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MeTor po60Ty € po3pobka MpoLiesypy BiHOBMEHHS! KOHLEHTpaLii i TemnepaTypy eneKTpoHiB, iOHHOro
CKnagy nnasmu 3a BofbTamrnepHo XapakTepuctukoro (BAX) i301b0BaHOI 30HA0BOI CMCTEMU 3 LUAIHAPUYHUMMN
enekTpogamu. Mnasma YoTMPbOXKOMMOHEHTHA, CKNaAacTbCs 3 €NeKTPOHIB, I0HIB ABOX COPTIB 3 iCTOTHO Pi3HNMU
macamu i HeinTpanis. BUMIpIOBanbHWA 30HS, | OMOPHWIA eNekTPos 30H4OBOI CUCTEMU MOXYTb GYTW CKnafieHi 3
JeKinbKox Lmninapis. Enektpoan 30HAOBOI cuCTeMM MOMNEpeqHo 06TiKatTbCS HaA3BYKOBKMM MOTOKOM HW3bKO-
TeMmnepaTypHOi 6e33iLLTOBXyBabHOI N1a3Mu 3 BiJOMOK MACcOBOHO LUBUAKICTHO.

3 BMKOPMCTaHHAM BifOMUX TEOPETUYHUX | EKCMEPUMEHTa/IbHUX 3aNeXHOCTel I0HHOro 1 eNeKTPOHHOrO
CTPYMiB Ha UuniHAp nobygoBaHa MaTemaTuyHa MOAenb 30MpaHHA CTPYMY Ans i30/1b0BaHOI 30HAOBOI CUCTEMU
npu 4OBiNbHOMY BifHOLLEHHI N/oLY, enekTpozis. Mogenb BKNOYaE po3paxyHOK PiBHOB&XHOMO NOTeHLiany onop-
HOro eNleKTPoda Npwv 3MiHi Hanpyry 3cyBy 30HAa. Po3po6neHo npoLeaypy iAeHTUdiKalil NoKanbHUX napameTpis
nnasMu 3 3anyyYeHHsM anpiopHoi iH(opMaLlii MpPo BNACTMBOCTI Maa3Mu i yMOBM eKCnepuMeHTy. [ocnimkeHo
BM/IMB KOHLEHTpALLii i TeMnepaTypn eneKTPOHIB, IOHHOrO CKMady nnasMu Ha 30HAOBUI CTPYM i30/1bOBaHOI 30H-
[l0BOT CUCTEMU MPU Pi3HOMY BiJHOLLEHHI M/OLY, eNeKTPoAiB, Lo 36MpatoTb CTPYM. BusHavyeHO o6nacti noTeH-
uianis 3CyBY 30HAA | 3HAYeHHA BIAHOCMHW NNOLL, €NeKTPOAiB, WO BiANOBIAaOTb Ha6INbLIOMY i HaiMEHLLOMY
BM/IMBY MapameTpiB, LU0 BiHOB/OKTLCS, Ha 30HA0BUIA cTpyM. OTpUMaHi KifbKiCHi 06MEXeHHS Ha MoTeHLianm
3CyBY | BifJHOLLUEHHS NAOL, BMKOPWCTaHi B CXeMi 30HAOBMX BMMIpIOBaHb i Npu Mo6yAoBi LinboBOI (YHKLIT
NOPiBHAHHS TEOPETUYHOT anpoKcyMaLii 30HL0BOro CTPYMY 3 pe3ynbTaTaMy BUMipoBaHHS BAX.

Bu1KoHaHO uvCnoBe MOAENt0BaHHS 30HAOBKX BUMIpPIOBaHb B yMOBax ioHoctepw. MiagTBepmKeHO npaLesaaTHICTb
npoLeaypy ifeHTU iKaLii oKanbHUX NapameTpiB YOTUPLOXKOMMNOHEHTHOI Nia3Mu 3a eNIeKTPOHHOIO Fifiko BAX
i30N1b0BaHOI 30HAO0BOI cucTeMu. OTpUMaHi pe3ynbTaTi MOXyTb GyTV BUKOpUCTaHi B AiarHOCTWLi iOHOC(epHOI
nnasmn Ha NOHafMaIMX CYMyTHUKaX.

