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Electric probe methods for diagnostics of plasmas are reviewed with emphasis on the link between
the appropriate probe theories and the instrumental design. The starting point is an elementary
discussion of the working principles and a discussion of the physical quantities that can be measured
by the probe method. This is followed by a systematic classification of the various regimes of probe
operation and a summary of theories and methods for measurements of charged particle
distributions. Application of a single probe and probe clusters for measurements of fluid observables
is discussed. Probe clusters permit both instantaneous and time-averaged measurements without
sweeping the probe voltage. Two classes of applications are presented as illustrations of the methods
reviewed. These are measurements of cross sections and collision frequghesesa electron
spectroscopy and measurements of fluctuations and anomalous transport in magnetized plasma.
© 2002 American Institute of Physic§DOI: 10.1063/1.1505099

I. INTRODUCTION review on this subject. We limit the class of plasmas to those
sufficiently cold that very small probes can survive for the
A plasma is a fully or partially ionized gas with practi- time required to perform the desired measurement. We also
cally equal densities of positive and negative chargedio not include measurement situations where the proximity
particle§ Diagnostics of plasmas fall roughly into three cat- of a nearby wall or large material object has to be taken into
egories: passive remote sensing, active noncontact methodgcount. This excludes flush mounted probes and probe ar-
and contact methods. Passive sensing of incoming radiatioys mounted on large surfaces facing the plasma. We also
is all that is available for plasma astrophysics studying thesxclude plasmas that require a theoretical framework for in-
Sun or plasma phenomena related to objects beyond the Sgerpretation of probe data which goes beyond what is de-
lar system. Active noncontact methods are widely applied t&cribed in Sec. Il of this article. This means that we will not
geophysical plasmas such as the ionosplieadar scatter- discuss probes for chemically reactive and dusty plasmas, or
ing) and to hot laboratory plasméscattering of electromag- for strongly magnetized, fully ionized plasma, which require
netic radiation or particle beamsContact methods are ap- modeling of viscous or anomalous transport processes for the
plied to interplanetary, magnetospheric and ionospherigalculation of the probe current. The latter excludes from this
plasmas, and to cold laboratory plasmas. Among the contagéview standard probe measurements in magnetic confine-
methods, electric probes are without doubt the most widelynent plasmas, because under these conditions the ion Lar-
used. Some of the techniques reviewed here can be appligdor radius is smaller than the probe dimension, and the
to in situ experiments in space plasmas, but the context iproper modeling of the ion transport remains a controversial
which they are discussed is limited to laboratory plasmas. issue which we have chosen not to deal with in this review.
Basically, the electric probe is a conducting object in-However, the review includes weakly magnetized plasma, in
serted into the plasma, and connected to the outside worlghe sense that the electrgbut not ion Larmor radius is
through some kind of electrical circuitry. Two requirementssmaller than the probe dimension. We will also deal with
need to be fulfilled in order to operate a probe successfullystrongly magnetized, weakly ionized plasma, since in this
First, the probe must be able to withstand the heat load frorgase the ion transport is dominated by ion-neutral collisions,
the plasma without being severely damaged. This excludeshich can easily be modeled even for magnetized ions. This
the application of probes in the core of most magnetic conmeans that we include measurements in a large class of mag-
finement devices, and requires quite robust probe construtetized plasma devices constructed for plasma processing,
tions in intermediate dense and hot plasmas, such as in theasic plasma physics, and study of low frequency fluctua-
edge of such devices. Second, the probe should not pertuttons and anomalous transport in the edge of magnetic con-
the global state of the plasma, and this calls for a smalfinement plasmas.
probing object compared with typical plasma scale lengths.  Within our scope we will not consider all existing probe
The subject of electric probes in plasmas is huge andnodels but rather give basic ideas and provide corresponding
thousands of references on the subject can be found in theferences. It should also be emphasized that only a selection
literature. It is, therefore, necessary to limit the scope of anyf probe constructions and configurations of probe clusters
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FIG. 1. Typical probe constructions. Cylindrid@#), spherical(B), and flat R
(C) probes. Conductofl) and insulator(2).

found in the literature is described, focusing on a few appli-
cations. However, the probe constructions, as well as the
applications, are carefully selected to illustrate the power and
limitations of electric probe techniques.

B
il
FIG. 2. Probe measurement circuit. Pralig reference electrod@), volt-
age sourcéB), resistor R,).

Electric probes were first applied to plasmas by Lang-

muir and collaborator$” The operating principle is very istic may exhibit a “knee” because the potential changes

simple. An external electrical circuit allows variation of the . .
: character from attracting ions and repelling electrons to re-
probe voltageV with respect to the plasma and to measure

the current—voltage characteristi¢v). It is also possible to pelling fons and attracting electrons. For positive voltage

. . >V, the probe only collects electrorithe electron satura-
measure the floating probe voltage. In this case the probe . sat : . .

. . . tion currentl ;™. In this article we use the convention of
is connected to ground through a very high resistance, so that . ..
: . plotting currentto the probe. Many recent authors have

| is practically zero. . . . )
. adopted this convention but up till the 1980s the opposite
A probe theory creates a connection between the mea- . .
convention of plotting currenfrom the probe was almost
sured probe currents and/or voltages and parameters of the .
; o universally used.
undisturbed plasma. Unfortunately, the simplicity of the op- - _ .
. . ) . The probd —V characteristic contains information about
erating scheme is not reflected by the appropriate theories fqr . o .
. ) . . Tluid observables as well as more detailed information about
most plasma regimes. Thus, the main purpose of this review P .
. : : X energy distributions of electrons and ions. One can extract
is to serve as a guide to find the appropriate theory for

a . o + . pE—
given set of experimental conditions and the optimal prob«s,?ensItles of electrons,, posmvena , and negatlve!a 1ons,
design. emperaturesaverage energie¢®f electronsT, and ionsT;,

Electric probes come in all sizes and shapes, but naverage frequencies of plasma particle collisiensand for

most common shapes are spheres, cylinders, and flat disks
(see Fig. 1 They are usually made out of materials like T, sat
molybdenum, tungsten, graphite and, for chemically active - I
plasmas, platinum and gold. The probe holder can be made i <
from glass, quartz, or ceramic materials. v
A simple probe circuit is presented in Fig. 2. The probe
(1) is given a voltagéd/, with respect to a reference electrode
(2). An anode may be taken as the reference electfode
discharge plasmas the voltage between the anode and the
plasma is usually less than the voltage between the cathode
and the plasma Often the reference electrode is the
grounded vessel wall. In electrode-free plasmas or in a
double-probe method another probe may be taken as the ref-
erence electrode. | 1 sat
A typical | -V characteristic of the probe is presented in k
Fig. 3. It can be divided into three distinct parts. For suffi-
ciently negative probe voltagevVkV,) the probe collects Probe voltage V
mainly positive ions, and the corresponding current is called
the ion saturation Currenfat. If V,<V<V, (the transition FIG. 3_. Genera_l form of the probe_charasgtterism;. is STte floating probe
part of the characteristiche probe collects ions and elec- pf’te"t'a"vpzo S the.p'asmadpf’te”“a"“ le”, 1i, andi;™are the e.'ecltr\(;rF"
trons, and forV:Vf, ion |i and electronle currents are electron saturation, ion, and ion saturation currents, respect|vey. or

<V, the probe collects the ion saturation current and\forV,, it collects
equal. ForV equal to the plasma potentidl, the character- the electron saturation current.

A. Basic principles of probe operation

Probe current
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particular probe constructions plasma flow velocitiEsand  study of a particular part of the article feels bewildered by
T; can be extracted from the transition part of the characterthe huge zoo of operating regimes and probe designs, should
istic and the other quantities basically from the saturatiorconsult this section to regain the motivation to read further.
currents. The transition part of the characteristic can also

provide the plasma potentlmp. Measurement o, by t.wo_ Il BASIC CONSIDERATIONS

probes yields one spatial component of the electric field.

Measurements of these fluid observables allow us to calcuA. Classification of probe operation regimes

late other important parameters, for instance anomalous

cross-field particle fluxes in a magnetized plasmas. measurements usually are of little value without a proper
~ Electron(EDF) and ion(IDF) velocity (energy distribu-  ne oy for thel -V probe characteristic. The theory is based
tion functions may be extracted only from the transition part,, e fact that the plasma shields any charged obféand

of the 1-V characteristic. This part contains information hence the perturbed plasma region is confined to the close
about the energy dependence of plasma particle collision frgjiqinity of the probe. Thus, thé—V characteristic contains

quenciesv, and reflection coefficients of electrons from jo mation about the unperturbed plasma bordering this per-
plasma bou?darleésurfaces of the probe and plasma con-y, heq yolume. By extracting this information one can obtain
tainey (see, for instance, Sec. VA the local parameters of the undisturbed plasma with spatial

~ Thus, thel -V probe characteristic allows us, in prin- 1ocojution defined by the size of the disturbed region.
ciple, to find most of the parameters for fluid or kinetic de- In its most fundamental form the probe problem consists

scription of the plasma. However, the practical feasibility of j¢ .o gistinct parts. First, the density and the velocity dis-

extracting undisturbed plasma parameters depends stronglyy,, ions of the charged particle species are assumed to be
on the plasma conditions and the probe construction. AS gnqyn and one attempts to calculate the/ characteristic
rule, itis possible to extract electron densily, temperature  y,, 51ing the equations of motion of all charged particles
(average energyTe, and plasma potentia¥,, for a wide  5yersing the perturbed region. This requires knowledge
range of plasma conditions. Electron egergy distributions caiy ¢ the self-consistent potential profile throughout the dis-
be measured for gas pressures up tOF® and magnetic y,ipeq region. Second, the inverse problem has to be solved,
fields up to a few tenths of Tsee Sec. lll A lon energy ;o - gensities and distribution functions should be derived
dlstrlbutlong,Ti a”‘_’ other parameters, however, can only D&y om the|—v characteristic. There are many works devoted
measured in special cases. to this very complicated problerfsee, for example, Refs. 9

Even though the electric probe method is as old as,,q 19 where the calculations have been made for some
plasma physics itself, the potential of the method has not yeﬁarticular cases.

been fully exploited. New probe theories and constructions

In Sec. | it was stressed that data from electric probe

However, the problem can be simplified for many cases

numerous reviews and monograghé’ In spite of this, in- (nonquasineutral sheath and quasineutral plasma
correct applications of electric probes are commonly found(presheath5‘1° In the sheath the electron and ion densities

in the literature. The_errors mamly arise from lack of aware-, o significantly different and it appears only if the potential
ness apout the.multltude of' regimes of probe operation a”ﬂiﬁerencev between probe and plasma is so large that a
the limits of validity of theories. The purpose of the presentgjgnificant fraction of the particles of the repelled species
review is mainly to give a systematic overview of these ré-yo\er reaches the probe. As a rule of the thumb this is the
gimes and to demonstrate_ how this can be_lmplemented N &se if|\V|> LT/e, whereT is the temperature of the repelled
broad range of probe designs and applications. particles anc is the proton charge 1.6 10°1°C). This is
the Bohm sheath criterioh? With this simplification the
self-consistent problem may be solved for the sheath and
presheath separately and the solutions are connected at the
Section Il contains a discussion of the assumptions uninterface between the two regions. The resulting probe char-
derlying the various probe theories, and of the validity of theacteristic depends on a set of parameters, which can be natu-
numerous idealizations made in interpreting probe data. Segally obtained from the equations describing plasma and
tion Il deals with the most detailed information that can besheatht?
obtained by electric probes, the charged particle energy dis- A completely general theory describing the collection of
tribution functions. Section IV treats spatially localized mea-charged particles by a probe does not exist. The appropriate
surements of instantaneous or time-averaged fluid variablegheory depends on the parameters of the plasma and the size
which have the advantage of being directly comparable wittand shape of the probe. In an unmagnetized plasma the fol-
results obtained from theoretical fluid descriptions of thelowing parameters constitute the basis of probe theories:
plasma equilibrium or of plasma fluctuations and turbulence.
In Sec. V we describe two groups of applications, each illus-l. Mean-free-path of electrons, N\, and ions, \;
trating the usefulness of the measurements described in Secs. The electron mean-free-paiy, is the average distance
ll'and IV. The various probe designs are described in thg,onveen collisions defined by
section where they first are discussed. Section VI contains
some rather philosophical remarks which puts the subject of Ne(v) =0 7o(0) = v 1
the review in a wider context. The reader, who during the € € ve(v) nsy(v)’

B. Outline of review

@
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where 7,(v) is the average intercollisional time, is the

frequency of electron collisions with neutrals and electrons,
Se(v) is the momentum transfer scattering cross section for
electrons,n is the density of the colliding particle species

(ions, neutrals or electropandv is the velocity of the elec-
tron. For ions, the subscriptshould be replaced by During
one collision the particle loses its directed velocity,

mean-free path is sometimes called momentum or directe

velocity relaxation length.

For calculations ol and\;, corresponding cross sec-
tions can be taken, for instance, from Refs. 27-32. For esti-
mation of the elastic electron-atomic collision frequency in

noble gases the expression

va(e)=vop(eleq)” (2

can be used Here, v, is in s, pis a gas pressure in Pa,
and ¢ is the electron energy in eV. For Hg=0, v,=1.88
X10's tPal, e,=21.2eV; for Ne y=1, py=2.1
x10's tPal, &,=16.7eV; for Ar y=3, »,=1.28
x1®s 1Pal, ¢;=11.2eV. The frequency of collisions of
an electron with energy with other electrons which have
Maxwellian distribution and temperatufe, is

=
5.17x 10%% \/%

n
Ved£)=1.54% 10—11;3%|n
e

.

wherevg.is in s %, n, is the density of electrons in T, T,
ande in ev?®

2. Electron energy relaxation length, N

&

Lett, be the time an electron needs to lose its energy in

collisional processesgenergy relaxation time If electron-

electron collisions are dominant, this requires only one col
lision, and the energy relaxation length corresponds to th
mean-free path. If elastic collisions with heavy particles of

mass m, dominate, a large number of collisior(s-1/6,
where §=2m./m,, and m, is the electron magsare re-

quired for energy relaxation, and the characteristic length hic

particle diffuses during the time, is the energy relaxation
length®*

\,=2\Ddt,, (4)

whereD=\v/3 is the electron diffusion coefficient. If the

electrons lose their energies due to electron—electron colli-

so the

Demidov, Ratynskaia, and Rypdal

3. Characteristic probe dimension, d

This is a length(sometimes called the diffusion length
which depends on the size and geometry of the probe. If
compared with the mean-free-path this parameter allows us
to distinguish collisionless d<\.;) and diffusive @
>\ ;) regimes. The diffusion length can be calculated by
%pplying methods developed for solving the diffusion
equatiort® The stationary problem reduces to the Laplace
equation (if the plasma is unmagnetizgdwhich explains
why the solution depends only on geometry, and not on the
specific diffusion coefficient. The diffusion length is a char-
acteristic length for the decay of this solution. For instance,
d=~R for a sphericald~R In[7L/(4R)] for a cylindrical, and

d=~ 7R/4 for a disk probe, respectively. HeR,is the probe
radius andL is the length of the cylindrical probe.

4. Sheath thickness, h

In the literature one can find various calculations of the
sheath thickness®%1%37=3The fundamental parameter is
the Debye lengtf?

1/2

R— 1 TeT; ©
O amng | Ter T

but in generah can be much larger thaRy . The thickness
of a collisionless plane sheath can be estimatédl as

D Te

and if e|V|>T, thenh>Rp . The same formula can be used

)

for calculation ofh for a thin (compared to the probe dimen-

gion) nonplane sheath. Calculationstofor a thick collision-

less sheath in a plasma with a non-Maxwellian EDF is given,

for instance, in Ref. 39.

In practice, it is more convenient to express the sheath
kness via directly measured quantities such as the probe
current and probe voltage. Thus, f@V|>T./e Eq. (7) can

be rewritten as

o ( 2 )1/4 V3/4
“lem) am.

