

]f

]x

] f i

]v
5 f 02 f i , ~6!
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f~x,t !5 ln E f i dv. ~7!

Outside the presheath, the ion distribution functionf 0 is as-
sumed to be a shifted Maxwellian with temperatureTi0 and
mean velocityU0 . The expression off 0 is thus

f 05
1

A2pt
expS 2

~v2U0!2

2t D , ~8!

wheret5Ti0 /Te .
We assume that the probe surface~located atx50) is

perfectly absorbing, and that far from the probe the ion d
tribution is equal tof 0 . Besides, using Eqs.~7!–~8!, the
boundary conditions become

f i~x50,v.0!50, f i~x→`!5 f 0 , f~x→`!50, ~9!

on the upstream side and

f i~x50,v,0!50, f i~x→2`!5 f 0 , f~x→2`!50
~10!

on the downstream side~see Fig. 2!.
Therefore, considering this self-consistent set of eq

tions, the presheath behavior is governed by only two dim
sionless parameters of the unperturbed plasma, which are
ion to electron temperature ratiot and the mean ion velocity
U0 ~normalized toce) also called the plasma drift velocity
The ion particle density, current density, mean speed,
kinetic temperature are computed as moments off i :

ni[E f i dv, Ji[E u fi dv, U[
Ji

ni
,

~11!

Ti ,kin[
1

ni
E ~v2U !2f i dv.

III. RESULTS

Numerical results are always generated with an inac
racy inherent to the method used. We solved independe
the set of Eqs.~6!–~7!, with the boundary conditions Eqs
~9!–~10!, by means of two different numerical approache
The results are obtained by initializing the codes with a s
tially uniform ion distribution, which is then left to evolve
self-consistently until it reaches a stationary equilibrium. T
first numerical tool is a rendered-down version of the tw
dimensional GUNDY particle-in-cell ~PIC!30 code used to
simulate ion flows around a cylindrical Gundestrup probe26

The presheath is adequately described by 100 cells con
ing 2000–4000 particles each. The second numerical too
a Vlasov–Eulerian code.31–34 It computes directly the ion
distribution function on a grid corresponding to the pha
space variables (x,v), which are both sampled with 200
400 points. As it will be presented in the following, resu
from both numerical approaches are in good agreement in
the cases studied. We interpret this agreement as an ind
tion that numerical inaccuracy does not significantly affe
the results.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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A. Ion distributions and probe characteristics
for tÄ2 and U0Ä1

The primary goal of this paper is to propose a method
extract the ion temperature in the unperturbed plasma f
quantities measured by the RFA. For the purpose of illus
tion, the two parameters controlling the presheath beha
are firstly set tot52 andU051; the ions are twice as hot a
electrons and drifting with a parallel speed equal toce in the
unperturbed plasma. The latter value corresponds to a
Mach number@drift velocity normalized to the acoustic ve
locity with isothermal ions cS5(kB(Te1Ti)/mi)

1/2] of
around 0.6, which is consistent with expectations in S
plasmas.17–20Referring to Figs. 1–2, ions moving toward th
analyzer on the downstream side have positive speeds
vice versa on the upstream side. Figures 3~a!–3~b! present
the ion distribution function f i(x,v) obtained from the
Vlasov–Eulerian simulations, on both sides of the analy
at different positions. It shows the progressive modificatio
from the Maxwellian distribution at the plasma boundary
the one at the wall.~Strictly speaking, we calculate the dis
tribution function at the sheath edge, but for brevity we re
to it here as the ‘‘wall.’’ The actual distribution at the sol
surface can be easily obtained by applying a shift in ene
equal to the sheath potential drop.! On both sides, the ion
density decreases, near the probe, as the integral of the
locity distribution becomes smaller. This depletion of the d
tribution function is due to the total absorption condition
the wall. On the upstream side@Fig. 3~b!#, the kinetic modi-
fications concern almost only ions entering the preshe
with a velocity not directed to the probe. The others a
collected without being significantly accelerated, which in
cates that the electric field is weak. The wall distribution
more distorted on the downstream side@Fig. 3~a!# because of
the heavy depletion by the probe of ions coming from
upstream direction. Therefore, the density is very low a
the potential drop is large, as given by the Boltzmann re