KntoyoBi cnoBa: ioHW nnasmu ABOX COPTIiB, i30/1b0BaHA 30HA0BA CUCTEMA 3 LMNIHAPUYHAMM eNeKTPpojamu,
MaTemMaTU4yHa Mofenb 36MpaHHa CTPyMy, NapameTpuuHa ifeHTudikayis, anpiopHa iHopmawis.

The aim of this work is the development of a procedure for extracting the plasma electron density and tem-
perature and ion composition from the current-voltage characteristic (C -V characteristic) of an isolated probe
system of cylindrical electrodes. The plasma is four-component and consists of electrons, ions of two species with
significantly different masses, and neutrals. The measuring probe and the reference electrode of the probe system
may be made up of several cylinders. The electrodes of the probe system are placed transversely to a supersonic
flow of a low-temperature collisionless plasma with a specified mass velocity.

Using the familiar theoretical and experimental relationships for the ion and electron currents to a cylinder,
a mathematical model of current collection is constructed for an isolated probe system at an arbitrary ratio of the
electrode surface areas. The model includes the calculation of the equilibrium potential of the reference electrode
as a function of the probe bias voltage. A procedure is developed for the identification of local plasma parameters
using a priori information on the plasma properties and the experimental conditions. The effect of the electron
density and temperature and the ion composition on the probe current of the isolated probe system at different
ratios of the current-collecting electrode surface areas is studied. The ranges of the probe bias potentials and the
values of the electrode surface area ratio that maximize and minimize the effect of the sought-for parameters on
the probe current are determined. The quantitative restrictions on the bias potentials and the surface area ratio
obtained in this study are used in the probe measurement procedure and in the objective function for comparing
the theoretical approximation of the probe current with the measured |- characteristics.

A numerical simulation of probe measurements under the ionospheric conditions was conducted to verify
the efficiency of the procedure for extracting the local parameters of a four-component plasma from the electron
branch of the | -V characteristic of an isolated probe system. The results obtained may be used in ionospheric
plasma diagnostics onboard nanosatellites.

Keywords: plasma ions of two species, isolated probe system with cylindrical electrodes, mathematical
model of current collection, parametric identification, a priori information.

Introduction. Diagnostics of ionospheric plasma on spacecraft is traditionally
carried out using electric probes. Due to the simplicity of the apparatus and the
acceptable measurement accuracy, electric probes are successfully used to study
the kinetic parameters of charged components of the ionospheric plasma since the
first rocket launches [1].
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The basic elements of the probe measuring system are the measuring electrode
(the probe) and the reference electrode, which have electrical contact with the plasma

and have the area of the current-collecting surface of S, and S_,, respectively. The

classical theory of a single cylindrical probe is applicable if the ratio of the collecting
surface areas satisfies a rather strict condition S; = S, / Sp 2 10, [1, 2]. Application

of the single Langmuir probe scheme for ionospheric measurements most often sup-
poses the spacecraft body (outer surfaces of the conductive elements that are not in-
sulated from plasma) to be the reference electrode. Very low density of the iono-
spheric plasma and the trend towards a decrease in the spacecraft size (development

of micro- and nanosatellites) make it difficult to satisfy the condition Sg >10* for

the current-collecting electrodes of the measuring scheme of a single Langmuir
probe.