®

sions and elastic and inelastic electron-atomic collisionsyhereh, , is the electron(positive probe voltageand ion

therf!3°

)\SNZ\/D_6(V86+ Svatv*) 05 (5)

wherev* is the inelastic electron-atomic collision frequency.

(negative probe voltagesheath thickness, respectively. Here,
m; is the ion mass ang,; are the electron and ion current
density.

The thickness of a collisional electron or ion sheath for a

For the case of atomic gases and weakly ionized plasmaylindrical probe can be calculated*as

where the condition,, v* <v, is satisfiedi.e., the electron

loses its energy mostly due to electron-atomic elastic colli-

sions, we havex ,~\./\/8~100\,. It means that for elec-

trons energy relaxation is much slower than momentum re-

laxation, and it occurs on a much larger length scele

>\.. Note that for ions the energy relaxation length is equal

AeiLvZ |0

el
VTeime, Rl

HereVisinV, | isin A, mg; is in amu, andT; is in eV.
For eEN;>T; ions have anomalous drift inside the

(©)

he,i=0.00132<

to the mean-free path. The energy relaxation length is theheath, i.e., the ion drift velocity is proportional t¢E,
basis of the nonlocal approach that will be discussed at theshereE is electric field. In this case, radiys=R+h; of a

end of this subsection.

collisional ion sheath for a cylindrical probe is giverfas
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TABLE I. The main regimes for electrons in a weakly ionized unmagnetizedit can be done by choosing appropriate probe shape, size, and

plasma. For a magnetized plasma, parallel or perpendicular paramete(m magnetized plasn)a)rientation. The essence of the fol-
should be compared, respectively.

lowing classification scheme is taken from Refs. 10 and 21.

Regime Subregime In the absence of magnetic field, the main regimes for
| Collisionless (a) Orbital limited thick sheath electron grobg Curﬁm in a weakly ionized plasma may be
\d+h N>\ >h>d presented as in Table . o .
(b) Conventional thin sheath For electrons in a fully ionized plasma, and for ions,
A, S>\S>d>h regime Il (nonloca) does not exist. In this case there are
I Nonlocal (a) Collisional thick sheath regimes | {¢;>h>d, and A;>d>h) and Il (h>\g;
A>d+h>), A>h>Ae>d >d, h>d>\,;, d>h>\,;, andd>\,;>h) only. Note,
(b) Collisional thick sheath ' A . J .
(large probg that the electrons and ions can be in different regimes at the
A >hsd>\, same plasma conditions, as#\;. They can also be in
() Collisional thin sheath different regimes depending on the probe voltage, because
A >d>h>\, the sheath thickneds depends on both magnitude and sign
(d) Collisionless thin sheath - :
\ > dosh of probe voltage. As discussed above, in the case of a mag-
" Hydrodynamic (a) Collisional thick sheath netlzec_i plasma the gbove classifications are valid if we com-
(local) (small probe pare either perpendicular or parallel lengths.
d+h>x\, h>\, >\ >d For more complicated plasmaéflowing, turbulent,
(b) Collisional thick sheath chemically active, etg.other characteristic lengths, have
(?]'luf": d‘;c}’\be to be introduced. For instance, a characteristic length of ion-
(©) Collisional thick sheath ization or recombination for ions can be definedas
hs>d>\, >\,
(d) Collisional thin sheath Te| 1°°
d>h>N, >\, Aen=| Dj 1+? Teh|
(e) Collisional thin sheath I
(large probe . . . . . .
d>\,>h>\, whereD; is the ion diffusion coefficient andy, is a charac-
(f) Collisionless thin sheath teristic time of the reaction. For ionization,=(n,3;) *
d>A>Ne>h (B is the coefficient of ionizatiorm, is density of neutrals
for recombinationrg,=(n.B,) " * (B; is the coefficient of
recombination In the presence of plasma turbulence, the
9.2x1074(|V[3\; |\ ¥° characteristic length of fluctuations; can be defined as
pi=R(1+0)(1+0.050); a=—F ( iZm ) : N/ (27), where)y, is the turbulent wave length. Then, if
|

\>d+h, the influence of these processes on the probe cur-

(10 rent can be neglected although the global plasma properties

HereVisinV, j; isin A/m% \; andRare in m, andn; isin  can be determined by them. In the opposite case the current
amu. collection can be governed by turbulence, chemical reac-
The presence of a magnetic field introduces anisotropyions, etc., which is beyond the scope of this review.
in the plasma making the theoretical description of probes In practice, however, it is not always possible to calcu-
more complicated. In a magnetized plasma electRpg,and  late or measura,. In some cases it is possible to test ex-
ion, Ry; Larmor radii are important. It should be taken into perimentally whether the current collection is governed by
account that the above parameters are different parallel arglich mechanisms. Examples of some methods are mentioned
perpendicular to the field. Deﬁn@e'i=\/1+xez,i and X j at the end of Sec. IVC.
=Nei/RieLi- Then we havehgjj=Nei, Ngi=Ns, Neiy As an illustration, we estimate the essential plasma pa-
=Nei/Mei» Mot =No /76, anddg i, =dei /7. Inthis  rameters for a weakly ionized neon plasma and indicate the
case the characteristic probe dimensialiffusion length appropriate probe operation reginfésin this case A,
de i, depends not only on probe geometry, but also on cer=0.17p, \;=0.006p, \.=24/p (for elastic electron-atomic
tain plasma parameters and the probe orientation with resollisions, \,=2.6fp (for inelastic electron-atomic colli-
spect to the magnetic field. Since all lengths are multipliecsiony, R =3.4x10 ®/e/B, and R;;=6.5x10 *\¢/B.
by the factorrn, ; when comparing parallel and perpendicular Here, gas pressugis in Pa, lengths in mg in eV, andB in
lengths, we can use either parallel or perpendicular length$. Then, in the absence of a magnetic field, for a probe with
when defining different probe operation regimes for magneR=0.1 mm, andp<30 Pa, ions are in the collisionless re-
tized plasmagsee Table )l In general, the modeling of the gime and forp>100 Pa they are in the hydrodynamic re-
sheath structure in the presence of a magnetic field is a congime. Electrons are in the collisionless regime [f
plicated task? <800Pa. If p>40000Pa, electrons are in the hydrody-
With respect to the parameters listed above, it is possibleamic regime. In the intermediate pressure range (3qD0
to indicate a set of asymptotic regimes of probe operation<15000 Pa) electrons are in the nonlocal regime. Thus, for
where the construction of an analytical model for the probeelectrons the hydrodynamic regime is valid for pressures of
characteristic is more feasible. It is desirable to conduct measrder of atmospheric while for ions it is valid for pressures
surements in one of these asymptotic regimes and sometimézree orders less than atmospheric. In neon the electrons have
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Nen> N, and ionization and recombination are not importanﬂOSS of information about how the distribution depends on

for probe current collection in the collisionless and nonlocalspatial coordinates.

regimes. By applying these ideas to probes in plasmas we note
For magnetized plasma and magnetic field weaker thaihat the inhomogeneity scale length=d+h is that intro-

B<0.004 T electrons with energy 16 eV will be in the colli- duced by the probe. Nonlocality correspondsitoh<\, .

sionless regime (for a probe perpendicular to the magnetic

field). For 0.04<B<0.4T they will be in the nonlocal re-

gime Il. B. Basic models for the probe operation regimes

First, we will discuss briefly the main models for each
5. Local and nonlocal concepts regime in the absence of a magnetic field. For the collision-

N . _less regime the charged particle motion through the
The kinetic description of plasma depends on the ratig, ggheath is ballistic. Caséal of Table | (orbital motion

betwgen the plasma inhomogeneity scélean(_j €nergy e~ imit) has been investigated by Mott-Smith and Langmuir.
laxation lengthA,. The nonlocal approach is particularly For instance, for a cylindrical probe, it has been shown that

important fori the. study O,f thazEDF which is a solution to thefor Maxwellian distributions and attracted particles the probe
Boltzmann kinetic equatioff’ current density is

For the details of the nonlocal approach the reader is

referred to the review¥:“® Below we briefly describe the _ eNe; 2 eV elV|
main idea. lieil=—3 W NT e T
. . a e, e,
If £L>\,, alocal approach is appropriate. The local ap-
proach assumes that spatial derivative can be ignored when elV|
solving the Boltzmann equation. The energy gain from the X|1—erf T (11)

electric field is, therefordpcally balanced by energy loss in _
elastic and inelastic collisions with neutral particles. In thisHere,V is the probe potential angl, ;= y8T, i /7Me ;. This
case, the EDF is determined by the local parameters. Th@xpression gives the upper limit for the probe current in the
argument of the local EDF is the speear kinetic energye.  collisionless regime, as potential barriers arising in the probe
The distribution ofng(r) and the radial electric field are disturbed region can only reduce currents. The domain of
determined by the solution of the ambipolar diffusion Validity of the orbital motion limit regime for cylindrical
equatior?®4® probes has been investigated in Refs. 46 and 47.

The nonlocal approximation is applicable in the opposite The cases of attracted electrons and ions in the regime
caseL<\,, i.e., if electron diffusion in configuration space (b) and transition conditions betweefial and (b) have
is much faster than the energy change due to collisions. Theen considered ifr.***¢~>% aframboisé® carried out exten-

nonlocal kinetics implies that spatial derivatives must be reSive numerical computations of ion and electron collections
tained in the Boltzmann equation. for the collisionless regime. Several approximate fits to his

. . . .. 6-59
As discussed above, in elastic collisions an electrorfesults have been mad@2®~>°For e|V|/T,>1 and T; /T,

changes direction of motion but does not significantly<<1 the collected ion current has a simple form
change kinetic energy. Inelastic collisions are rare compared T
li=ceny\/—

1

S (12

to elastic ones since the inequality <v, holds for most
gases. Since the spatial displacement of electrons in this case
is much faster than the energy gain and losses, the wholehereS; is a probe are® For the case of thin sheath
volume (the volume defined by the inhomogeneity scdle  =0.4 [regime [b)]. For thicker sheathfransition from re-
available for electrons contributes to the EDF formation. gime I(b) to I(a)] c increases towards a number in excess of
Given that the total energgkinetic plus potentialis ap- 1.0
proximately conserved during the motion, it is useful to in- A cross check of the models discussed above and com-
clude the quasistationary field in the total enerd¥=e parison with results from alternative diagnostinscrowave,
—e¢ and to consider the EDF as a function &) rather  Druyvesteyn methodsave lead to estimates of the limits of
than of (,r). Here, ¢ is the plasma potential. For the same their validity (see, for example, Refs. 60-63 parametri-
reason, the energy distribution at a certain point of space igation and iteration scheme permitting rapid analysis of
determined by not only plasma parameters at this point byprobe data was provided in Ref. 60.
also by parameters of the remaining plasma, i.e., the energy The case of repulsed particles in the collisionless regime
distribution function at given point contains information will be considered in detail in Sec. Ill A. In the regiméb)
about the energy distribution at any point within distance charged particles reach the probe surface conserving their
(information about the directed part of distribution is lost dueenergies and momentum. Therefore, in that case, it is pos-
to collisions. In the nonlocal case the EDF cannot be repre-sible to measure velocity and energy distributions in isotro-
sented as product of a function of the coordinates and a fungic and anisotropic plasmas. In cage)lit is possible to
tion of the velocity. measure energy distributions only in isotropic plasma. In an-
Neglecting possible nonlocality of the distribution isotropic plasma a spherical probe for the case of the
causes not only quantitative but also qualitative errors, sincepherical-symmetric sheath can also provide such measure-
application of the local approach for tife<\, case leads to ments. In regime | distribution functions are proportional to
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the second derivatives of electron or ion probe currents with
respect to the probe voltag#l.;/dV? [Druyvesteyn Eq.
(27)64]. Ion ellipsoid
. Electron B
To our knowledge, the nonlocal regime for attracted [ Probe e
electrons has not yet been investigated. In isotropic plasmas, ellipsoid
case I(d) for repelled electrons was investigated in Ref. 43.
In this approach the Boltzmann kinetic equatioeduced to
a diffusion equationwas solvedsee Sec. Il A for details
The solution yields the electron energy distribution, beingF!G. 4. Regions from which electron@lectron ellipsoidi and ions (ion
proportional to the first derivative of the electron Currentelllpsmd} are drawn to the probe. B is the direction of the magnetic field.
dl./dV. This is also valid for subregimeg®) and(c) of the
case Il since the model depends weakly on the sheatshowr that unmagnetized theory is valid f& . >L if the
thickness’* However, for subregime (& the Druyvesteyn probe is oriented parallel to the magnetic field, and for
Eq. (27) should be used. Rei>RIn(L/R) if the probe is oriented perpendicular to the
In experiments it is always possible to change the probdield.
radius and thus to choose between regimes | and Il. Never- The condition for nonlocal regime in magnetized plasma
theless, it is useful to develop a theory, which covers boths A\, >d, +h>R|.. The regime for repelled electrons has
regimes, the so-called kinetic theory. Such a model allows &een investigated in Ref. 43. The transition between colli-
study of the transition between diffusive and collisionlesssionless and nonlocal regimes has been examined in Refs.
particle motion and gives more exact conditions for their21, 68, and 7Qsee, Sec. Il A
validity.?136:6>5¢The first attempt to take into account colli- Hydrodynamic models for electron current in magne-
sions for regime | was made by SwiftLater a more general tized plasma give similar results for both weakly
theory of electron sink to the probe has been developed ionized**">~"" and fully ionized®**"378 plasmas if the
Ref. 68. The theory gives results which are very similar toprobe is smalf By small we mean probes with size perpen-
the more exact model based on a solution of the kinetidicular to the magnetic field comparable to the ion gyro ra-
equationt6%.70 dius. These models describe the electron collection as a dif-
In the hydrodynamic regime particle collection is de- fusion process with classi¢a**">’ or anomalou¥’®
scribed by transport equations for which the informationdiffusion coefficients. In Ref. 79 the model for current was
about the energy distributions is lost completely. This givesbased on rigorous and complicated kinetic description which
an upper limit on gas pressure for which the EDF and IDHed to the discovery of so-called potential overshoot, a non-
measurements can be performed. In this regime it is onlynonotonic potential profile near the probe. This effect was
possible to measure fluid observablesee, for example, introduced heuristicallywith reference to Ref. 79in the
Refs. 10, 14, 16, 19, and R4Note that); is usually much  hydrodynamic models mentioned above. Models for the ions
less tham\ ., hence electrons may be in the collisionless orin the hydrodynamic regime in weakly ionized magnetized
nonlocal regime while ions are hydrodynamic. An exampleplasma are similar to those for electrons, i.e., are governed
of such a caséor the EDF of an arbitrary forinwas studied by diffusion®475~77
in Refs. 10, 37, and 71, where the following formula con-  There are situations in magnetized plasma where trans-
necting certain plasma parameters and the ion current to port processes due to other mechanisms than clagsichal
cylindrical probe was derived: lisional) particle diffusion should be taken into account.
R L Some authors include the energy equation in the hydrody-
Ne(T;+7700e))=1.3x 10t"— JmTij In(—). (13)  namic models, giving importance to temperature gradients
Ai 4pi near the probé&* Other transport processes considered are
Here(g) is the mean kinetic energyn eV) of the electrons  transverse conductivity due to ion inertia, ion viscoft§,**
in the undisturbed plasma with the density, T; is ion ~and anomalous diffusion and viscosify!®®***As men-
temperature given in Kelvim, in m~3, m; in amu, andj; in  tioned in Sec. |, probe methods based on hydrodynamic theo-

A/m?. The radius of the sheaf} can be found, for instance, fies that require the inclusion of these more subtle transport

from formulas given in Sec. Il A. processes, will not be reviewed systematically in this article.
A detailed description of hydrodynamic models can be ~ As an illustration, let us consider the diffusion model for
found in Ref. 24. weakly ionized magnetized plasrfaThe model is valid for

In the magnetized plasma, despite numerous theoretic& parallel oriented cylindrical probe satisfying the conditions
and experimental studies, the theory of the probes is still faRLe;<R and
from complete’>~"*Below we review the main theories de- L
veloped for those regimes that fall within the scope of this 2—< R<—F——p5.