FIG. 3. ~a!–~b! Vlasov simulations;~c!–~d! analytical model. Ion distribu-
tion profiles~t52 andU051) for different positions from the plasma to th
wall ~dashed curve!. ~Left: downstream side,x515, 1.5, 0.7, 0.25, 0.1, and
0; right: upstream side,x50, 0.15, 0.65, and 15, positions normalized
ce /W.)
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tion @Eq. ~7!#. Ions are then accelerated by the electric fie
in the direction of the wall. This shifts the distribution pro
files toward positive values of the velocity. Further, as it w
also noticed in a preliminary study,35 the shape of the distri-
bution is no longer Maxwellian~e.g., atx50.1 the profile is
clearly asymmetric!, which points out that a kinetic model i
indeed necessary for this kind of problem.

An analytical solution can be derived from the Vlaso
equation, by neglecting the electric field. At equilibriu
(] f i /]t50), Eq. ~6! becomes

v
] f i

]x
5 f 02 f i . ~12!

According to the boundary conditions specified in Eqs.~9!–
~10!, a solution forf i is

f a~x,v !5 f 0~v !S 12H~6v !expS 2
x

v D D , ~13!

where positive and negative signs stand, respectively, for
stream and downstream cases, andH is the Heaviside func-
tion. It is useful to contrast this model with the full kineti
results in order to distinguish the importance of simple g
metrical shadowing with respect to distortion of the distrib
tion function by the electric field. The distribution profilesf a

at the same positions as those presented from the nume
results are plotted in Figs. 3~c!–3~d!. For velocities directed
towards the analyzer~i.e., v.0 on the downstream side, an
v , 0 on the upstream side!, all profiles are identical to the
equilibrium Maxwellian distribution, because the ions a
not accelerated. The functionf a is continuous even at the
apparent singularityv50, except forx50: asx decreases,
its gradient atv50 becomes gradually steeper, until a d
continuity occurs. On the analyzer (x50), the analytical
model yields a shifted Maxwellian, truncated atv50. In the
general case~for U0Þ0), the ion distributions are, thus, no
simply half-Maxwellian. The shadowing effect of the prob
yields a density decrease and thus a potential drop, which
both larger on the downstream side. Therefore, the elec
field magnitudes on each side of the probe are not the sa
This fact determines the relative degree of distortion of
distribution functions computed numerically and explai
why the upstream analytical profiles are closer to the num
cal results.

Figure 4 shows, on both sides of the probe, the elec
static potential, ion current, and ion kinetic temperatu
which are computed from Eq.~11!. Table I summarizes the
values of such quantities, at the wall, for the different me
ods. Both numerical methods, PIC and Vlasov–Eulerian,
in good agreement, especially for the profile variations.
the downstream side, as it was mentioned before, the den
perturbation is larger, so that the wall potential is more ne
tive. In the vicinity of the wall, the potential and kineti
temperature gradients are rather steep, which required
use of a nonuniform mesh to obtain accurate results.
kinetic temperature quantifies the narrowing, near the w
of the distribution functions of Figs. 3~a!–3~b!. However,
this does not give any information on the distortions of su
distributions. By using the same procedure forf a as for f i in
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1810 Phys. Plasmas, Vol. 9, No. 5, May 2002 Valsaque et al.
Eq. ~11!, the analytical model gives the density, current, a
temperature, which are also plotted in Fig. 4. Both analyti
and numerical results present a substantial kinetic temp
ture drop near the analyzer, which is similar to the case
presheath surrounding a Mach probe.26 Here, an isotherma
ion assumption is clearly not valid. Considering the dras
assumption made on the electric field, the analytical profi
are rather close to those obtained by solving numerically
full Vlasov equation. This points out that~for this caset52
andU051) the electric field effects are not predominant: t
presheath behavior is mainly governed by the probe shad
ing effect.

Concerning the measurements by the RFA~see Fig. 1!,
the retarding potentialfS applied to the ion selector affect

FIG. 4. Electric potential, ion current and ion kinetic temperature, resp
tively normalized tokBTe , n0ce and Te ~PIC: 1, Vlasov: solid line, ana-
lytical model: dashed line!, on each side of the RFA analyzer~for t52 and
U051).

TABLE I. Density, electric potential, ion current and ion kinetic tempe
ture, at the wall.~Quantities respectively normalized ton0 , kBTe , n0ce and
Te ; t52 andU051.)