The theory of current collection by a cylindrical Langmuir probe in a super-
sonic flow of a rarefied weakly ionized gas is developed well for a three-
component plasma containing ions of the same kind. The Earth’s ionosphere is a
volatile multicomponent medium. The ionic composition of the ionosphere varies
significantly depending on the time (day/night variations), season (win-
ter / summer variations), and intensity of solar and geomagnetic activity. Fig. 1
shows the dependence of the main ionic constituents of the ionosphere (oxygen

O™ - solid curves, nitrogen N* — dashed curves, hydrogen H* — dotted curves)
on the altitude in the daytime (a) and at night (b) in winter 01.01.2019 (thick
curves) and in summer 01.07 .2019 (thin curves). This data is obtained using IRI-
2012 model [3] for location Lat = 50° N, Long = 40° E.

One can see from Fig. 1,a) that in the daytime under the considered condi-
tions, the fraction of relatively lightweight atomic hydrogen ions does not exceed
10 %, and for probe diagnostics, the approximation of the "average mass" of ions
can be used. At night (Fig. 1,b)) in winter for altitude of more than 600 km, the
fraction of atomic hydrogen ions can exceed 50 %, and, taking into account the
aforementioned restriction for a single Langmuir probe scheme, probe diagnostics
based on the three-component plasma theory (considering ions of only one kind)
requires additional substantiation.
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Fig. 1
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Previously in [4] an effective procedure was developed for interpreting the
| -V characteristic of a single cylindrical probe in a three-component collisionless
plasma flow consisting of neutrals, positive ions, and electrons. The procedure is
based on parametric identification of the | =V characteristic of a probe transversely
placed in plasma flow using the a priori information on the plasma properties and
experimental conditions. Later, this procedure was extended [5] to an isolated
probe system with cylindrical electrodes at an arbitrary ratio of the surface areas of
the probe and the reference electrode. The developed procedure allows one to in-
terpret probe measurements in the three-component plasma approximation on
nanosatellites. In [6], the procedure for interpreting probe measurements [4, 5] was
adapted for diagnostics of laboratory four-component plasma containing atomic
and molecular ions of the working gas of a plasma source. Using an isolated probe
system with sectional cylindrical electrodes, the procedure allows restoring plasma
parameters, including the degree of dissociation, provided that the squares of the
mass velocity of atomic and molecular ions in the source jet are inversely propor-
tional to their masses. The current article substantiates the possibility of using the
procedure [4, 5] for diagnosing a high-speed flow of four-component plasma of an
arbitrary ionic composition by the electronic branch of the | -V characteristic of an
isolated probe system with sectional cylindrical electrodes.

Formulation of the problem. Let us consider a model of a probe measuring
system with cylindrical electrodes, placed transversely in a supersonic flow of col-
lisionless plasma with a mass velocity V . It’s assumed that the base radii of the
probe r, and the reference electrode r, are significantly less than their length,

the end surfaces of the electrodes are isolated from the plasma, the electrostatic
and gas-dynamic influence of the electrodes on each other in the plasma is small,
and there is no emission current from the electrode surfaces. The plasma is four-
component (it consists of neutrals, positive singly charged ions of two species and
electrons), quasi-neutral, its flow around the electrodes is collisionless, the influ-
ence of the magnetic field on the probe current is negligible, the velocity distribu-
tion of particles of the same species in unperturbed plasma is Maxwellian.

We assume that for the radii of the probe r,, and the reference electrode ry, the

restrictions [4, 5] satisfy:
rp/kd <1, rcp/kd <10, (1)

where A4 — Debye length in unperturbed plasma.

The ion composition of the plasma is characterized by the parameter
An = niyl/(ni’1 + nijz)s ni1/Ne , where n;;, n;, are the densities of ions of the spe-

cies 1,1, 1,2, respectively, n, is the electron density (condition of plasma qua-
sineutrality follows n;; +n; , =n,). The temperatures of the ions of the kinds i,1
and 1,2 are assumed to be equal, T;; =T; , =T;.

Mathematical model of current collection. For the formulated above prob-

lem, the main parameters of the unperturbed plasma are: the density of electrons
ne, the part of ions of the species 1,1 among positively charged particles y,, the
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temperature of electrons T, ion temperature T; and masses m;,, m;,. Let’s pre-
sume that ions 1,2 are heavier: m;; <m; ,.