. . . . Xe 2(1+X' )

article (see discussion in Sed. | I

In the case of\o;<R|; the magnetic field has weak In this regime, the plasma density is disturbed by the probe
influence on the charged particle motion. Ry>R, hand in an ellipsoid with semi-axedR,Rx,) (electron ellipsoidlin
regime (@) the effect of magnetic field for attracted electronselectron saturation and in an ellipsoid with semi-axes
is negligible and the orbital motion limit theory can be [L/(2(1+xi2)1/2),L/2] (ion ellipsoid in ion saturation. A
applied?® For repelled particles in regime | it has been sketch of these ellipsoids are shown in Fig. 4. Both ion and

(14)
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electron saturation currents are governed by classical diffulow we discuss a few common errors and how they can be
sion, and according to Ref. 77 the ion saturation current is remedied. More detailed discussion of errors associated with
articular probe techniques will be given in those sections

L Bmen(l+TJTID(¥*-1¥ R b P a g

= ) where the techniques are described.
R R e R T R W )

(19

Here D; is ion diffusion coefficient(along the magnetic
field), n. is the unperturbed plasma density, and
=L/[2R(1+xi2)1’2]. The electron current is the Bohm satu- All probes are mechanically attached to an insulating
ration current’ probe holder, with the exception of the case when the probe
_ NT is a part of the vessel wall. The area of the holder surface
Ameng(1+Ti /Te)Dei_XzeT/(zl ve) (16) may be much larger than the area of the probe, hence it can
arctatl—y, ) influence the plasma much more than the probe tip itself.
Here, D, is the electron diffusion coefficient perpendicular 1herefore, the holder design should be chosen to minimize
to the magnetic field andy,=L/(2Rx,). In the limit L the perturbation of the local plasma properties and probe

1. Influence of probe holder

|saL_
o=

<Rx, andT;<T, this equation takes the simple form measurem_ents. Figures show_ing examples of bac_i and good
probe designs can be found in Ref. 17. Holder dimensions
|sat _ 8ncRT, (17) smaller tham\; provide the least plasma distortion.
€ B In a magnetized plasma the orientation of the holder

plays an important role. To avoid shadowing effects it is
advisable to orient the probe holder perpendicular to the

sition part of the characteristic is similar to other diffusive o . . .
modelst® 3 This is done by relating the potential overshdot magnetic field lines. To orient both probe tip and probe
holder parallel to the field is not recommended.

in the sheath to the particle fluxes to the probe from the In aeneral. for estimating the influen f the holder
plasma. Defining3 as the the ion current normalized by the . general, for estimating the infiuence ot the holder a
kinetic equation for plasma with a new boundary must be

ion saturation current,; =817, we can findg (for a thin . :
sheath as a function of probe voltagé from the expression solved. Unfortunately, it can be done only for special cases.
For example, in Ref. 86 an estimate of the distortion of elec-

2menR Lﬁ_iﬁ(l—ﬁ) tron density by holders in unmagnetized plasma is provided.
Bl +Teln(1-4), (18 In this work simple holder geometry and a diffusive regime
I

_ . for electrons were assumed.
whereR;; is the average ion Larmor radius ang is the
average ion collision rateRv;~\T;/(2m;) for x;.<1 and
RLvi~\T;/(2m)/x; for x;>18° Similarly «, defined by
l=al®, can be found from the equation

whereB is the magnetic fiel8? The construction of the tran-

eV= Ti In

2. Influence of a dirty probe surface

= Impurities on the probe surface may contaminate the
menRv(a—1) . -
= —TiIn(1—a). (190 plasma. They can also provide favorable conditions for re-

ale flection and secondary emission of electrons from the probe
Equations(18) and (19) are solutions for the case of a thin surface, leading to distortion of the-V characteristié’
sheath, similar equations for the case of thickffusion) Note that the effects of secondary emission can be important
sheath can be found in Ref. 75. even for clean probe surface in plasmas Wit 15 eV 8889

If 2R> |_(1+Xi2)*1/2, the ion density is perturbed inside These effects become particularly important for measure-
the electron ellipsoid. The expression for the ion saturatioriments under complex plasma conditions. The growth of films
current will coincide with that for electror&q. (16)], where ~ on the probe surface in chemically active plasma can be an
the subscripte is replaced byi, and Eq.(18) is no longer illustration.
valid. Since the ion saturation current is very small compared ~The measurement of charged particle distributions is
to the electron saturation current, it is possible to describ¥ery sensitive to such effects®* Figure 5 presents the en-
almost the entire characteristic by H49).** ergetic part(9-13 eV} of the EDF measured by a molybde-
num probe in a neon afterglow plasiffaCurve 1 shows the
EDF measured by a probe which was cleaned by the ion
saturation current before the measurements. The maximum

A large number of nonideal effects may create errors iron the curve is due to the fast electrons born in pair colli-
probe measurements:}”?Each of them has to be exam- sions of metastable neon atoms. Curve 2 demonstrates the
ined carefully for particular plasma conditions and a givensame measurements conducted with a dirty probe. In this
experimental setup. Application of theories, which are in-case a spurious negative EDF was observed. Note that clean-
valid for the regime given by the plasma conditions and theng of the metallic probe by the electron saturation current
probe construction, is a common source of error. For in-might lead to significant errors in EDF measurements due to
stance, employment of models for unmagnetized plasma ihardening of the probe surface. Constructions of direct and
the presence of magnetic fields may yield significant errorsndirect heated probes can be found, for example, in Refs.
(one order of magnituden the density measuremeritsBe- ~ 92-94.

eV=—T.lIn

C. Sources of errors
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FIG. 5. Measured EDF in neon afterglow plasma with a molybdenum

probe, R=0.044 mm. Gas pressure was 130 Pa. “Clean” pr¢beand
“dirty” probe (2).

3. Uneven work function over the probe surface

Electric probes for plasmas 3417

broadening of the transition region and to an overestimate of
temperature if this region is used for this estimate. For large
negative potentials with respect to the plasma potential
(around the floating potentjathe characteristic is not dis-
turbed significantly and can more reliably be used to deter-
mine T.. The effect of plasma potential fluctuations can be
studied by introducing the fluctuating part of the potential
(for example, as a sine or square wavw&o an analytical
model for thel -V characteristic. Visual examples of such
modeling can be found in Refs. 15 and 102. To avoid distor-
tion of the characteristic in noisy or rf plasmas the interfering
ac voltage in the probe sheath must be eliminated by a com-
pensation circuit. Different methods, depending on the fre-
quency spectrum of the interfering voltage, are reviewed in
Refs. 15 and 17see, also Refs. 103-107

6. Influence of I , on the measurements of | ; and vice
versa

Plasma parameters can be extracted from elther I, .

The work function of the probe material can vary atonly the saturation parts of the characterigtitlarge nega-

different locations of its surface, for instance due to the poly+jye or positiveV

crystalline structure of the pro€° This might create an

p) are completely dominated by eithigror
l.. In the transition part of the characteristic the probe cur-

uncertainty in determination of the probe potential. Usuallyyent is the sum of the ion and electron compondntd
the difference does not exceed a few hundredth of eV. The.|.  Thys, if the transition part is employed for measure-

presence of such an effect will cause a broadening of theyents ofT,, T, and charged particle velocity distributions,

measured probe characteristic of the orded.1 eV. This

l. andl;, should be separated. The linear or power extrapo-

becomes an important effect when measuring very low eledation of the ion current is the simplest approach and often

tron or ion temperaturesT¢;<0.1eV), for example, in af-
terglow plasmas.

4. Finite resistance between reference electrode and
plasma

used in practice. In general, a particular model of ion current
for actual conditions may be applied for such an extrapola-
tion.

A theoretical investigation of the influence of the ion
probe current on the EDF measurements was carried out in

When we bias the probe we assume that the plasma pdefs. 108 and 109. In these works a collisionless th&ory
tential stays constant, i.e., it is not dependent on the magnwas applied. It has been shown, for example, that for a Max-
tude of the probe current. However, the plasma between theellian EDF the ion current does not perturb probe measure-
probe and the reference electrode can have a finite resistangents fore <6T,.

R,, and the voltage drof/r through the sheath of the ref-
erence electrode can depend on the probe culresgy Vg
=Vgrot Rgl. For this circuit the plasma potential in front of
the probe(relative to the potential of the reference prpke

An analogous calculation can be made for higher pres-
sure plasma wheh;<<d+h. In this case the ion probe cur-
rent can be calculated by applying formulas from Refs. 10
and 71. Such computations allow us to estimate the energy

V,=Vgo+ (R, +RRg)I. Care should be taken to reduce therange where the measurements of the EDF are reliable.

current dependent voltage droR{+ Rg)! to a level where it

The influence of the ion current increases with magnetic

can be neglected. Normally this can be done by miniaturizfield. This is due to the fact that the current ratigl; de-

ing the probe tip(reducingl) and employing a large refer-
ence electrodéreducingRR). In cases where this does not
work, for instance if the probe for some reason is large,

creases. That may lead, for instance, to the emergence of
additional false maxima of the measured EBfE.
a Measurements by probes of different radii may be very

small tracking electrode in vicinity of the probe can be useduseful with respect to improving accuraly.For the case

to monitor the dependence of the plasma potential Witt?®

5. Oscillations of the plasma potential

Distortion of the probe characteristiand its derivatives,
see Sec. Il due to plasma potential oscillation¥ () can
occur in noisy or rf exited plasmas. This is caused by th

\i<d+h it allows us to improve the measured EDF. In this
casel is independent of the probe radius. At the same time
I2 is proportional to the probe radius. Therefore, the subtrac-
tion of thel” measured by probes of different radii yields us
the reallg.71 Figure 6 represents the measurements of the
eEDF in Ne afterglow plasmas by probes of different radii.

nonlinear shape of the characteristic in the transition region.

Such distortions of the characteristic have been studied sin

the 19605/~ In noisy plasmas it is necessary to average

the characteristic over many sweeps in order to obtain
smooth curve. FoeV,=T, the averaging will lead to a
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) A. Measurements of EDF

\ A number of methods exist for measurement of the elec-

\ tron energy distribution function. It is possible to recover the

' EDF from optical emission spectf&!°12|n Ref. 122 an
optical probe has been proposed for such measurements. A
directional velocity analyzer has been suggested in Ref. 123
for the measurements of the anisotropic function. However,
the single electric probe is a widely used instrument for EDF
measurements.

108 evim3

EDF,

.2

1
.8
.6
.4
.2

0

Ak

> 7.5 10 12.5 15 17.5 20 1. Measurements of isotropic EDF
Electron energy, eV
FIG. 6. EDF in neon afterglow plasma. Curvés and (2) are the EDF In unmagnetized p!asma th(.a Conn.ec.tlon betwe.en the
calculated with Eq(27) from measured”. Curve(3) is the corrected EDF. EDF and probe current is simple in two limits; the collision-
Curves(1) and(2) are from the probes witlR=17.5 and 44um, respec- less regimé‘g’ll'lz'”'”'z“'zﬁnd the nonlocal regim@:“m a
tively. After Ref. 71. transition regime approximate solutiéh§®®exist and al-
low us to estimate errors of both limits. Measurements by a
nonspherical probe with different orientations permit confir-
mation of the isotropyor weak anisotropyof the EDF.

In a weakly magnetized plasma aR¢g.>L (for the par-
allel cylindrical probe or R >RIn(L/R) (for the perpen-
0 dicular probe the formulas for the collisionless regime are
Im(V)zf (V) AV —V)dV,=I1*A. (200 valid if A g>d.
* In a strongly magnetized plasma (>R>R,.) the
same approaches as for the nonlocal redifrecan be ap-
plied. In a magnetized plasma, approximate solutions for the
transition regimed, ~R,.) have also been develop&tf® 70
But not yet verified experimentally.

As the purpose of the probe measurement is to recover

e unperturbed distribution function, the connection be-

ween the distribution function on the probe surface and in
the undisturbed plasma must be found. This connection is
provided by solutions of the Boltzmann equafin

results of a measuremehy, (similar for I, andl;) is given
as the convolution of the trueand an instrumental function
A:

The true functiond, | andl” may be extracted frorh,, I/,
and!”, by solving Eq.(20)."*°In the presence df differ-
ent spurious effects, each described by an instrumental fun
tion Ay, k=1,...], the functiond= A;* A,x...x A, provides
the description of the total distortion of the measurement. At
large number of instrumental functions have been describe
in the literatureg:>290113.116.115ome grise from the finite
time of measurement$;'!8 others from reflection and sec-
ondary emission of electrons from the probe surf2c¢éand

a third category is due to oscillations of plasma potenffal. of e

Based on results of these works, the comparison between EJFV'VH e(E+VX B)-V,f=S (22)

m,
different methods of measurements of the EDF was made in
Ref. 116 In the region disturbed by the probe. HéVeis the gradient

in configuration spacey, in velocity spaceE and B are

low estimates of the overall accuracy of a given probe meaS'€ctric and magnetic fields, arglis a collision term. The
surement. The state of the art in EDF measurements is a fe{§€thod of solving this equation depends on the probe opera-

percent accuracy in the relative EDF and 10%—15% in thdlon regime. . . .
absolute values. a. Collisionless regimd\.>d+h for unmagnetized

plasma, and R.>L (parallel probe or R >R In L/R per-

pendicular probg for magnetized plasmaln this case there

are no collisions in the region disturbed by the probe, i.e.,
ll. MEASUREMENT OF CHARGED PARTICLE S=0 and Eq.(21) reduces to the Vlasov equatiahf/dt
DISTRIBUTIONS =0.2 This states that the distribution functigphase-space
pensity is conserved along its phase-space trajectory. Con-
fsider a phase-space point (vs), whererg is a point on the
probe surface andg is a velocity whose component along
the directional normal points into this surface. If the probe
surface is convex, and the potential is repulsive, the corre-
sponding phase-space trajectory can, in principle, be traced

sure(up to tens of thousands of Pand in magnetized plas- Sbackwards in time until it ends up in the undisturbed plasma.

mas. Information about the energy distribution of ions canLet us represent an arbitrary point on this trajectory in the

also be obtained in some cases. The results presented in trtljlgmsturbed plasma byr.v). The conservation of phase-

section are valid only for repulsive probe potential for the SPace density implies that
particle species under consideration. f(rg,vs)=f(r,v), (22

The instrumental functions can be measatéland al-

This section reviews methods for measurement o
charged particle velocity distributions. The state of the art o
this field is that it is possible to determine isotropic and
anisotropic electron velocity distribution functions in low-
pressure plasma@p to some hundreds of Pand also to
measure electron energy distribution functions at high pre
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wheref(r,v)d®rd®v denotes the number of particles in the
phase-space volum@®rd3v. If the velocity distribution in
the undisturbed plasma is isotropic and spatially homoge-
neous, the phase-space density depends only=e}v|, or
equivalently, on the kinetic energy=muv?/2. As discussed

in Sec. IlA, for d<\, the total energyW=ec—ep(r), is
approximately conserved along the trajectory through the
disturbed region. ThugV=¢e=e,—eV. Then the right-hand
side of Eq.(22) can be writterf(e;—eV), and by represent-
ing v, in terms of the kinetic energy, and two angle®s and 3.5 14 14.5 15 15.5 16 16.5 17
¢s, EQ.(22) can be written in the form Electron energy, ev

B U1 O

EDF, 10%evim™3
(98]

f(rg,e5,05,05)=f(eg—€V). (23 FIG. 7. EDF in energyfast par} in a helium low-pressuré27 P3 after-
glow plasma. Magnitude of current pulses is 0.2 A, repetition frequency is 2