Downstream Upstream

ni f Ji Ti ,kin ni f Ji Ti ,kin

PIC 0.21 21.56 0.31 0.43 0.67 20.40 21.25 0.94
Vlasov 0.19 21.66 0.31 0.37 0.66 20.42 21.25 0.91
Analytical 0.24 21.43 0.20 0.47 0.76 20.27 21.20 1.09
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only the ions whose kinetic energy is too small to reach
collector. Therefore, the differential fluxes at the wallv f i(x
50,v), can be scanned by varyingfS on each side. Provided
that the potential on the collector is lower than the one at
entrance slit (fc,fe), all the ions passing through the io
selector reach the collector~even forfS50). The upstream
and downstream collected currents are then

JC,Down5E
A2fS

`

v f i~x50,v !dv,

~14!

JC,Up5E
2`

2A2fS
v f i~x50,v !dv.

Collected currents vary from their maximum values~ob-
tained forfS50) to zero~for large positive values offS).
RFA characteristics, which are the semi-logarithm plots p
sented in Fig. 5, are the kind of results obtained experim
tally. In our computations, the Debye sheath was neglec
so the numerical results correspond only to the decrea
part of the curve. However, the plateau region in Fig. 5 c
be explained as follows. The entrance slits~see also Fig. 1!,
on both sides of the RFA, are usually negatively biased to
same valuefe @lower thanfps5f(x50)]. Before entering
the RFA, all ions are accelerated by the potential dropfd

[fps2fe , which is considered occurring within the coll
sionless Debye sheath. Therefore, as long asfS is lower than
fd , no ions are deflected and the collected current rema
maximal. The electric potentialfps at the wall (x50), is
larger ~in absolute value! on the downstream side, therefo
the potential dropfd is smaller. The absolute value offe

does not really matter, as it just shifts the two characteris
by the same voltage. What is more important is the relat
difference between them, which isDf[fd,up2fd,down

5fup(x50)2fdown(x50): we call this quantity upstream
to-downstream potential difference.

An estimated ion temperatureTRFA521/a can be de-
duced from the slopea of the linear part of the
characteristics.11 We computed the slopes by using a lea
square method. This estimation would give the correct
temperature only if the ion distribution on the wall were
half-Maxwellian with no shift, which is clearly not the cas

c-

FIG. 5. PIC~1!, Vlasov~solid line! and analytical model~dotted line! RFA
characteristics.~Current normalized ton0ce , t52 andU051.)
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1811Phys. Plasmas, Vol. 9, No. 5, May 2002 Kinetic simulations of ion temperature measurements . . .
as shown in Fig. 3. The kinetic modifications can be sign
cant, so it is not surprising that the measured value is
equal to the equilibrium plasma temperatureTi0 . However,
by means of measures on both sides of the analyzer, a
will explain, a more accurate estimation can be obtained.
most characteristics are not linear on their upper part
very small currents are not experimentally measurable,
need to restrict the range of data to attempt to simulate w
one can really measure. On the other hand, such range
be sufficiently wide to have enough data to compute ac
rately the slope. We have used a standard procedure, w
corresponds to a good compromise for all values oft and
U0 , by fitting the numerical values for which the logarith
of the current is included between ln(uJmaxu)21 and
ln(uJmaxu)24, whereJmax is the current collected forfS50.
The analytical model gives, by usingf a in Eq. ~14!,

uJC,au5
U0

2 H erfS U0

A2t
7AfS

t D 61J
1A t

2p
expS 2

~A2fS7U0!2

2t D , ~15!

where upper and lower signs refer, respectively, to upstre
and downstream cases and erf is the error function. In Fig
both the analytical and the numerical characteristics
shifted by the constant valuefd . On the downstream side
the analytical curve does not fit well the numerical da
However, we are only interested in the slope of its line
part. The RFA temperature as a function of the retard
potentialfS can be defined as the inverse of the local slo
of the curve:

TRFA~fS![2S ] lnuJCu
]fS

D 21

. ~16!

The analytical model gives

TRFA,a~fS!5t6U0Apt

2 H erfS 6U0

A2t
2AfS

t D 11J
3expS ~A2fS7U0!2

2t D . ~17!