Let’s make use of the electric current approximation to a cylinder transversely
placed in collisionless plasma [4, 5], obtained on the basis of the classical asymp-
totic Langmuir relations [7], analytical studies [8] and calculations [4, 9, 10]. As-
suming that the presence of different ion species in a supersonic plasma flow does
not lead to a significant change in the self-consistent electric field in the vicinity of
the immersed cylinder [6], the dimensionless total current on a cylinder under a
potential ¢ related to the unperturbed plasma potential (electron current is posi-

tive) is:
I (0)=Te (@)= xnxm /B - Ti1(0)— =% W1/B T 2(0), Si>ftm. (2
o [,

exp(o), 9<0
) 2/nexp(—B(p+Si2/xm) B(PZSiZ/XmJ
2w Y2+ fin—Bo. Po<Sftm
_ JZ/_nexp(—B¢+Si2) P =S;";
li2(0)=

o2 +57-Bo,  Bo<S?

where I, I, are respectively the total and electron currents on a cylinder, both nor-

I_il((P)

malized by the chaotic electron current; I_I is the ion current, normalized by the cha-
otic current of ions of the corresponding kind, ¥, = miyz/miyl is the different ion
kinds mass ratio, p= me/miy2 is the charged particles mass ratio, B =T,/T; is the
temperature ratio, S; =V/uiy2 is the ionic velocity ratio for heavier ions i,2. The
dimensionless potential ¢ is normalized by kTe/e, where Kk is the Boltzmann con-
stant, e is the elemental charge. The thermal current of particles of the kind o is
lo0=1Ju0:Sc, where j,g =enaua/2\/5 is the thermal current density,
Ug =\/m is the thermal velocity, T, and m, is the particle temperature and
mass, S, is the area of the cylinder collecting surface. Subscript a. =i refers to ions,
i,1 — lightweight ion species, i,2 — heavier ion species, e — electrons.

Direct problem of probe measurements. The experimental | -V characteris-
tic is the dependence of measured current 1, in the "probe — plasma — reference
electrode” circuit on the bias potential of the probe U;, relative to the potential of
the reference electrode U, . Probe potential U, with respect to undisturbed
plasmais U, =U;, +Uq, .

The characteristic time of establishing equilibrium potential in the ionosphere
is rather short [1]. Therefore, the considered isolated probe system is always under
an equilibrium potential determined by the zero total current of charged particles
through all collecting surfaces of the electrodes. The equilibrium potential of the
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reference electrode U, , that corresponds to the bias voltage U. , is derived from

iz?

cp
the current balance equation [5]

S - I_cp ((Piz)+ I_p ((Piz)z 0. 3)
Here, the dimensionless currents to the reference electrode I_Cp(cpiz)z I_C((pcp) and
to the probe I_p((piz): I_C((piZ +(pcp) are determined by relations (2). Solving for

each bias potential ¢;, the nonlinear equation (3) for the reference electrode po-
tential o, , we find the dependence of the reference electrode equilibrium poten-

tial on the probe bias potential, ¢, = ®(¢;, ).
Thus, the dimensionless | -V characteristic of the probe writes

I_p ((Piz)z I_C(CD((Piz)""(Piz)’
in a dimensional form:
I p(Uiz)= jeO 'Sp : I_c(CD(eUiz/kTe)"'eUiz/kTe)- (4)

Since the dependence of the electric current on the electrode potential and pa-
rameters x,, xm, &, B, S; is a continuous function (2), the solution of the non-

linear equation (3) exists, it is unique for all considered values of the bias potential
¢;, and it can be found using iterative method [4, 5].