Here, 6, is the angle betweew, and the directional normal kHz,ta=504s, R=0.044 mm and. =3 cm. Curve(1) is EDF obtained by
R pointing into the probe surface, angis the azimuthal Rfrg"sztfeﬂ?emc’d' Curv) is the same corrected by solving HGO).
angle around the axis along. T

For a convex probe surface the electron current density
can be expressed as This example illustrates the possibilities inherent in the
method. Probes allow us to conduct investigations of el-
ementary process&s'?%(see Sec. VA

b. Nonlocal regime, unmagnetized plasma,3d+h
i o >\,). Inthis case the electrons from the undisturbed plasma
where the integration is performed over the half-space fof, e {5 the probe in the diffusion regime conserving their
which ve-ng>0. Performing the integration in the polar co- 4,51 energyW but not the momentum. Since electrons un-
ordinates ¢s.,0s, ¢s), u?mngq.(ZS),_ and changing to the o146 many collisions before they reach the probe, the EDF
integration variableV=zmvs—eV, yields near the probe is weakly anisotropic, and hence the two term
expansion(stationary case

je:|je|:_eJ VS.ﬁSf(rSIVS)d3051 (24

) 2me (=

je=——7 | _(Wrevf(wdw, (25) .
eV f(v,r)y=fo(v,r)+ ;-fl(v,r)=fo(v,r)+f1(v,r)cosﬁ
known as the Langmuir formula. In the case of Maxwellian (28)

distribution function this equation takes the simple form
is valid?®4? Here r,v are coordinates in six-dimensional
je=engVTo/(2mmy)exp —eVIT,). (26)  phase space for the electrons;|v|, 9 is the angle between
v andf;, andf,(v)=|f|. It is important to note that the

Differentiating Eq.(25) twice we obtain the Druyvesteyn irection off,, and hence the anglé, depends on the speed

formula®* v,

It is easy to sho@ that the expansion coefficients and
f, are the isotropic and directional parts of the EDF, and
integrated over the velocity space these coefficients yield
éiensity and fluid velocityand thus currentrespectively. Let
us normalize the EDF by the electron density.

m;  d?j,
fle=—eV)=— 53 vz @7

Thus, in this case the EDF is proportional to the secon
derivative ofj. with respect to the probe potential. Equation
(27) has been verified and applied in numerous
experiment$89.11.16 f(v,r,t)dv=ng(r,t), (29

For example, Fig. 7 presents the result of measurements
of the EDF in energy spade(e) obtained by the Druyvest- and choose a spherical coordinate system with axis perpen-
eyn method. The experiment was performed in a low-dicular to the probe surface and polar and azimuthal angles
pressurg27 Pa helium afterglow plasma® by a cylindrical ~ denoted as} and ¢, respectively. Here, the direction of the
probe with a radiu®=0.044 mm and length=3 cm(curve  axis coincides with the direction d¢f .
1). The plasma was created by current pulses applied to cold Substitution of the expansiof28) into the stationary
electrodes in a glass tube with inner diameter 36 mm andoltzmann equation, subsequent multiplication of the result-
length 22 cm. The pulses were of duration A€, magnitude ing equation byd(cos) and cosdd(cosd), and integration
0.2 A, and repetition frequency 2 kHz. The axis of the probeover angles, yield equations fog andf;:
coincided with the axis of the discharge tube. The plasma
decay time in the afterglow wag=50us. The measured Kv.f __© i(sz,f )=5S (30)
EDF was corrected by solving E¢RO) (curve 2. The time 371 3mw® v ! ’
resolution of the method was about 48. The peaks on the
EDF are due to ionization collisions of two metastable He
atoms with the creation of fast electrots.

eEof, e Bt 1= 31
g moBXfil=S.. (31

UVfO_
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To find the probe current we need to solve E&S) and(31) 0.05

for f; on the probe surface. Simple Krook collision terms,

So=vafo andS; = — v,f;,****are used and the background =, o g1

electric field is neglected, sB=—V(r), where ¢ is the ‘?E 0.005

potential variation introduced by the probe. Note, in Egs. K

(30) and(31) fy andf,; are functions of particle speedand B 0.001

r. Alternatively, we can change variables frento ¢ in these M 5.0005

equations and express the functionsfgg,r) andfy(e,r).

Sincef;—0 asr—o, we have thaf,(e,r —=)=1(e). As 0 5 10 15 20
this regime is nonlocalenergy is conserved in collisionst Electron energy, eV

is further useful to change variables franto W=¢ —ed, so FIG. 8. EDF in velocity i ronal {2403 T helium |
_z _ . . O. In velocl In a strongly magnetize@. elilum Ilow-

th_at we havefo.(W,r)=f0(s,r)— Fo(W+ e¢(_r){ r). With pressurg0.2 Pa plasma.R=0.25 andL=5 mm. After Ref. 35.

this transformation of variablef can be eliminated from

Egs. (30) and (31), which in the region near the probe re- Where x=In(wL/4R) for the cylindrical probe and=1 for
duces to the Stationary diffusion equaﬂ%n the spherical probe. The fO”OWing equation has been ob-

tained from Eq/(35):*3
ot

(9) { ) ,

(— | De(r)+| =] |=0, (32 SmeRx dje

ar € ar =—eV)= ——eY)=— %€

w w fle=—eV)=To(W=—eV)=g T~ evve® dv'
where partial differentiation is with respect tounder con- (36)
stantW (not constanv). Here the diffusion coefficiend, The influence of sheath thicknels®n the measurements

=v3/(3v,)=(2e/m)*?(3v,) is a function of the kinetic can be investigated by solving model problems. It was
energy, but since=W+ee(r) is a function of space for shown in Refs. 21 and 70 that in regime)land Il(c), Egs.
constantW, we write thatD.=D(r) in Eq. (32). (35 and (36) are still valid for a very thick sheathh(
The boundary condition on a fully absorbing probe sur-~30R). In this case the errors are small for energies higher
face is fo(W,rg)=0. This is an acceptable diffusive thanT,. For regime l{@ (\,>h>\ >d) the Druyvesteyn
approximatiofi1%%6-¢%hecause the electron density at the sur-Eq. (27) should be used.
face is very small compared with its value in the undisturbed  Thus, in diffusive regimes (b), Il(c), and Ii(d) the EDF
plasma wherd o(W,r — ) =?0(8,r_>oo)= f(e). can be determined from the measuddd/dV independently
For a spherical or cylindrical probes E@2) becomes of the sheath thickness and i@l from d13/dV2. Equation
one-dimensionaf and f, is a function ofr, wherer is a  (36) has been applied for EDF measurements in Refs. 43,
distance from the point in the plasma to the center of thel27, and 128.
spherical probe or to the axis of the cylindrical probe. The €. Nonlocal regime, strongly magnetized plasma

solution of Eq.(32) provides the probe current density [Ae(Rie/Ae)>R>R¢]. Inthis case Eq(32) remains valid
but the diffusion coefficient is replaced by a ten&d¥ This
. 8me (= Wf(W)dW equation was solved in Ref. 43 for a cylindrical probe ori-
Je= " 32 v : (33 ted along th tic field. Th _probe sheath
m J ey W(W,V) ented along the magnetic field. The near-probe sheath was

assumed to be thin. With boundary conditions similar to the
where fo(W)=fy(W,r—«) and the diffusion parametél  previous(unmagnetizedcase, the solution of E432) yields

; (V)= L@TGR T WRRE (W)W (37)

1 (A JWD,(W)dr ¢ Bwemg” Joev ° ’
V(W,V)= —J , .
Ne JR(r/R)Y VW+ep(r)DJW+ed(r)] wherew, is the electron cyclotron frequency. From this ex-
(34)  pression the EDF can be found as
and Y=1, A= zL/4 for the cylindrical probe and=2, A W v 3wem2? dl, 39
= i =—e = .
o for the spherical probe. From E(B4) we observe that, 0 64\27e?R(eV)¥2 dV

in general, it is necessary to know the profile of the near-
probe potentialg(r), which can be calculated by solving A similar formula for a perpendicular oriented probe has
jointly t:ggquation of motion for ions and the Poissonbeen obtained it
equation.™ 2

For a thin sheathi{(<d) we have thatp(r)~0 through- fo(W=—eV)= w %
out most of the integration volume, and can be neglected in 16m°e’VR dV
Eq. (34). The same simplification of the integral fdf is  whereR,, is Lazmore radius of an electron with energy.
obtained forv D= const(argon plasmafor any h. In both  |n Ref. 21 it was demonstrated that E¢38) and (39) are

(39

cases Eq(33) reduces to still valid for the case of thick sheati®R. Thus, in the case
of strongly magnetized plasma, the EDF is proportional to
jo=— 87276 J'w No(W)W fo( W) d W, (35) the first derivative ofl . This resemblt_as the situation in a
3MgRk J —ev high-pressure plasma. For example, Fig. 8 presents the result
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of measurement@fter Ref. 35 of the EDF in velocity space 3R (7L
(as a function ok) in a strongly magnetizet~0.3 T), low- A= T'” 2R (44)
pressuréd~0.2 Pa helium plasma. The cylindrical probe had _ _
radiusR=0.25 mm and length =5 mm. Equation$38) and  and Eq.(36) is valid for
(39) were applied to the measuréeV characteristics. From
. . . R (mL
the figure it appears that the measured EDF is a two- )\ .<=In|-=|<A\,. (45)
temperature Maxwellian with suppressed tail. It seems that a 7 14R

theoretical model developed for these conditions can predict
such a tail of EDE?° 2. Measurements of anisotropic EDF

d. The transition regime for unmagnetized plasma |, yhig case the methods for measurements of anisotropic
(Ae~d). In this case the EDF near the probe deviatepr are rather well developed for a low-pressure plasma
strongly from spherical symmetry and thus, expan¢&8)is ) < 4s.h Note that for a high-pressure plasma the degree
not valid. To calculate the probe current the solution of theof anisotropy is usually small. The method of measurement
fu!l kinetic equation(21) IS fe‘?“'“‘td' which is a very COM- " 4epends on the shape of the probe. A synopsis of the theories
plicated problem. The situation is analogous to the M|Inef0r a spherical probe in a plasma with anisotropic

problem;*® which has been investigated in the theory of ra-p7.133134 41 for a plandi.e., flat one-sidedprobd341%

diation transfer in stellar atmospheres, neutron transfer irére given below,

nuc'?&gi@ﬂgﬁ h and d!ffILJSan of charged part|clthas 'rr'] In a strongly anisotropic plasma the two term expansion
gases. n those articles it was demonstrated that theyt yhe EDF given by Eq(28) is invalid. In this case the

approximate electron current can still be obtained from theﬂistribution functionf(v) can be given as an expansion in
diffusion equatior(32), but with special boundary conditions spherical harmonic®% For the case of axial symmetry

on the probe surface: with axis z parallel to the directed velocitffor example, in
af absence of magnetic fieldis parallel to electric fieldE) we

fo(W,R) = yof1(W,R) = _7’0)\e(_> :

W

. (400  canrepreserit(v) asf(e,d). In this case the dependence on

the angled betweenv and the cylinder axis can be expanded

Here, y, is a geometrical factor depending &i\.. For in Legendre polynomials:

isotropic scattering in unmagnetized plasmg decreases -

monotonically from 4/3 to 0.71 aR/\, increases from 0 to f(e,8) =2, fj(e)Pj(cos). (46)
o, The detailed behavior of, between these limits was 1=0

calculated in Ref. 66. For the cylindrical probg can be  The physical meaning of the coefficierftsand their connec-

approximated as follow® tion to fluid moments can be found in Ref. 42. We can see
from Eq.(46) that if all these coefficients could be measured,

y =f—0 62 \d/2R (41) one could recover the entire anisotropic distribution function.
o3 v ' However, measurement of a few of the first coefficients of

. ) . . the expansion yields a good approximation.
The solution of Eq(32) with boundary conditions given by a. Flat one-sided probe The method was developed for
Eq. (40) yields a plasma with axisymmetric EDF buﬁtﬁl" may be also ex-
" tended to a plasma with arbitrary EDP. The method is

SWEI (Wi eV)To(W)dW (42) valid for h<d (thin sheathand\ .>d (collisionless cageor
in the presence of weak magnetic fieR, (>d). To measure
f; the following must be done. The second derivatj{eof
the probe current with respect to the voltdfgr —eV>0) is
measured for different angleb,. Here ®, is an angle be-
8re fac (W+eV)fo(W)dW 3 tween the axis of plasma symmetry and the outer normal
— 5.7 ‘ to the collecting plane of the probe. The measured

3Me J—evyot (Ri/he)(1+eVIW) je(—eV,cosd) allows coefficients; to be calculated. For-
For A\o>d, Eq. (43) reduces to Eq(25) (collisionless re- Mmulas for such calculations are quite cumbersome and are
gime) and forh<d it reduces to Eq(33) (nonlocal regime provided in Refs. 135 and 137. For illustration we give here
Thus, to determine the EDF in the geneftainsition case it ~ the expression fofg
is necessary to solve the integral E¢2), which can be a m2 Jl

1= 7 3m2 | _evyot (L+eVIW)W (W, V)
where the expression foF (W,V) is the same as Eq34).
For the caseD.=const orh<d, Eqg. (42) reduces to

je=

quite complicated task. In practice, however, it might be fo(—eV)=—-—=

i-ad | Je(—eV.cosbg)d(cosdy).

more convenient to choose the appropriate probe size, which -1

will allow application of the formula for either the collision- (47

less or the nonlocal regime. The formulas for the transition = The method is valid for arbitrary degree of anisotropy of
case have been applied for determining limits of validity ofthe EDF. In the case of a strongly anisotropic function the
theories for collisionless and nonlocal regifidt was dem- measurements for a rather large number of different angles
onstrated that in unmagnetized plasma for a cylindrical prob& can increase the accuracy of the EDF estimate. However,

Eq. (27) is applicable if the accuracy of thé; measurements is limited by the accu-
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FIG. 10. EDF in a low-pressurd3 Pa hydrogen constricted arc plasma at
the discharge axis.

If the conditionh<R is not fulfilled, Eq.(48) is only
valid for a spherically symmetric probe sheatt® This is
true, for instance, in a plasma which has isotropic EDF for
all electrons with exception of a low density high energy tail.
FIG. 9. Angular distribution of EDFin arbritrary unit$ for electrons with This  method has — been applied to  constricted
ene.rgy. 20 geV in a low-pressuké5 Pa helium éllischarge positive column qISChargeé‘A'G’lMFIgure 10 presents the EDF In engrgy space
for discharge current equal to 0.5 A. The plasma symmetry axis coincided) @ low-pressurél3 Pa hydrogen constricted arc discharge.
with x axis. Two peaks of the EDF corresponding to energy of 22 and 35

eV are due to electrons accelerated by the electric field in the
racy of the experiment and becomes more inaccurate fogonstricted region of the plasma.
higher values of the indejx In Ref. 137 the optimal number
of angles and an upper practical limit on indewere esti-
mated. B. Measurements of IDF

This method has been applied for measurements of the
drift velocity as a function of electron energy in noble gas
plasma dischargé® and for studies of the momentum relax-
ation of electron fluxe$®® Investigations of momentum re-
laxation can provide differential cross sections of electro
atomic (moleculg collisions (see Sec. V A for details Ap-
plication of the method has also provided EDF measur

Measurements of the IDF in a plasma are more compli-
cated than the measurements of the EDF. The ion probe cur-
rent (and its derivativesfor appropriate probe potentials is
usually much smaller than the electron curréamd its de-
r‘Hvatives). This is caused by the large difference between the
eelectron and ion mass$r./m;<1) and their mean-free paths
: . 142 . (Ni<\go). Therefore, in general, it is difficult to extract the
E\?vnésatlgor(;céb:;:%if short length dischaig¥s““and in hol- ion current from the total probe current. Furthermore, the
: measurement of the IDF;(¢g), is possible only for much

Studies of EDF anisotropy in a magnetized plasma were .
! - ower gas pressure than that for the EDF, since all methods
performed in Refs. 22, 144. In Ref. 22 deviation of the EDFare based on an analog of the Druyvesteyn €a):

from spherical symmetry was found only for low enelgy4

eV) electrons. However, the Larmor radius of these electrons ,2 d?j;
is smaller than the probe dimension, hence the application of F(leV)= 27e3|dV2e’ (49)

the model might not be valid. The diffusion of low energy . ) , .
electrons to the probe could cause apparent anisotropy of tH&Nich requires thak;>d-+h. We emphasize again that there

EDF for this energy range. is no nonlocal regime for ions. Nevertheless, IDF measure-

Figure 9 demonstrates angular distribution of the EDFTeNtS are possible in particular cases for which the second
(in arbitrary unit$ for electron energy 20 e¥° The mea- derivative of electron currerjf, is suppressed in the ion re-
surements were conducted in a low-pressé& P43 helium tardation region of the characteristic. We consider a few of
discharge positive column for discharge current equal to 0.41€S€ cases below.