The first term in Eq.~17! corresponds to the result obtaine
by Pitts11 with a nonshifted half-Maxwellian distribution an
coincides with the temperature in the plasma core. The
ond term is the correction due to the drift of the plasma a
vanishes forU050. It is positive on the upstream side an
negative on the downstream side. Therefore, one can ex
that the measured RFA temperature is larger than the rea
temperature on the upstream side, and lower on the do
stream side. AsfS increases, the error function in Eq.~17!
tends to21 faster than the exponential function grows. Th
the analytical RFA temperature remains finite and tendst
as fS becomes larger@an asymptotic expansion to the fir
order givesTRFA,a(fS→`)}t6U0t/(2fS)1/2]. However,
since for large values of the potential the current is rat
small, this limit is not interesting from an experimental po
of view. A Taylor series of Eq.~17! with respect to the vari-
able U0 , shows that odd terms in the expansion for t
Downloaded 24 Apr 2002 to 193.50.41.42. Redistribution subject to AIP
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downstream case are opposite in sign to the odd terms fo
upstream case. Thus, the average RFA temperature

T̄RFA[
TRFA,up1TRFA,down

2
~18!

is equal tot to the second order in the expansion. Therefo
even if the RFA temperature on each side of the analyze
not equal to the one in the plasma, we can expect that
estimation from Eq.~18! gives accurate results as long as t
plasma drift is not too important.

For the sake of comparison with the numerical resu
we estimated the analytical RFA temperature within the sa
current interval, i.e., ln(uJmaxu)21.ln Jc,a.ln(uJmaxu)24. As
TRFA,a does not depend onJc,a but rather onfS , the corre-
sponding retarding potential interval (fS1,fS,fS4), for
each set of values oft and U0 , is found numerically by
means of a dichotomy method. ThenTRFA,a is averaged be-
tweenfS1 andfS4 :

TRFA,a5
1

fS42fS1
E

fS1

fS4
TRFA,a~fS!dfS . ~19!

Table II gives the comparison between RFA tempe
tures obtained by different methods. As the RFA temperat
is estimated within a current range, the scan of the ion d
tribution function is restricted within an energetic range~too
low or too high energy ions in the distribution are not tak
into account!. The RFA temperature, then, corresponds to
temperature of a Maxwellian distribution that best fits the i
distribution within this energetic range. The ion distributio
analyzed are not Maxwellian, so that this is not a measur
the standard deviation as given by the kinetic temperat
which explains why the RFA temperatures are different fro
those shown in Table I. Average RFA temperatures are eq
to t ~the plasma temperature! with a relative error lower than
3%.

B. Drift and ion temperature effects

Keeping the procedure presented in Sec. III A, we n
investigate a larger range of the plasma parameters:t vary-
ing from 0.1 to 5, andU0 varying from zero tocS , wherecS

is the acoustic velocity with isothermal ionscS5ce(1
1t)1/2.

The agreement between PIC and Vlasov–Eulerian
sults was verified for each set of values (t,U0). The physical
correctness of the results was checked in two ways. Firs
few runs with zero electric field were performed to compa
with the analytic solution, and excellent agreement w
found. Second, fluid moments of the ion distribution provi

TABLE II. Downstream, upstream and average RFA temperatures~normal-
ized toTe ; t52 andU051).

t52, U051 TRFA,down TRFA,up T̄RFA

PIC 1.52 2.58 2.05
Vlasov 1.51 2.58 2.05
Analytical 1.50 2.62 2.06
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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a simple test to confirm the validity of the numerical resu
Integration of the Vlasov equation~6!, with respect tov, and
using the definitions of Eq.~11!, gives at equilibrium
(] f i /]t50)

]Ji

]x
512ni . ~20!

Typically, in our simulations, Eq.~20! is verified with an
error below 0.4%.