In the case of one ion species (y, =0) and sufficiently large positive probe
potential relative to the plasma, ¢, =, +¢¢,>> 1, the current balance equation
(3) has an analytical solution [6]

_ (w/4+op)-S2uB U2+ s?)
1+ Sszu

Pep

From physical considerations ¢, <0, then we obtain the restriction to the bias
potential

0i > 0r(Se)=S2u/p-[y2+ 57 )-n/a. 5)

The dimensionless | -V characteristic of the probe in the electron saturation region
@i, > @i, in this case is determined as follows

Ip((Piz)z%'Ss '\/“/(1"'852“)'\/(1/2+Si2)/[3+(n/4+q’iz)- (6)

As one can see, in contrast to a single Langmuir probe case, the electron satu-
ration current depends on the ion flow velocity S; and the degree of plasma noni-

sothermality . This is due to the insulation of the probe system, as well as the

shape and plasma flow pattern around the reference electrode. The range of the
applicability of the obtained approximation of the probe electron saturation current
(6) is determined by condition (5). An increase in the electrode areas ratio S

leads to an increase in the bias voltage ¢;, required to reach electron saturation.
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Relations (2), (3), which determine the parametric representation of the | -V
characteristic of the "probe — plasma — reference electrode" system in the case of

two ions species, include dimensionless parameters ., %m, 1, B, Si, S¢, ¢i;,
determined through the parameters of the unperturbed quasi-neutral plasma, the
probe and the reference electrode: ng, T,, mjy, mj,, Ny, T;, V, Spr Sepy Ui
Fig. 2 shows dependences of the probe current I_p (a) and probe equilibrium po-
tential ¢, =@;, + ¢, (D) on the bias potential ¢;, for various ratio of the electrode
areas Sg =50, 100, 150, 200, 300, 400. For each S there are four thin curves: cal-
culations for y, =0.1 (solid), x, =0.3 (long dashed), y, =0.6 (short dashed),
%n = 0.9 (dotted). The thick solid curve is calculated at S = 1000, ¥, = 0. Calcula-

tions is performed for the parameters S; =4.9 , n=17-10", p=1.3, that corre-
spond to the ionospheric plasma at an altitude of about 700 km [4].
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Fig. 2

An increase in ratio of the electrode areas S leads to an increase in the elec-
tron saturation current and in the probe equilibrium potential relative to the plasma
potential. At each value of the parameter S_, an increase in y, (part of lighter
ions in plasma) leads to an increase in the probe current. The influence of the pa-
rameter y, on the collected electron current and the equilibrium probe potential is

observed at Fig. 2 only in the region of electron saturation. In the transition region
of the I -V characteristic of the probe system, the influence of the parameter y,, is

insignificant. The performed calculations show that the dimensionless bias poten-
tial ¢, ~ ¢y (Ss), where o, (S,) is determined in (5), separates the electronic
branch of the I =V characteristic into the transition region and the electron satura-
tion region

Inverse problem of probe measurements. To apply relations (2), (3) to the
interpretation of probe measurements in the ionosphere, following [4, 5], we use
the geometric parameters of the isolated probe system S, S, and the parameters

of the plasma flow
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Let the base radii of the probe r,, and the reference electrode r, be specified and

satisfy the constraints (1). We assume that the ion masses (parameters 7y, W)

and the mass velocity of the plasma flow V are given.

Calculations performed for the flow of a four-component plasma, similarly to
the case of a three-component plasma [4, 5], revealed a weak dependence of the
collected probe current on the degree of plasma nonisothermality 3 at all values of

the ratio of the electrode surface areas S and bias potential U;,. This represents a
well-known drawback of probe diagnostics — the ion temperature (T, =T, /B) can-

not be reliably determined from the probe characteristic in high-speed nonisother-
mal (T, = T.) plasma flow [2, 10]. Following [4, 5], we fix the value of the parame-

ter B based on the a priori information about the valid degree of plasma non-

isothermality. Such information can be obtained from the IR1-2012 model [3] for
the ionosphere or from additional independent measurements of the ion tempera-
ture in the nonisothermal plasma [4].