A.1® The vacuum vessel was a glass hot cathode discharge
tube of diameter 3 cm and length 40 cm. In the figure, the;. pjasma with negative ions
plasma symmetry axis coincides with thexis. o .

b. Spherical probe. For the casé<R a spherical probe Measurements of the IDF for negative ions by using Eq.
measures the EDF in speed or in eneftie coefficientf ) (49) have been carried out, for instance, in Rgf. 143, and
in a plasma with arbitrary-symmetry EDF. An approach simi-results qf such mea;urements havg been reviewed in Ref.
lar to that in the previous paragraph yields an analog oft49- Figure 11 illustrates typical results of the

Druyvesteyn's equatiéf measure_ment’%‘.9 Note that for low energies<0.1 eV) the
) 5 errors might be significant, for example due to finite conduc-
fo(—eV)=— m dle (48) tivity of the plasma, and cause false additional peaks on the
0 8m’R%® dV?- IDF or EDF*®°
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FI.G' 11. 'I_'ypif:al result of measurements _OfJ'”.O_ in a Sky/Ar plasma FIG. 13. Typical result of measurements j6fin a magnetized heliump(
with negative ions. Curvél) corresponds to ions with;=0.5eV and curve  _4 4 pa B=0.01 T) plasma. Curve(2) corresponds to ions WithT,
. y . . i

(2) to electrons withTe=5 eV. =0.1eV and curvél) to electrons withT,=1 eV. After Ref. 158.

2. Electronless plasma

Such plasma can arise, for example, in afterglow of elecelectrons reaching the ends of the probe. When the rod is
tronegative gas discharg€¥:*?Results of measurements of oriented parallel to the magnetic field, the electron current is
the IDF for positive and negative ions in the plasma aresignificantly reduced, so that the ion current becomes domi-
given in Refs. 152 and 153. However, the accuracy of thenant. If R;;>L, the IDF can then be measured. For perpen-
measurements cannot be high, as it is difficult to separatdicular orientation the probe works practically as a usual
currents of positive and negative ions from each otheth  Langmuir probe, as the area of the covered end surface is

currents are of the same magnitude much less than the total probe area. In that case the EDF can
be measured. By rotating the probe gradually from parallel to
3. Magnetized plasma perpendicular one observes that the electron part of the char-

As we have seen in Sec. IIA. the electron current is@cteristic increases, while the ion part remains unchanged.

strongly suppressed in a magnetized plasma. The ion currenis clearly demonstrates how one can separate the ion cur-
is affected significantly less by the magnetic field sifge ~ 'e€nt from the electron current. _ .
>Ry Moreover, the ratio between electron and ion currents  Atypical result of measurements 5t by a plug probe is
depends on the probe orientation with respect to the magresented in Fig. 18% The measurements were carried out
netic field, which creates a possibility to separate the current§ the simple magnetized torus “Blaamarifi"with helium

or their derivatives and, thus, to measure the IDF. For thigressure 0.4 Pa and magnetic field 0.01 T, corresponding to
purpose, different  constructions have beenRLi=13mm fore;=0.2eV. A molybdenum probe with ra-

deve'ope&3r154_l56utilizing electric or magnetic fields and dius 0.125 mm and Iength 4 mm was used. The radius of the

special probe designs. The discussion of these and oth&eramic end plugs was 0.5 mm.

probe constructions can be found in Sec. IVB. As a rule  With some modification the plug probe could also be

these methods cannot provide detailed IDF measurementsed to measure the IDF in an unmagnetized low-pressure

but rather estimates 6f; . plasma, for instance by constructing a probe arrangement
A probe proposed in Ref. 156 has been modified in Refthat pl’OdUCES its own local magnetic field. The size of the

157 into a plug probe for IDF measurements. It consists of &ntire construction should be less thenfor application of

cylindrical rod with insulating end plugéFig. 12, and is  Ed. (49).

operated by obtaining the current-voltage characteristic and

its first and second derivatives for different orientations of

the rod with respect to the magnetic field. The plugs prevent

2 C. Details of EDF and IDF measurements

3 _ 3 We have seen that reconstruction of the EDF or IDF

requires measurement of electron probe-current ion
B probe-currentl; or their derivatives with respect to probe
e potential V. In most studies of distribution functions one
makes use of the Druyvesteyn formula, hehte d?I/dV?
is measured. There are several methods for obtaihlng
among these are probe-current modulation, differentiating
amplifiers, and analog numerical differentiation. Naturally,
the same methods can be applied for the determination of
L first derivativel’. A combination of these methods is also
FIG. 12. Sketch of the plug probe. Ceramic lags; molybdenum wirg2), ~ POssible. Numerical differentiation with additional smooth-
and ceramic insulating plugg). ing may also be appliet?®1¢°
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FIG. 14. Block-diagram for a probe-current modulation method. The sche-
matic shows the electronics for the opamp circuit with tuning at the fre-
quency 2). Using a diode as a simulation for the plasma the circuit had an
accuracy in calculating?l/dV? of a few percent. After Ref. 21.

FIG. 15. A bandwidth limited differentiating network.

the probe circuit and reduces noise. The measuring system

1. Probe-current modulation methods consists of a measu_ring resistey,, a switchK3_(which_is
) closed for the duration of measurement¥, an integrating

~ Probe-current modula'g%nﬂrylezthods have been extercapacitorc,, an amplifierA1 with high input resistance, and
sively applied in the pas'j‘l’. I “They allow measure- - 5 resonance feedback circuit at the frequen@y fiter 7 for

ments to be conducted in stationary plasma and in plasm&ppressing of the frequendy, narrow-band amplifier 3 at
with periodically changing properties. _ the frequency @, phase detector ér equivalently, lock-in

In these methods a small amplitude alternating voltagedmp"ﬁeo, and measuring device 5. Block 6 generates the

AV (modulating signgl super-imposed on the steady bias frequency 2) and the system registers this frequency. Resis-
probe potentiaV is applied to the probe and a given har- o, R; calibrates the measuring device.
monic of the probe current is measured. If the amplitude of

the modulating signal is sufficiently small, the magnitude of
the harmonic component is proportionalltoor I”. In prac- 2. Analog numerical differentiation

tice, two forms of the modulating signals have been widely  \ymerical differentiation is based on the finite differ-

applied: ence schemes

AV;=2U, cosOt (50) I"=[1(V+AV)—1(V)]/AV (53)
and and

AV,=2U,(1+sinQ;t)sinQ,t, (51) 1"=[1(V+AV)+1(V=AV) =21 (V)]/AV? (54)
where ;> ;.11 For the first signal, expanding the o some more sophisticated schensDiscussion of vari-
probe current ous circuits for numerical differentiation can be found in
|(V+2U, cosQt) Refs. 21, 164, and 165.

=[1(V)+UA"(V)+- -]+ [2U 1" + U317+ -]
3. Differential amplifiers
X cosQt+| U%I"+ %U‘l‘l””+--- cos At+--- (52 The method is based on the use of a differential circuit.
The probe is swept linearly in time ardl/dV~dl/dt. A
and retaining only the leading term for each harmonic, weypical network is presented in Fig. 15. To cutoff the high
can see that the magnitude of the frequency compafleet  frequency components and to reduce noise a limitation in
proportional tol’, and that on frequency(2is proportional  bandwidth is required. This is done by introducing additional
to1”. Similarly it can be shown that for the second signal theelementsR, and C, in a standard differentiating circuit.
magnitude of the harmonic on frequen@y is proportional  Details of the method can be found in Ref. 17 and references
to 1”. In the general case, the measuilédor |” are the therein. This method allows fast measurements in nonstation-
convolutions of the real’ or 1” and instrumental functions ary plasmas.
(see Sec. I ¢
Figure 14 represents a possible block diagram for the o )

method?! Block 1 gives the smooth ramp-up of the probe 4. Measurements of distribution functions
potential V. The switchK1 connects the probe to the mea- In measurements of EDF or IDF the following steps
surement circuit, and is closed for duratiblonger than the should be taken.
duration 7; of the measurement. The modulating signal in (1) For given experimental conditions it is necessary to
Eqg. (50) is created by block 2. The switcki2 applies the choose appropriate size and orientationmagnetized plas-
modulating signal to the probe during a time intervg), mag of the probe in order to ensure that the probe operates
where 7,<t,,<t. This attenuates the transient processes inn one of the regimes described in Sec. Il A.
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(2) The measurements of for the nonlocal case arld Te/Ige
for the collisionless case should be performed, for instance, ;
by one of the methods described above. 10 i
(3) The plasma potential should be determined. Meth- 5 /
ods for such measurements are different for collisionless and /
nonlocal regimes and described in detail in Sec. IV D. ,/
(4) For a given plasma potential, it is possible to recover . ' Rozhanskii
the distribution function by applying the appropriate formula 1 Langmuir -
of Sec. lllA. 0.5 " -

(4
/.
.

." S——————
)\Stangeby
IV. MEASUREMENT OF FLUID OBSERVABLES

0.1
0.05

This section deals with methods for measurements of
fluid observables defined as statistical moments of the veloc-
ity distribution function. This includes electron number den-
sity n, electron and ion fluid velocity, ;, and electron and FiG. 16. Semilog plot of electron current given by Langmuir formula and
ion temperaturd ;= 2/3(e), where(e) is the mean particle diffusive (nonlocal[Eq. (37)], Rozhanski(Eq. (19)], Stangeby Refs. 16 and
kinetic energy. In the fluid equations these observables ad_B) models. Current is normalized by Bohm electron saturation c_uréé'mt )
pear as time-dependent fields in configuration space, alOnﬁéucsl:(r)\:]ezoaerﬁ(-:;cg:ll(t:ulated for the same plasma parameters with classical
with the electromagnetic fields. For this reason the electro-
static field(or rather the electric plasma potentigl will be
treated as a fluid observable in this section. If high frequency  In the nonlocal regimewe also can obtain the EDF and
magnetic fields play an important role in the phenomena obthus determinél, as{e). According to the expressions de-
served, electric probes should be applied with care. rived from kinetic theory, increasing pressutgg. (35)] or

The measurement of fluid velocity constitutes a particu-magnetic field[Eq. (37)] makes the electron current grow
lar problem. The direct measurement of the anisotropic pafinore slowly withV than exponential, in particular near the
of the velocity distribution function is generally very com- plasma potential. Figure 16 shows the deviation from the
plicated, and can seldom be performed in practsee Sec. straight line(Langmuir casgof the semilog plot of electron
lIIA2). Simpler methods exist, like the so-called Mach current given by the nonlocal moddtq. (37)]. It is seen that
probe. This, and a few other methods are briefly discussed ifor high negative potentialsM<—3T,/e, i.e., around the
Sec. IVF. floating potentigl In 1(V) does behave like a straight line but
with a smaller slope than that in the Langmuir case. The
application of Eq.(55) to this region can yield', overesti-

We start by determining the electron temperature frommated up to 30%. For larger negative potentials the ion com-
the single probe characteristic. We shall consider three rggonent becomes important and starts to contribute to errors
gimes of probe operation in accordance with Sec. Il. in T, measurements.

In the collisionless regimethe EDF can be recovered by We find a similar situation in thaydrodynamic regime
applying the Druyvesteyn Ed27) if it is isotropic, or by  since most of probe models for this regime are diffusive. The
methods mentioned in Sec. Il for the anisotropic function. Intypical diffusive mode[by Rozhanskii, Eq(19)] for weakly
both cases we can defie) and thusT, as an integral over jonized magnetized plasma is chosen to demonstrate the de-
the distribution function. viation of electron current from the exponential behavior.

If the EDF is Maxwellian the electron current has expo- Again, we can see in Fig. 16 that the deviation of the slope
nential behavior for repulsive potentials and thiigV)  from the Langmuir case is less for large negative potentials
=InlgV) is a linear function(Fig. 16). In this caseT, can  and the model shows a straight line parallel to the one given

oy
S o5 T =3 =3 -1 0 eV/kTe

A. Electron temperature

easily be found from the slope of the linear part as by the nonlocal model for these potentials. Thus, also in this
dv regimeT, obtained from applying Eq55) to this region can
Te=ed7. (55 be overestimated up to 30%. It is argued in Refs. 44, 166,
e

and 167 that the model predicts linear behavior of the char-
Since we measure the total currdntl,+1;, the ion com- acteristic in the transition region(corresponding to
ponentl; should be subtracted frointo obtain the EDF. The —3T./e<V<O0 in Fig. 16 and T, can be found then with
influence of ion current is discussed in Sec. Il. Oft¢fl  higher accuracy than from E@55). As an illustration, the
<I§"’“and the ion current is crudely approximated as a lineaelectron current from the diffusive model for fully ionized
function in the transition region. Another method to take intomagnetized plasma by Stangéb{f (with classical diffusion
account the ion current is to measure the first or second deoefficien} is also presented in the same figure, showing a
rivatives of the total current with respect to the probe potenbehavior similar to the models discussed above.

tial. Slow change of; in the transition region allows one to Since all models provide expressions for the electron
extend the energy interval where influence of ion current carurrent(corrected for the ion contributionthey can be fit to

be neglected. the experimental characteristic to yield corré@gt In prin-
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| | only from the tail of the EDF, without sampling the bulk
| | distribution, affects the accuracy of thie, measurements.

\%: Lo Ve V-, Following Ref. 6 we consider here only the theory for the
double probe in the case when both tips are operated in the
FIG. 17. Sketch of the double systefR{ andP2, inside the dashed con-  ¢|jisionless regime. Defining(l) |(el) |i(2) and| '(32) as the
tour) and independently floating proke3. V. ; measures thé3 to P1 . ' . .
potential. All probes yield the triple probe s;stem. '9” and_ eIeCtr_O_n Currems to the probes 1 _an(dallz are de-
fined with positive sigh we have the condition of the float-

_ . _ _ ing systeml M+ 12— 1(M—1)=0 and the current in the
ciple, such a fit can providd@,, T;, andng. In practice, loop (total current 1=10—1M=1@— @ Applying the
however, to extract the ion temperature can be very probleMgyer equation along with the Langmuir formula Eg6) for
atic, and somea priori information aboutT; is often re- e electron current to both probes, we end up with the ex-

quired. _ o pression
In fluctuating plasma thdouble prob&®® might be very
dl

useful for measurements of the electron temperature. It con-

sists of two probes biased with respect to each others( dv
swep} but insulated from ground so the entire system floats

(see Fig. 1. The advantage of such probe is that it does notere,I{¥) andI{?) are assumed to be independentvofi.e.,
require a reference electrode and, therefore, can be applied #9th probes are negative enough to collect the ion saturation
the electrode-less plasmas like rf or space plasmas. In tHalrrents. From Eq56) T, can be obtained from the slope at
limit S(V>s{?), whereS{") and S{’ are probe areas, the V=0 and the measured magnitudes 1Y and 1{?. The
double probe is equivalent to the single probe. Here we shafférivation was simplified by assuming the ion current to be
consider the case Wh@é)l) does not differ much fronséZ)_ independent of voltage, which is the case only if the probe
A schematic of the potential distribution between the probesheath is thin. Determination @t for realistic sheaths, i.e.,

is shown in Fig. 18for a givenV). Since the system floats, for the case wher; is a function ofV, was considered in
both probes are negative with respect to plasma potential i_ﬁlef.gg. The _effect of ion collisions was taken into account
order to prevent a net electron current. The typical charactefD: ~~ Where it was shown that for; /d— 0 the errors do not
istic is presented in Fig. 19. From this figure we can see thagxceed 15%. Even though E(6) was derived from the
the total current to the system can never be greater than idr@Ngmuir formula, the only relevant feature of that formula
saturation current, since any electron current must be balS the exponential behavior of the electron current Yor
anced by an ion current. That has the advantage of minimizaround the floating potential. Since the diffusive theories
ing the disturbance of the plasma and the power flux to th@ive a similar current behavior in this potential range, but

probe. However, the fact that the probe collects electron¥/ith apparentT, overestimated by approximately 30¢see
Fig. 16, the error of applying Eq.56) in regimes where the

diffusive theories are appropriate, should be of this order. Of
Vplasma course, similar derivations as that leading to E&f) could

be made for the double probe in the diffusive regime by
application of the appropriate models for the probe charac-
teristic.