In Fig. 6, the ratio of upstream-to-downstream collec
current ~for fS50) is plotted versus the Mach numb
~equal to the drift velocity normalized to the acoustic velo
ity cS) and for different values of the parametert ~from 0.1
to 5!. As both numerical methods give very similar resul
only those from the Vlasov–Eulerian computations are p
sented. For eacht, the current ratio curves are remarkab
straight on a semi-logarithm scale, as it was pointed out
Chung and Hutchinson.27 By expressing the plasma dri
speed in units ofcS instead ofce , all current ratio curves
have almost the same slope. Therefore, this kind of plot
be used to calibrate Mach probes,26,36as the value oft is not
required to estimate the dimensionless Mach number.
upstream-to-downstream RFA temperature ratio a
upstream-to-downstream difference potentialDf, plotted
versus the plasma drift speedU0 , also yield relatively
straight lines~see Fig. 7! for t>1. It appears that bothDf
and the RFA temperature ratio increase withU0 and decrease
with t. The dependence onU0 can be expressed as

JC,up~f50!

JC,down~f50!
5exp~KJ~t!U0!,

TRFA,up

TRFA,down
5exp~KT~t!U0!, Df5Kf~t!U0 , ~21!

whereKJ(t), KT(t) and Kf(t) are computed with a leas
square method to fit the curves of Figs. 6 and 7. The dep
dence of such quantities ont is shown in Fig. 8.

For cold ions~t50.1 or 0.2!, the semi-logarithm plots o
RFA temperature ratio versus the plasma drift speedU0 are
not linear. For these values oft, the second equality of Eq
~21! is not a good approximation. This fact is illustrated
Fig. 9, which shows the numerical and analytical RFA te
peratures@computed from Eq.~16!# versus the retarding po
tential, on the downstream case forU050.5 andt ranging

FIG. 6. Upstream-to-downstream current ratio~for fS50) from Vlasov
numerical simulations.t50.1, 0.2, 0.5, 1, 2, 3.5, and 5. The dotted line is t
kinetic model of Chung and Hutchinson.The Mach number is equal to
drift velocity normalized tocS .
Downloaded 24 Apr 2002 to 193.50.41.42. Redistribution subject to AIP
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from 0.1 to 2. As it was mentioned in Sec. III A:~i! a non-
shifted Maxwellian distribution (U050) would give@see Eq.
~17!# TRFA(fS)5t ;fS ; ~ii ! by taking into account the shift
downstream RFA temperatures are lower than the co
sponding values oft ; ~iii ! RFA characteristics are not linea
on their upper part~see Fig. 5!, and thereforeTRFA(fS) is not
a significant quantity for small values of the retarding pote
tial. Figure 9 shows that for cold ions it is less justified
deduce one single value of the RFA temperature from
RFA characteristic, as the latter is constant only in a narr
interval of the potentialfS . Since the analytical model ne
glects the presheath electric field, leading to a trunca
Maxwellian distribution on the analyzer@see Eq.~13!#, one
can see qualitatively the differences due to the electric fi
on the kinetic distribution. Fort,1 and ast decreases, elec
tric effects become larger, and the numerical curves of Fig
are farther from the analytical ones. Therefore, deducing

e

FIG. 7. Upstream-to-downstream RFA temperature ratio and difference
tential Df from Vlasov numerical simulations.t50.1, 0.2, 0.5, 1, 2, 3.5,
and 5.

FIG. 8. Fitting factorsKJ , KT , and Kf ~expressed in unit ofce
21) as a

function of t.
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plasma temperature from the RFA one is less accurate s
the correlation between the ion distributions at the plas
boundary and on the analyzer is less clear. Moreover,
each value oft, the RFA temperature was estimated within
current interval compatible with the restrictions presented
Sec. III A. These intervals are delimited by the thick vertic
segments on each numerical curve of Fig. 9. One can see
they are less and less appropriate ast decreases, since the
do not correspond to the intervals whereTRFA(fS) is con-
stant.

From Eq. ~18!, the average RFA temperatureT̄RFA is
plotted, in Fig. 10, versus the plasma drift speedU0 . Ac-
cording to Sect. III A, the average temperature compu
from the analytical model gives a good estimation of the

FIG. 9. Numerical~solid line! and analytical~dotted line! RFA temperature
as a function of the retarding potential, on the downstream case forU0

50.5 andt50.1, 0.2, 0.5, 1, and 2. The thick vertical segments delimit
intervals where the RFA temperatures were estimated.