The geometric parameters S,, S of the current-collecting electrodes of the

probe system must be selected to ensure reliable determination by the electronic
branch of the | -V characteristic of the density n, and electron temperature T,, as

well as the fraction of lightweight ions y, in the supersonic flow of a four-

component plasma.

Let G denote the vector of parameters (7), then formally the relation for the
probe current (4), including the calculated relations (2), (3), can be written as fol-
lows:

Ip(Uiz'Ss'G): jeO(G)'Sp : I_c((Pp(Uiz’Ss’G)’G)'
(Pp(Uiz’SSiG)zeuiz/kTe +q)(euiz/kTe'Ss’G)'

where (pp(UiZ,SS,G) is the dimensionless potential of the probe relative to the
plasma corresponding to the dimensional bias potential U;, and the values of pa-
rameters (7) for the probe system with the area ratio S, ; (D((piz , SS,G) is the root
of the nonlinear equation (3) corresponding to the dimensionless bias potential ¢;,
and values of parameters (7) for the probe system with the area ratio of S, .

Let 14,(U;,,Ss) be the experimentally obtained I -V characteristic of the pro-
posed probe system with the area ratio S. The inverse problem of probe meas-

urements is to determine the unknown parameters from the set (7), at which the
theoretical I -V characteristic best fits the experimental one. In general case, the
problem of identifying the plasma parameters (7) is stated as follows [4]:

G*: F(G) m|nF G)=[1,U;.8,.G)- |ex(uiz,ss)ﬂM_. (8)

1z
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Here |f(U;,)],, is the discrete quadratic norm of the grid function f(U;, ), the set
M,, defines the nodes of the grid function, D is the set of valid values of G:

G™ <G<G™ where G™", G™ are the vectors of the smallest and largest
values of parameters (7), respectively. The set of valid values of parameters (7) is
determined from physical considerations and a priori information about the studied
plasma flow [4].

For example, a priori information on parameters y,, and p can be obtained as

long as the chemical composition of the plasma is given, on V - from the space-
craft trajectory, on n,, T,, x,, B — from previous measurements in similar condi-

tions.
Eq. (2), (4), combined with Eq. (3), determine the probe current as a piece-

wise-analytical function of the potential U, and all the parameters (7). Its
smoothness breaks at regions that satisfy

eU;, /kT, + ®(eU;, /KT, ,S,G)=0,
eUiz/kTe +q)(euiz/kTe ’SS’G): me/kTe 'V2/2HXm )
eU;, /KT, + ®(eU;, /KT, ,S,G)=m, /KT, -V2/2u.

For a probe system with electrodes surface areas ratio of S, the above equal-
ities determine the surfaces of the space of variables (U;,,G) on which the deriva-
tives of the function Ip(U S5, G) have discontinuities of the first kind. At all
other points of the set D function Ip(U ,Ss,G) is analytic, hence continuously

differentiable with respect to all its variables. The variational problem (8) can be
solved by methods based on Newton's method with constraints on the parameters.

Analysis of problem parameters. Let g be one of parameters from the set (7). For
the function 1,(U;,,S,,G) in the vicinity of a certain point
Gy = (neO,TeO,xno,BO,me, Ho,Vo) we define the dimensionless function of sensitivity
to parameter g :

Jo aIp(Uiz’Ss’GO)

I, Ui, S6.Gg)=— :
p,g( iz'¥s 0) JeO'Sp 59

Small changes in parameters (7) g = g0(1+ sg) in the vicinity of the point G,
leads to a change in the dimensionless probe current

Ip(UizvSs’G)z I p(Uiz’Ss'GO)"'Zgglp,g(UizvSs’GO)'
9
On the basis of these relations, the analysis of the influence of parameters (7)
on the | -V characteristic of the proposed isolated probe system was carried out at
various reference electrode to probe area ratios during ionospheric studies at an
altitude of about 700 km [4].
The calculations show that for the considered model "probe — four-component

plasma — reference electrode”, the dependence of plasma parameters n,, T, B,
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u, V on the probe current qualitatively and quantitatively corresponds to the de-

pendence obtained in [5] for the three-component plasma model. Under the elec-
trodes area ratio Sq > 500 for density n,, mass ratio p, temperature ratio § the

sensitivity functions are as well qualitatively and quantitatively correspond to the
ones obtained in [4] for the model of a single Langmuir probe. In contrast to the
model of a single electric probe, for the proposed isolated probe system the sensi-
tivity functions to the flow velocity V and electron temperature T, change their
sign.