A swept double probe technique first described in Ref.
170 can be used for temperature fluctuation measurements.
The technique is based on a fit of the measured root-mean-
square of current fluctuations as a function of voltage across
two identical probe tips to a six-parameter model for the
current fluctuation$’172

A triple probe permitting instantaneoud, measure-
FIG. 18. Schematic of the potential distribution between prétesandP2. ments was proposed in Ref. 173. This technique requires the

e 1M

T (77 0

V=0

Probe 1
Probe 2

Va

Distance
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currents®* Often, the critical sweep frequency can be esti-
mated and contributions from these currents can be avoided
by sweeping at lower frequencies. The problem of stray ca-
pacitance can be solved, for instance, by using a reference
v, probe outside the plasnt&1®

sat When applying a fast sweep probe in magnetized plasma
and the probe is in the hydrodynamic regirtibe same is
valid for high pressure plasmelectrons diffuse to the probe
and the stationary density profile is established on a time
scaler=A?/D.* Here A is a diffusion length an® is dif-
fusion coefficient. We can then obtain an upper limit on the
sweep frequency from the estimate

V. Ve\V,

2
=
o}
H
H
3
6] I;
]
e}
o]
H
=5

Voltage ) )
a? a’w; 3a’w}

FIG. 20. Part of probe characteristic for potentials below the plasma poten- 7= = =
: i i ilized i i 8D, 8v:D, 8v’v
tial V, with three points ¥_, Vi, andV,) utilized in the triple probe 1 el e
method.

(58)

(Ref. 44, whereD, and D, are classical diffusion coeffi-
cients perpendicular and parallel to the magnetic field, re-
floating double probe systenP(,P2) and one probeR3)  spectively. Thus, time sweep must be chosen to satisfy both
floating independentlyFig. 17). All probes are identical and conditionse Vg, 7/ Te< 75,,< 71, Simultaneously. Herey,, is
the double probe system is biased negatively enough to cothe voltage range of the sweep.
lect the ion saturation current. Such a system provides three The generation of harmonics of the driving frequency
points on thd -V characteristi¢Fig. 20 from whichT, can  due to nonlinearity of the probe characteristic can serve as a
be obtained by diagnostic toot® The method is sometimes calléie har-
- _ monic techniqueand has been applied in number of
Te=e(V+—Voiin2. 67 investigations2°~192The basis of the technique is as follows.
Here, Vy and V.. are potentials of floating and positively A sinusoidal voltage sweep,; sinwt, with the amplitude,
biased probes, respectively. The fact that this method does substituted into the Langmuir expression for electron cur-
not require sweeping of the probe potentials, and almost ngent. The mean probe voltage is kept close to the floating
data processing, has made it widely usedTerfluctuation  potential. For these potentials the ion current is assumed to
measurements. The accuracy of this method can be affectef independent of probe voltage. Taking into account that the
by various factors. In derivation of E¢57) it was assumed periodic exponential term can be written in terms of modified
that the areas of the probe tips are equal, that the ion curreBessel functions,,(z) of integer ordem:
is independent of probe potential, and that there are no gra-
dients in plasma potential, electron temperature, and densit "
arising dupe to thepspatial separation of I?he tips. Violation ofy e tZIO(XHanl In(x)cognat),
any of these assumptions introduces error. Estimates of such 0_192
errors are provided in Refs. 173—175. In Ref. 174 the effectt IS €asy to show? “that the ac component of the total
of ion current and ion temperature is considered for the casgUrrent will be proportional to the second term of Eg9),
of a collisionless plasma in the orbital motion limit. In Ref. Wherex=eV,/T,. The dc current arising from the first term
175, it is demonstrated that a significant plasma potentia@f that gquatlon_|s calle_d the sheath rec_tlflcat|on current. The
gradient might give rise to negative temperature. The sensfvaluation ofT is possible from the ratio of any two mea-
tivity of the method to inhomogeneities in the plasma alsoSuréd harmonics of the current oscillations since heis
leads to phase delay and decorrelation effects. In a magn&MOWn. An analysis of Taylor expanded Bessel functions
tized plasma the effect of shadowing can also destroy thg'ade in Refs. 191 and 192 demonstrated fhatcan be
measurements. Some solutions for these problems have begRtained from the ratio of the first two harmonics as
suggested in Refs. 175-180. ev, I,
If the sweep timerg,, is much shorter than the typical Te:T T (60)
fluctuation time scale, <74, it is possible to obtain “in- 2
stantaneous” values of density, electron temperature, andith error of about 1% foreV,/T,=0.5 and 5% foreV,
plasma potential from the characteristic of a single=T,. To resolve the time variations of the electron tempera-
probe!®1-185The method is very attractive for experimental- ture the ac signal must have high frequency, hence the above
ists since all information is acquired from a single probe andliscussion of the limitations of the sweep frequency remains
thus all problems arising from the spatial separation of theelevant also for the harmonic method. Probe theories for
tips are avoided. Since a finite timeis required for the magnetized plasm&** might require a more complicated
charge carriers to acquire their equilibrium distributfathe  analysis for estimating,.
probe cannot be swept faster than this time. If this condition = Temperature fluctuations can also be found from the
is not satisfied, different dynamic effects on the probe charfloating potential generally given by;=V,—uT./e+V,,
acteristic start to play a role, for example, thewhereu andV, are assumed to be constants. Convention-
displacement;'®® polarizatiot®”*®® and stray capacitive ally, the position ofV; with respect toV,, is calculated as-

©

(59
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FIG. 21. Experimental measurements @ffor cylindrical Molybdenum / \\
probe withR=0.25 andL=5 mm oriented perpendicular to the magnetic . plugs
field B=0.15 T. Plasma parameters are helium presper.3 Pa, the typi- ceramic
cal plasma density is~3x10'"m® and the ion temperatur~0.2 eV. rod
The coefficientu=4.6+0.2 andV,=(2.6+0.2) V are obtained from fitting \ﬂ

the data(dot9 to a linear function(full line). Measurements have been

conducted in a simple magnetized torus Ref. 35.
FIG. 22. Sketch of probe system. After Ref. 193.

suming random current with acoustic velocity for ions a”dcompared with the triple probe technique. We only need two
Langmuir formula for electrons, and in this cagg=0. In  propes, and shadowing effects are more easily avoided if one
magnetized plasma, however, the current ratio, and, thergyope is perpendicular and another is parallel. More impor-
fore, n and Vg, depend on the magnetic field strength andiantly, perhaps, the method does not depend on the validity
the probe size and orientation. The validity of this formulagf g particular probe theory, i.e., errors connected with the
can be verified ang. andV, can be determined experimen- jnyalid application of the Langmuir formula, lack of ion cur-
tally for given plasma conditions. To do so one can measurgent saturation, and other sources of error described above
time averaged/;—V, as a function of averaged, in vari-  are avoided.
ous locations in the plasma with different electron tempera-
ture. The coefficientgw andV, are then obtained by fitting
the data to a linear function. An example of such measure
ments is presented in Fig. 21. The same can be done if an As discussed above, it is quite complicated in general to
analytical model of the probe characteristic is available forextract information about the ion current from the total cur-
the given experimental conditions. The fluctuating parTof  rent. This is possible only in particular cases when the elec-
is given as tron current can be reduced to a level comparable to the ion
VY current, and thus create @&n sensitive proheThis could be
Vo=V , > : ot
) (61) done for instance by application of an imposed electric field

I to repel electrons, by an imposed magnetic field or a mag-
Note that inaccuracies ip. only affect the amplitude of,  netic field already present in the plasma, or by employing
but not its spectral characteristics and phase. IndependeR@rtly insulated probes.
measurements of the time averaged plasma poté?gialnd Below we describe some probe constructions whose op-
its fluctuationsV, can be provided by probes described in eration is based on the model for a probe in collisionless

the next section; ion sensitive probes, emissive probes, ag9'me, or more precisely, on the Langmuir form{iegs.

others. In Refs. 193 and 194 a plug probe was utilized for(25)har:jd (26)]dfor ek ;hus,Ti Ecansé)e ?ung. _by thfe se;]me
measuring plasma potential fluctuations. To obtain greate'?“at ods used to recov [see Eq(55)]. Conditions for the

difference between the signals from the probe measuring th(éolhsmnless regime were discussed in Sec. Il. If the probe

plasma potential and the probe measuring floating potentiaFonStrUCt'on does not satisfy these conditions, the effect of

. diffusion of ions to the probe might give errors and should be
and thus more accurafe, measurement, the latter was ori- . . . ; e
. e ) investigated separately. If ions are in the diffusive redfhf
ented perpendicular to the magnetic figkke Fig. 22 In ; !
) then, according to Eq18) the ion current depends on both
general, any pair of probes, for example, one parallel and o

. o ~ n.?e and T, (see also Fig. 28 described in Sec. IY.Df T,
pgrpendlcular t‘? the magnetic f'?ld' can be used to Tipd >T, the slope of the characteristic can be dominated py
without measuringV,,. By applying Eqg.(61) to the two

and make it impossible to extra€f .

B. lon temperature

T.=e

probes we find Retarding field ion energy analyzease widely used and
-~ V-V, consist of a number of grids and a current colle¢tdr>~°
=€ (62 Positively biased grids repel ions and then the collector op-

’“2_’“1 _ eration can be described by models for a conventional probe,
assuming that th@, andV, are the same at the two probe provided effects of the biased grids on electrons can be ne-
positions. Thus the probes will have to be located very closglected. If this is the case, the Langmuir form{izg. (25)]

to each other. There are some advantages of this methddr a flat one sided probe takes the form
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ion B yield significant reduction of the ratib./l;. For such mea-
electron surements a longR<L) cylindrical probe with a holder
perpendicular to both probe and magnetic field is advisable.
3 A probe employing an imposed magnetic field was sug-
gested in Ref. 211. The difference from the probes described
above is that it can be applied in an unmagnetized plasma.
The probe was proposed for detection of negative ions and
consists of a positively biased orifice, with magnets behind
it, and a positively biased collector. The magnets or magnetic
coils provide a uniform magnetic field, which deflects elec-
trons so that only negative ions can reach a collector. The

i theoretical description of such a probe along with a discus-
sion of the design can be found in Ref. 154.
FIG. 23. Sketch of Katsumata probe. Insulatidn, central electrodg?), Some other techniques for ion diagnostics applied to to-
and guard electrod¢s). kamak plasmas can be found in Matthew’s revién ap-
plication of bolometers for such purposes has been described
o in Refs. 212 and 213. Double probes have been used in mag-
Ii~J v F(v))doy, (63 netized plasma for ion temperature measurements in Ref.
V2eVg Ty 214.

whereVy, is the voltage on the ion repeller grid, angis the

component qf the velocity perpe_nd|_culqr to the_collector SUr=. plasma density

face. Assuming a Maxwellian distribution the ion tempera-

ture can be extracted from-V characteristic by applying an It was mentioned in Sec. IIB that application of probe
equation similar to Eq(55). In the presence of a magnetic theories outside the domain of their validity may yield sig-
field the collector surface is oriented perpendicular to thenificant errors in the electron density measurements. Here we
magnetic field, and then the temperature corresponding to théiscuss the techniques pertaining to such measurements, as-
ion motion parallel to the magnetic field is measured. Thesuming that the correct model is chosen.

analyzer itself can disturb the ambient plasma and the IDF as  Plasma electronp, or ion, n;, density can be found

it creates a shadow along the magnetic field. In Ref. 200 th&om the electron or ion saturation current, respectively. To
study of such perturbations based on a kinetic model proextract the density from the measured currents requires ap-
posed in Ref. 201 was carried out. It was demonstrated thadlication of the appropriate theory for attracted charged par-
the standard procedure of extractifigfrom thel—V char-  ticles. The expressions connecting ion or electron saturation
acteristic might yield significant errors and new analysiscurrent with densities, require knowledge about ion and/or
methods allowing extraction of;, from the unperturbed €lectron temperatures. The temperatufesand T, can be
plasma was suggested. Some particular analyzer designs, f@und independently from the transition part of the charac-
example, with capillary plaf8 or with coaxial cylindrical ~ teristic according to the discussion of Secs. IVA and IV B.
electrode®® are argued to provide perpendicular ion energy.Depending on the regime, the saturation currents may, or
In Ref. 204 one can find details on application of analyzergnay not, depend on the probe voltage. In practice, it is very

in low-pressure radio frequency discharges and a compredften assumed that for sufficiently high probe voltage the
hensive reference list. saturation current is voltage independent. If such an assump-

In a magnetized plasma thKatsumata probg®>2%> tion is justified, for time resolved measurements of the den-
which is a probe with a cavityFig. 23, can provide esti- Sity, it can be sufficient just to bias the probe to a large
mates of the characteristic perpendicular ion energy. Théonstant voltage without sweeping. That allows simple mea-
electrons cannot reach the probe due to their small gyrorssurements of density fluctuations provided tigtandT; if
dius and the ions are repelled by a positively biased electrodé&quired fluctuations are known. The latter is an important
inside the cavity. The probe has a complicated geometry ifssue often neglected, since it is argued that the influence of
the magnetic field, which makes theoretical description ofTe fluctuation is weak. That might not always be true, how-
sheaths and current collection quite cumbersoh@me at-  €ver. For instance in weakly ionized magnetized plasma both
tempts of numerical simulatioff$?°” of the Katsumata €lectron and ion saturation currents can depend strongly on
probe are available. In Refs. 208 and 209 a simplified verTe [see Eqs(16) and(15)]. Moreover, even small amplitude
sion of the probe was proposed and applied for both hof e fluctuations might strongly influence the phase of the cur-

(T,~100eVy®and cold [;~0.1eVY% ions. rent oscillations, and consequently give rise to considerable
The plug probe described in Sec. 11l B, can be used to Phase errors for the density fluctuations. Small inaccuracies
measure the IDF when in a collisionless regime. in phase of the density fluctuations may yield significant er-

In the presence of a strong magnetic fieR] £&R), the  rors in the anomalous particle flux measuremésee Sec.
electron current can be reduced sufficiently to detect the iolY Al. Therefore, for correct measurements of the density
component by a conventional cylindrical probe oriented parfluctuations from the saturation currents, it is advisable to
allel to the magnetic field'® Different collecting areas for apply a probe cluster in order to providg measurements
electron and ion curreriend and side surfaces, respectiely simultaneous with 5
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The general recipes, however, are not always easily ap-
plied for particular conditions. Here we would like to men-
tion a few difficulties, which might arise when a model for
probe current is used for given device and plasma param-