FIG. 10. Numerical~solid line! and analytical~dotted line! average RFA
temperatures~normalized toTe), for t50.1, 0.5, 1, 2, 3.5, and 5.
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plasma temperaturet as long asU0 is not too large~typically
U0<1). Except for cold ion plasmas (t,1), the average
RFA temperature obtained from the simulations rema
close tot even for greater drift velocities; fort51, 2, 3.5 and
5, the relative differences betweenT̄RFA andt, are below 6%,
3%, 1.5% and 1%, respectively. For lower values oft, due to
the problems described above, the ion temperature est
tion is less accurate, although it remains roughly correct
contrast, temperature estimations obtained from a sin
measure on either side of the RFA are far less accurate~see,
for example, Table II!. Therefore, the averaging procedure
Eq. ~18! constitutes a reliable technique to deduce the
temperature from RFA measurements.

IV. CONCLUSION

The behavior of the presheath surrounding a RFA a
lyzer has been studied by means of theoretical analysis
numerical simulations of a kinetic model. The model inco
porates the effect of self-consistent electric fields, glo
plasma drifts, as well as cross-field diffusion across magn
field lines, and was first proposed by Chung a
Hutchinson27 in a seminal paper. We have used two differe
numerical methods, particle-in-cell and Vlasov–Euleria
which provides a reliable check for the results of the sim
lations. In addition, a simplified analytical model has be
derived, by neglecting the effect of the electric field in t
presheath.

In a tokamak environment, the ambient plasma far fro
the probe is characterized by a shifted Maxwellian distrib
tion, with a well-defined temperature and average drift v
locity. In the vicinity of the probe, the plasma is perturb
~mainly due to the shadowing effect induced by the pro
itself!, and its velocity distribution is no longer Maxwellian
The perturbation also depletes the ion density, and thus g
erates a self-consistent electric field. Our simulations h
shown clearly how the equilibrium Maxwellian gets distort
in the presheath, both on the upstream side~where velocities
are mainly directed toward the probe! and on the down-
stream side~where velocities are mainly directed opposite
the probe!. The two sides of the probe are not symmetr
Modifications of the ion distribution function are more si
nificant on the downstream side than on the upstream s
and consequently the density and electric potential drop
larger on the former than on the latter. Both PIC and Vlaso
Eulerian codes yielded very similar results for the fully se
consistent problem. Less obviously, the results from the a
lytical model ~which neglects the electric field! were also in
relatively good agreement with the simulations, except
very low ion-to-electron temperature ratios.~This is not a
severe limitation for measurements in SOL plasmas, as
ion temperature is generally believed to be close to or gre
than that of the electrons.1,6,10! It appears therefore that th
electric field plays only a secondary role in determining t
structure of the presheath, at least for warm-ion regimes
evant to SOL plasmas. The primary effect in shaping
presheath originates from the geometric shadowing indu
by the very presence of the probe.
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The main purpose of the RFA is to measure the ion te
perature. In experiments, this is done by plotting the curre
voltage characteristics on a logarithmic scale: the ion te
perature is then proportional to the inverse of the slope
this curve. This procedure, however, fails to incorporate
effect of the presheath on the ion velocity distribution, a
yields a value of the ion temperature that is different fro
the ‘‘real’’ value in the unperturbed plasma. The difference
particularly significant when the plasma flow is large, as
observed in our simulations. Further, the results are diffe
on each side of the probe: the measured temperature o
upstream side is larger than that on the downstream s
Nevertheless, we showed that an accurate estimation ca
obtained by taking the average of the temperatures meas
on each side of the probe. For ion temperatures relevan
tokamak SOL plasmas~i.e., Ti>Te), this averaging proce
dure yields the unperturbed ion temperature within an ac
racy of a few percent. For lower ion temperatures,
method is less accurate, although it still yields much be
results than a single measure on either side of the analy

Finally, other quantities than the ion temperature can
measured with RFAs. In particular, the analyzer can ac
Mach probe~see Fig. 6!, by setting the retarding potentia
fS to zero, and using a set of measures of the upstream
downstream collected currents to deduce the Mach num
~parallel drift speed normalized to the acoustic velocity!. In
order to complete the SOL plasma analysis, it would be
teresting to mount a RFA and a Langmuir probe tip on
same head. Both temperatures could thus be measured s
taneously, the electron temperature from the Langm
probe, and the ion temperature using the averaging proce
discussed in the previous paragraph and in Sec. IV B. T
would provide a value for the acoustic velocity and, by us
the measure of the Mach number as discussed above, w
yield the plasma drift velocity in dimensional units.
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