\ eters. As an illustration we consider a magnetized plasma in
/PFObes the collisional regime. As discussed above, in this case, the
collection length(the flux tube where particles are collected
from) is much longer than the probe size. In linear machines
or in the scrape-off-layer of fusion machines the flux tube
terminates on the vessel wall or other structures. Not taking
this into account gives rise to underestimated density. If the
collection length is known, for example, if it is determined
by the machine size, it is possible to modify the probe

ceramic

mode|215,216
ceramic ’ . . .
fod Another problem might be connected with the theoreti-
cal assumptions. For instance, in nonlocal or diffuSive
NS models for magnetized plasma, the background flows are ne-

glected. To verify the validity of such an assumption, experi-
FIG. 24. Sketch of probe system. Coated prdbeven aligned along mag-  mental tests or crude estimates can be done. For example, the
netic field and‘co.nvennonal cylindrical proleppe) oriented perpendicular influence of theE xB background flow can be examined the
to the magnetic field. After Ref. 84. . .

following way. The known backgroun& field should be

compared with electric field due to the probe. The latter field

The cluster is not needed if time resolved density meacan be estimated to be of the order/eR when the probe

surements are carried out by means of the fast swept probgollects ion saturation current. This field is normally much
In this case electron temperature information can be obtaine@rger than the background field for a small perpendicular
from the same characteristic. The density can be found frorRrobe sizeR. In general, rotation of a perpendicular oriented
the saturation current if the entire characteristic is availableProbe with respect to the flow direction would show varia-
Otherwise, the transition part of the characteristic can also bBON In the saturation current if the extemal flow yields a
used. In this case a suitable model for the repelled electror@gnificant contribution to the particle flux into the the flux
should be fitted to the experimental data under assumptiofibe disturbed by the prod€.The flow might be important
of, for instance, a Maxwellian distribution. An example of Under certain conditions, for instance in space or fast stream-

such a fit for electrons in the nonlocal regime and determiiNd Plasmas, or for large probes. A number of theories have
nation ofn, can be found in Ref. 35. been developed for such conditiofs*

If measurements of the EDF or IDF are possiblgor n; The influence of anomalous transport is typical for the
can be found as an integral over the distribution function@pPplication of probes in magnetized plasma. The discussion
The accuracy of such a method is higher than that of th@f the appropriate choice of diffusion and ottt instance,
previous one since napriori information about the shape of 10N mo_bigty) transport coefficients for fusion plasmas can be
the distribution is required. The method can also provide thdound in: °%% Sometimes, the diffusion coefficient near the
density of negative iorté° if such ions are abundant. probe can be examined experimentally. In Refs. 215, 217,

Based on this discussion for single probe measuremen@nd 218, investigations qf this type have been carried out in
we can briefly describe the utility of some other techniqueslow-temperature magnetized plasma.

The double probe collecting mostly ions can only provide
ion density measurements. One of the tips biased negativeB
in the triple probe can also be used. Simultaneous measure-
ments of T, fluctuations can be used for correction of the First we discuss how to obtain the plasma potential from
density fluctuations. Difficulties in the theoretical descriptionthe characteristic of the single probe considering the differ-
of ion current collection by ion sensitive probes might pre-ences that arise in three regimes of probe operation.

vent their application to ion density measurements. In the collisionless regimewhen the application of the

The spatial resolution of probe measurements in magnd-angmuir formula is valid, various methods have been
tized plasma depends on the orientation of the probe witlproposed. The simplest approach is to take the point where
respect to the magnetic field. Probes aligned along the maghe semilog plot of the electron current starts to deviate from
netic field provide higher spatial resolution than those ori-a linear function. Another is to take the first or second de-
ented perpendicular. Nevertheless, small errors in alignmemnivative of the current, since they are more sensitive to cur-
of parallel probes can cause significant errors in the currerent changes. In the ideal case| if depends exponentially
measurements. In comparison with the conventional parallednV, and then changes its behavior sharply after passing the
probe, thecoated prob&* shown in Fig. 24, is 7—10 times plasma potential, the maxima of and |z, and the point
less sensitive to alignment errors. The electron density can bghere the latter changes sign, should coincide at the plasma
obtained from the tail of thé—V characteristic of such a potential corresponding td=0 in Fig. 25. In practice, how-
probe with accuracy of 10%—20% by applying E#7).3* ever, the “knee” of the characteristic is not that clear and the

Plasma potential

Downloaded 07 Dec 2007 to 134.131.125.49. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 73, No. 10, October 2002 Electric probes for plasmas 3431

Ie:Ie':Ie” 0 _I.
0] .‘f
o [)
-~ -1 »
g d
. -2 * 3
,.Q @
[
© _3
eV/kTe. ™4
-10 -8 -6 -4 -2 0
Probe voltage, volts
FIG. 27. Measureq’ (doty and fitted theoretical curvéull line) obtained

from Eq. (39) for a Maxvellian distribution. Plasma parameters are helium
pressurep=0.3 Pa,n=10""m®, andB=0.15 T. Measurements have been

potentials and proportional tgV for attracted potentiald, andly are first conducted in a simple magnetized torus Ref. 35 by perpendicular to mag-

and second derivative of the electron current, respectively. Plasma potentigftic field p_robe withL=5 and R=0.125mm. Plasma potential corre-
corresponds t&/=0. sponds tov=0.

FIG. 25. Electron current, (given by Langmuir formulafor repulsive

mentioned points do not coincide. This is due to a number o}he maximum in|dl./dV] is shifted with respect to the

. - ) éalasma potential and with respect to the nonlocal model as
nonideal effects, such as loss of validity of the Langmuir a : : . -
well. Again, to find the plasma potential, a fitting of appro-

V—0, finite resistivity of plasma, broadening of measured _ : .
priate formulas to the experimental curve can be useful.

Iz, fluctuations of plasma potential, étcln this case, as .
. , 17 . In order to resolve the fluctuations of the plasma poten-
recommended in Godyak’s reviéwit is advisable to use the . : ; .
tial, the fast sweep method described earlier can be applied.

zero of the second derivative as the plasma potential. If the sweep range is large enough to include the transition

In the nonlocal regime Eg (36) for unmagnetized an_d part of the characteristic, the methods described above are
Egs.(38) and(39) for magnetized plasma show that the first relevant

derivative is zero at the plasma potential, while its maximum Sometimes, it is not possibléot plasmasor not prac-

is shifted from the latter by up toTz/e (see Fig. 26 for the tical to sweep the probe potential into the electron saturation

magnetized cage In practice, however, to take the point . d thus th is limited I

wherel ;=0 as the plasma potential is not very reliable duereglon, an thus t e SWeep 1S mite to_a small range near
e - the floating potential. In this case the indirect method of

to violation of the validity of the nonlocal model for—0

. . ) measuring the plasma potential, based on(Ed), has been
ggz ifc;ngr:/j:oiﬁsd:dtsiz:;:TSC;;;; E[T]i rr?]eo"(ijse“:gggsefor applied. To recover th&/, fluctuations from that equation
probe potentials in the rangé< —T./e. The plasma poten- one needs measurements of #hefluctuations(easily done

. o . with any probe, independent measurements of thefluc-
tial can be found then by fitting the theoretical curves ob- _.. .
tained from Eqs.(36), (39), and (39), for example, for a tuations(fast sweep methotf® triple probe method® and

. N . . . estimates of the coefficient. The latter can be problematic
Maxwellian distribution to the experimentdl, in this m P

. . since it requires assumptions not only about the electron cur-
range® The plasma potential corresponds the point wher 9 P Y

erent but also about the ion current models.

the f|tt§d theoretlcal curve crosses the zero line, see the ex- Decreasing the ratibgaylisat allows a shift ofV; towards
ample in Fig. 27.

Diffusive models for thehydrodynamic regimegive V,,. By methods described below it is possible to achieve a

. . ) N situation whenV; is close toV, and provides a direct mea-
similar results. Figure 26 presents the first derivative of the ! P P

e : surement of the instantaneous plasma potential.
diffusive model for a magnetized plasifaWe can see that One such method is the emissive probe

technique’1°220-222The technique employs a probe heated

dl./dv to sufficient temperature to emit thermoelectrons. For probe
et b e N R T eV/kTe potentials belowV, a substantial emission current flowing
J - \\ ’/ from the probe to the plasma appears as an effective ion

current. The potential distribution between probe and plasma
depends on the strength of emission. A sufficient amount of
v electrons residing in front of the probe surface leads to zero

\
Langmuir

N —

A electric field near the probe and to space-charge limited
< ,' \ current® Figure 28 represents the ideal emission curtdat-
Nonlocals . ted lineg and the same with the space-charge effect taken
- \ into account(full lines marked asl{)) and I2)). For the

calculation of emission current, formulas provided in Ref.

FIG. 26. First derivative of the electron current given by Langmuir formula (2)
and diffusive[nonlocal (Eq. 37, Stangeby Refs. 16 and Jd8nodels. All 223 have been used. The Cuméﬁ andl ¢ correspond to

curves are calculated for the same plasma parameters with classical trarf$1€ €mission CurrenF with probe_temperatfrrf,-= 2400 and
port coefficients. Plasma potential correspond¥ te0. T,=2500K, respectively. Following Ref. 223, the collected
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to V=0. The plasma conditions ar8=0.154T, helium pressure
-0.03 =0.35Pa,n=2x10m"3, T,=2.45eV, andT,=0.22 eV. R=0.25 mm

-25 -20 -15 -10 =5 0 5 andL=18 mm. In the calculations the theoretical valuel pivas reduced

six times to fit the experimental one. After Ref. 227.
‘Probe voltage, volts P

FIG. 28.1() and 1) are emission currents calculated with space-charge(full curve) compared to the experimental oftmts. For this
effect taken into account, corresponding to probe temperai#e2400 gnd calculation the diffusive model by Rozhan<Riivas applied
T,=2500K, respectively. Electron temperatureTis=5 eV. Dotted lines .
are ideal emission currents,, is probe collection currentgg=1¢+1;. 1) [Eqs' (19-(19)]. In the computations, the_eﬁeCt of the end
and1@ are the total currents! f=Io* | o) for the emission current{?)  Plugs on the electron current was taken into account by re-
and!2), respectivelyV=0 corresponds to the plasma potential. ducing this current by a certain factor to fit the theoretical
curve to the experimental one. It is seen from the figure that
floating potential of the plug probe is very close to the
current is calculated for the collisionless regime as a sum oplasma potential corresponding ¥%6=0. The good agree-
the ion current(given by random flux with ion acoustic ve- ment between the experimental and theoretical curve sup-
locity) and electron currerfgiven by the Langmuir formula  ports the assumption that the effects of the end plugs is sim-
The bold curves namelf?) and |2 show measured charac- ply to reduce the electron current by a constant factor
teristics of the emissive probe, i.e., sum of the emissiyf ( compared to the unplugged probe. In Ref. 227 it was dem-
and!{?), respectively and collected currents. It is seen that onstrated that with this model for the probe current, the fluc-
due to space-charge effects the current near the plasma piorations inV; due toT, fluctuations were reduced by almost
tential is limited, and any further probe heating will not one order of magnitude compared to the conventional probe
move V; closer toV, than V,—V~T,/e. Thus, the so- and thatu~0.4 for the plug probe. A comparison of mea-
called floating potential techniq#é*?*>based on determin- surements of time averaged plasma potential by plug and
ing the plasma potential by means of the floating potentialemissive probes demonstrates agreement between two meth-
gives rise to an error of the order ®f/e.?%3 ods within an accuracy of ./e.??® Analysis of a conven-
Other techniques are the inflection point metif8énd  tional probe characteristic described in the beginning of Sec.
the differential emissive proté>??°The former is based on IV D yields V,, which also agrees with(; of the plug probe
following the inflection point of the characteristic as the within the accuracy off./e.?’ Plug probes are simple to
emission is varied to the point of zero emission. The inflecconstruct and can easily be operated in densely packed probe
tion point is determined by taking the derivative of the cur-clusters. The most severe practical difficulty is that the probe
rent. In Ref. 220 a circuit was suggested to control the biasequires quite accurate alignment along the magnetic field,
voltage of two emissive probes, which are connected to avhich requires accurate alignment of all probes within a
differential amplifier. The probe is based on an idea by €hencluster. Inside the plasma, optimal alignment is obtained by
that the emitting characteristic tends to diverge from the coltotating the probe until minimum electron saturation current
lecting characteristic near the plasma potential. Analyticals achieved.
calculations of the plasma potential by emissive probes and
estimates of errors introduced by space-charge effects ha
been carried out in Ref. 223. A description of secondar
emission capacitive probes and self-emissive probes can be Information about the plasma potential in at least two
found in a Hershkowitz’s review: spatially separated points is necessary to measure the electric
Application of ion sensitive probesperated in the re- field component in the direction of the separation vector be-
gime wherel 3*'< |7 (see Sec. IV B can also provide mea- tween the probes. The small&tvavelength) ; resolved is
surement of the shift of the floating potential. We shall con-limited by the half-distance between the probes, ixg;,
sider here the plug probe as an illustration, as it has beer Ar/2. The characteristic scale of the field must be much
applied for this purpose. The simple geometry of the plugarger thanmAr. On the other hand, the difference between the
probe permits modeling of this probe by means of theorieprobe signals becomes weaker as the distance between the
developed for cylindrical probes in magnetized plaghfa. probes is reduced, leading to an increase in measurement
Figure 29 presents a theoretical plug probe characteristierrors. Such errors include the influence of the probes on

. Electric field

Downloaded 07 Dec 2007 to 134.131.125.49. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 73, No. 10, October 2002 Electric probes for plasmas 3433

2.
[0}
b b
g o
g 5
o] .
H o]
© m 1.
) .
)
E g
b 5
2 -:.
g )
Zo.
0
2 4 6 8 10 12 14 ol
Frequency, kHz 2 4 6 8 10 12 14

Frequency, kHz
FIG. 30. Amplitude spectra of the plasma potenit@lrves(1) and(2)] and
electric field[curve (3)] measured by two plug probes. The plasma condi- FIG. 31. Amplitude spectra of the plasma poteni@lrves(1) and(2)] and
tions are:B=0.154 T, helium pressurp=0.35 Pa,n=2x10"m"3, and electric field[curve (3)] measured by two conventional perpendicular float-
T.=1eV. After Ref. 227. ing probes. The plasma conditions aBe=0.154 T, Helium pressur@
=0.35Pa,n=2x10""m 3, andT.=1 eV. After Ref. 227.

each other and a reduced signal to noise ratio. Therefore, tiils for the plasma potenti@Fig. 31, curve(3)] is four times
probe separation has to be chosen as a compromise betwedigher than that measured by the plug prolfég. 30, curve
the accuracy of measurements and the resolution of the in{3)]. The difference in floating potential amplitude for the
portant wavelengths. Since the electric field is obtained as BVO probe types is not large enough to explain this difference
small difference between two potential signals, the relativd" measuredE. There also must be a higher wave number

errors in the field measurements are usually larger than thodd ) for the signal measured by the conventional probe. As
of potential measurements. discussed further in Sec. V B, this may indicate that the po-

According to Sec. IVD, in princip|e, a cluster of two tential and temperature fluctuations are dominated by two
emissive, two plug probes, two fast sweep probes, or a trip|§|ifferent wave modes with different phase velocity. Obvi-
probe with two floating pins can be applied. The first threeously, in this case results obtained by conventional probes
methods yield the plasma potential within the accuracy diswill lead to significant errors in the measurements of the
cussed in Sec. IV D. The last method permits the correctioglectric field, and hencéas elaborated in Sec. V)Bn the
of the floating potential by electron temperature but require@nomalous fluxes.
knowledge aboujc.

In practice due to their simplicity, two floating conven- F. Flow velocity

tional probes are often applied under the assumption of small 1.4 influence of plasma flow is particularly important on

temperature fluctuations. However, as mentioned in Seq 5he measurements in ionospheric plasma. However, such
IV D, even small temperature fluctuations can influence the,.asurements are beyond the scope of this review and are
phase of the measured signal and destroy the flux measurgs.|| qocumented in the literatuf@®-23!
ments (;ee Sec. V.B One should remember also tha In low pressurgweak magnetic fieldlaboratory plasma
adds with the multiplication factor to V¢ [see EQ.(61)].  measurements of the anisotropic distribution functions can
Experimental results from Ref. 227 presented in Figs. 30 an@rovide estimates of the flow velocity of electrons. From
31 demonstrate errors i& field measurements due to the formulas pro\/ided in Sec. IIIA2 one can, in princip|el re-
influence ofTe . . cover the directed part of the EDf, and thus the electron

In Figs. 30 and 31 curved) and(2) are amplitude spec- flow velocity. However, the method is cumbersome, and not
tra of V, measured at two points by using the floating potenysed much in practice.
tial of plug probes(Fig. 30 and of the conventional probe In magnetized plasma, measurement£ofB flow, vg
(Fig. 3D. Accordlng to the dlscu§5|on in Sec. IVD, the first =Ex B/B?, can be conducted by measuring the electric
method yields the plasma potential with an accuracy 6f0.4 field. Methods for electric field measurements were de-
while the second method yields a contribution from the elecscribed in Sec. IVE.
tron temperature of T, whereu=4.6 for the given plasma lon flow parallel to the magnetic field can be measured
conditions and probe sizes. It is seen from the figures that they means of aviach probe!® sometimes also called &anus
contribution of T is frequency dependent. For example, atprobe. A sketch of the probe is presented in Fig. 32. Two
frequency 4 kHz wherel~0.2V,, the amplitude ofV; electrodes are separated by an insulating plate, allowing each
measured by a conventional probe is twice higher than thatf them to detect an ion flux from only one direction. The
measured by a plug probe. The amplitudeEaineasured by measured ratio of the ion fluxé®n saturation current ratjo
the conventional probes by substituting their floating potenyields the Mach number. lon collection by such a probe is
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FIG. 33. Electron—electron collisional frequeney, as a function of elec-

described by fluid models in Refs. 83. 232 and by I(metictron energys. Theoretical curve is given by E@3). After Ref. 234.

models in Ref. 201. More details on the Mach probe can bevall is a free diffusion, it is simple to create conditions
found in Matthew’s review? where the EDF of energetic electrons reproduces the electron
spectrum of the reactions given by E&4). That makes it
possible to investigate the spectrum and the rate constant of
these reactionésee, for instance, Fig,).7The main results of

We have selected two groups of applications, making useuch measurements are summarized in Ref. 126. For the
of many of the methods discussed in Secs. Ill and IV. Insame conditions in Ref. 233 the reflection coefficients of
order to illustrate the usefulness of obtaining the electrorelectrons from plasma boundaries have been measured.
energy distribution functions, we discuss some aspects of The second type of afterglow occurs when the flux of
how this information can be used to gain knowledge abougnergetic electrons is greater than the ambipolar flux of ions
elastic electron collision processes and the inelastic proand, hence, a part of the electrons is captured in the plasma
cesses involving electrons and atoms/molecules. Furthexolume, causing continuous spectra of the EEf23° The
more, we illustrate how probe measurements of plasma fluazontinuous spectra are due to collisions of the energetic elec-
tuations can provide important and detailed information ontrons with neutrals and slow electrons. Creating conditions
plasma turbulence, coherent structures, and anomalowghen collisions with only one of the specisther neutrals
fluxes. or slow electronsare important allows us to measure the
frequency of these collisions.

Figure 33 demonstrates the frequency of electron—

As was mentioned in Sec. Ill, the accuracy of relativeelectron collisions measured by this metddit might be
measurements of the EDF may be a few percent and that efifficult to obtain this type of information by other methods.
absolute measurements may be 10%-15%. Therefore, such Another method to determine rate constants from EDF
measurements can be used for quantitative analysis of preneasurements was proposed in Ref. 237. The method is
cesses, which are responsible for formation of the EDF. Thgased on the measurement of the electron—atom collision
method of plasma electron spectroscopy is based on metegral in an anisotropic plasma. It was applied to the
surements of distribution functions for conditions where aplasma of the positive column of an electric discharge in
part of the distribution function is determined by a particularhelium. In this work, the collision integrals,, S;, and the
collision proces$® In this case, some information about transport cross section of the elastic electron—atom collision
such a process can be extracted. The realization of this idegere measured.
is simple in an afterglow plasma in which the EDF consists
of two groups of electrons. Slow electrons have a Maxwell-B- Low-frequency turbulence and transport
ian with a temperature of order 0.1 eV. The distribution of  Sjnce electric probes can provide instantangoustime
energetic electrons is far from equilibrium and exhibits a fewscales much slower than the ion cyclotron perintkasure-
peaks. These electrons have a density-1@ times less ments of fluid observables, they can be used for studying
than that of slow electrons and appear in reactionsike  |ow-frequency plasma turbulenderift waves, electrostatic

V. APPLICATIONS

A. Plasma electron spectroscopy

A* +A* AT+ A+e flute-modes, Alfven wavesA two-probe technique due to
Beall et al®® can be implemented to obtain frequency wave-
A* +A* A +e, (64)  number spectr&(w,k). This method assumes a well defined

dispersion relatiork=k(w) for the waves, wherd is the
wave number in the direction along the separation vector
whereA* denotes an atom in an exited state. between the two probes. This means that the fluctuations can
If the diffusion time of the energetic electrons to the be represented as a superposition of weakly interacting wave
boundary is much less than their energy relaxation time irmodes (weak turbulence propagating predominately in a
the plasma volume, two types of afterglow can exis®®  given direction. The broadening of the spectrSfw,k), i.e.,
When the flux of energetic electrons to the wall is less tharthe widthAk of S(w,k) for a givenw, is given by the char-
the ambipolar flux of ions, so that the electron motion to theacteristic ratex,, of change of the wave amplitudes and

A*+e—A+e,
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7.5 cm poloidal arc in the plasma edge and was used to study
. o M the one-dimensiondllD) (poloida) space-time structure of
A density fluctuations in edge turbuler@@ln the same article
3:; 0.5 the two-dimensional2D) space-time evolution of density
s and floating potential structures were also studied by means
%—0 75 of an 8x8 square probe arrajl.8x1.8 cnf) facing the tor-
o —— 1 oidal magnetic field. In cylindrical magnetized plasmas a cir-
v b — 9 cular arrangement of 64 probes has allowed complete azi-
© , muthal mapping of fluctuations along the circumference of
2 4 6 8 10 12 14 the plasma columf*® True space-time results from this array
Frequency, kHz have been compared to results obtained by conditional sam-

FIG. 34. Phase between two conventional perpendidelave 1) and two pling and averaglng qf dajta.Obta'ned_by the same array in
plug (curve 2 probes. The plasma conditions @e0.154 T, helium pres-  Ref. 241, obtaining quite similar evolution for the large scale

surep=0.35 Pa,n=2x10""m"°, andT.=1 eV. After Ref. 227. structures from the two methods. This gives credibility to the
conditional averaging method, which is technically much

phase due to the nonlinear interaction.Alk is not small ~ easier to apply, since it only requires two proles probe
compared tok, the Beall technique has little meaning. A clusters and two(or a few independent channels for digi-
particular outcome of applying this technique is the disperdizing the probe signals. The drawback of this method is that
sion relation, which is estimated as follows: assugiét) one of the probes must be connected to a computer con-
andg,(t) are digitized time series of the signals from two trolled positioning system.
probes separated by a vectdr. The cross powerspectrum The conditional averaging method is based on simulta-
of the two signals is defined @;,(w)=(G] (0)G,(w)),  neous sampling of long time serigg(r;,t) from a fixed
whereG;(w) is the Fourier transform ofj(t) and(:--) de-  reference probe at position andg,(r;+ Ar,t) from a mov-
notes an average_ofa large number o_f data records. The crogg|e probe, which samples data from a dense grid of posi-
power can be written aB1,=|Pyjexpiai,, Whereai ()  tions across the plasma column. The data can either be used
is thecro;s-phasespectrum of the S|gnals. If' the signals are to establish a space-time cross-correlation function
due to a linear superposition of noninteracting waves, C(AT,7)=(gy(F1,)ga(r1+Ar,t+ 1), or a conditional av-
* . erageG(r,,7)=(gy(r,,t+7)|C4(t)). Here Ci(t) symbol-
g(ri,t)= fo G(w)expi[k(w)-ri~wt]dw, 69 jzes a conditior§ imposed o|n sigr>lgL at time t. At those
timest,, n=1,2,..., when the condition 0g,(rq,t) is met
(for instance g, exceeds a certain valuethe signal
Gn(ro,7)=g5(r,,ty+7) is recorded in a certain window
Tmax=T=T7max- 1he conditional average is theG(r,,7)
=IimN_,m(l/N)Er’}‘:lGn(rz,r). The functionG(r,7) repre-
sents the average space-time evolution of the observable
k(w)=ayw)/Ar. (66)  measured by probe 2 in the time WiNd@W 7y, Tnax] CEN-
Note that Eq(65) is far from generally valid, even for non- tered around the time when a conditioning event occurs at
interacting wave modes. The integral assumes that only oniée position of probe 1. The method was first introduced in
wave vector is excited for every frequency. In general theplasma physics in Ref. 242 as a tool to study the evolution of
wave vectors have an angular distribution, and often moreoherent structures, and then appliedanachine plasmas
than one wave mode is excited. These things create ambigas reported in a series of articf$-2*°It was first applied to
ity with respect tk(w), since the definition above may give toroidal plasmagthe Blaamann devigein Refs. 246, 247,
contributions from wave vectors pointing in different direc- and later to the ADITYA Ref. 248 and TEXT-U Ref. 249
tions and even from several different modes. An example ofykamaks.
the latter is shown in Fig. 34, where the cross phase, and |, gec. |V we discussed methods for simultaneous mea-
hencek(w), measured by two conventional prokiesrve 3 g, .oments of electron density, poloidal electric field, and
s four t|m_es larger than that mea_lsured by plug prdbesye glectron temperature in magnetized plasmas. Such measure-
2). The signal from the conventional probes are dominate . . : . .
by electron temperature fluctuations, while that from plugments make it possple to obtain the radial, cross-field
?nomalous flux of particles and energy, and hence to study

probes show plasma potential fluctuations. The differen .
wave numbergand hence propagation velocitiesbtained undamental properties of anomalous transport relevant for

indicate the existence of two different wave modes, one witf"agnetically confined fusion plasmas. In a low-pressure
strong temperature perturbations and another dominated tjasma the particle flux density, =(nv.)=nev o+ (nvy),
plasma potential fluctuations. is due to convectionI{(;o=nevo) and electrostatic oscilla-

Some of the quite severe assumptions underlying thi¢ions in plasma density and electric fieldE=—V ¢. The
technique can be avoided by applying large probe arrays. Ifatter gives rise to fluctuations in the plasma drift velocity
the edge of the Caltech tokamak a 32 probe array coveredwg~E,/B. By Fourier expansion in time we have

it is easily shown thaP,(w)={|G(w)|?)expi[k(w)-Ar],
and that thecoherence y;o(w) =[P 1y )|/ VP11(w) P2l w)
=1.

Thus, in this casex;y(w)=k(w)-Ar, and the wave-
number componerk(w) alongAr is given by
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2
Ii=Tro= 2 T(w)=g 2 KIn(w)P[Eyw)?) 2
0>0 w>0 2
un
X Yne(w)COSang(w), (67) E 1
where yne(@) = [(n(@)Eg(@)*)[\{n(@)P)([E(@)?) is .
the cross-coherence and,g(w)=argn(w)Eyw)*) is the a
cross-phase betweenandE,. Assuming a wave superposi- ©
tion such as Eq(65) we get “
3
fy
I —T= 2 (o)
w>0
2
__° 2 2 4 6 8 10 12 14
szo \/<|n(w)| ><|¢)(w)| > Frequency, kHz
XKy(w) yn¢(w)sin an¢(w)_ (68) FIG. 35. Particle flux spectrurli,.(f) [curves(1) and (3)] and heat flux

spectrunicurves(2) and(4)] measured by method described in Ref. 194 in
These expressions show that the flux is proportional to theimple magnetized torus. The plasma conditions B0.154 T, helium

power and the cross coherence, and is optimized,if=0,  Pressure=0.35Pan=2x10""m %, andT.=1eV.
any=5m. The flux is zero ifa,g= 37 or 3m, ans=0 or .

If measurements ai(t) andE 4(t) are performed simul- The cross-field anomalous energy transport is given
taneously, the flux density spectrdm(w) can be estimated by?*®
from Eq. (67). Different methods for th& field andn mea- ~ o~
surements were described in Secs. IVC and IVE. There is a Q =§I“ T.+ §n (EqTe)
vast literature on flux measurements; ?2which means that 27" 2 B

we can only discuss_ some iIIusFrative exa_lmples. Measurgy, many of the works cited above, energy flux is also mea-
r_nents ofE, by recordmg the floatlng poten_tlal on tV\_/O probe gyred in addition to particle flux. From E9) it appears
tps separate2g3p0I0|daIIy were carngd out |Qanach|ne bY " that this extension is trivial ﬁ'e is also measured in addition
Nielsenet al=>° The density fluctuations were derived from to Ea andTi. Typically, .~|_e is measured either by the triple

the ion saturation current. ThE field measurements in a probe technigue or the fast sweep technique as described in

: ; : 219
reversed f|e_ld pinch by dit al,” " were performeq by means Sec. IV A. For probe measurements on microturbulence and
of two floating potentials corrected bk, fluctuations mea- . : :

. . transport in tokamaks more details can be found in the re-
sured by a triple probe. The problem connected with the .

$1R50 56
determination ofu was discussed in Secs. IVA and IV D. Views by HugilP*® and Bretz:
Note, generally, that the method cannot provide the phase
correction as the samg, is subtracted from both floating VI. EPILOGUE
potentials. A similar approach t& field measurements was
used in the Phaedrus-T and TEXT-U tokam&KsIn this
work, the density fluctuations were obtained from the ion

(69

From the material presented in this review it should have
become clear that electric plasma probes constitute a large
: . arsenal of different diagnostic techniques, some of which are
saturation current corrected o, fluctuations. o . : )

quite ingenious. Still, all techniques are based on the same

Direct measurements d& allow amplitude and phase . N . .
ising fronT.. contribution to be avoided. One ex- very simple principle; information about the phase-space dis-
errors arising € . . ' ._tribution of the species of charged patrticles is extracted from
ample are measurements conducted in a simple magnetiz

i b f a clust ot ft I b e measured relationship between the current and the volt-
orus by means of a cluster consisting ot two piug probes an ge applied to one single, or a cluster of small metal objects

two conventional probe¥? In this experimentE, was mea-  ncerted into the plasma and electrically connected to an ex-
sured by plug probegsee Secs. IVD and IVETe by @ ternal circuit. The focus of this review has been on increas-
combination of one plug and one conventional pr¢bee jng the awareness of the problems pertaining to the link be-
Sec. IVA) and n, by application of Eq.(17) for electron  tween the actual plasma conditions, the probe deéign.,
saturation current corrected by measuremenfs.ofResults  sjze, geometry, and orientatiprand the appropriate theoret-
of these measurements are presented in Fig. 35. ical model from which the plasma parameters are inferred
It is also common to obtaie by measurings supple-  from the probe characteristic. If one single message should
mented by an independent measuremeri,afsing Eq.(66) be extracted from this article, it would be that caution must
and signals from two probe tips. SuEhmeasurements com- be exercised in selecting the appropriate probe theory, which
bined with a simultaneous measurementodvill then pro-  is applicable to the plasma conditions and the probe system
vide the particle flux. This method was first suggested byat hand. Careless application of theoretical models outside
Poweré®*and has subsequently been applied in a large nuntheir regimes of validity can give rise to gravely incorrect
ber of articles. It suffers from possible errors in the measureresults.
ment of and ambiguities in the very definition of the wave In the present context, the experimentalist is like a prac-
numberk,, as described earlier in this subsection. ticing physician. The actual plasma is his patient, and the
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