For the proposed probe current collection model (2) — (4), Fig. 3 represents
the results of calculating the sensitivity functions to the density n, (a) and electron

temperature T, (b) vs. the probe bias potential U;,, in Volts, for different elec-
trodes surface areas ratio Sy. For each value of Sg in Fig. 3a there are four thin
curves calculated at the values of the parameter y, = 0.1, 0.3, 0.6, 0.9, in Fig. 3b —
two thin curves calculated at values of y, =0.1,0.9. Curves are labeled as in
Fig. 1. The thick solid curve is calculated at S = 1000, y,, =0.
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From Fig. 3,a) one can see that, similarly to the case of single Langmuir
probe, the electron density n, has a dominant effect on the probe current in the

region of electron saturation at all values of the area ratio S . Fig. 3,b) shows that
with an increase in the area ratio Sg, the region of influence of T, spreads towards
greater probe bias potential U;,. Under the area ratio of S >500, the influence of
the parameter T, on the probe current practically does not change with further in-

crease in the area of the collecting surface of the reference electrode.

Just like in the theory of a single Langmuir probe, parameter T, significantly
influence on the probe current only in the transitional part of the | -V characteris-
tic, near the floating potential of the probe system. The performed calculations
showed that the region of influence of the electron temperature T, on the probe

105



current is estimated by 0<U;, <1.6-¢;,(S,)-kT, /e where the dimensionless po-

tential ;, (S, ) is determined in (5).
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0.1 1 F
0.06 0.6 -
30
0.02 0.2 400
Ss=1000 Ss=1000

2002 L 0.2 b

0 25 U, 50 0 25 U, 50

a) b)
Fig. 4

Fig. 4 shows the results of calculating the function of sensitivity to the param-
eter y,, at the values of y, =0.1 (a) and y, = 0.9 (b) vs. the probe bias potential

U, , in Volts, for different values of the areas ratio S;. An increase in the area
ratio S, shifts the region of influence of the parameter y, towards higher poten-

iz?

tial U, for all valid values of y,. So, at Sg>400 in the transition region of the I -
V characteristic, where the influence of the electron temperature T, is strong, the
influence of the parameter y,, on the collected current is minimal. The calculations
showed that the region of influence of the parameter y, on the probe current col-
lection is well described by condition (5). An increase in the probe bias potential
U;, increases the value of the sensitivity function I_ern . The strongest sensitivity
of the collected current to the parameter y,, is observed at S e [100,200]. An in-
crease in the parameter y, leads to an increase in the values of the sensitivity

function 1 and, consequently, to better accuracy of identification of the pa-

p»Xn !
rameter y, by solving the variational problem (8).

Probe measurement procedure. On the basis of the results of the performed
analysis, let’s construct a procedure for identifying the parameters n,, Ty, %, by

the electronic branch of the | =V characteristic of an isolated probe system. Let the
reference electrode be a series of parallel cylinders, and each of them can be con-
nected or disconnected from the electrical measurement circuit. Such a measuring
probe system makes it possible to measure the | =V characteristic at different val-

ues of the area ratio S,. Let S and S, be the values of such area ratios

(S: < S:* ). We assume that the local flow parameters remain for different refer-
ence electrode area. Then, to each bias potential o;, in the measuring system with
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S = S; corresponds the probe current I:,, and I;* in the measuring system with
Sy=S; .
The value S: must be in the range [100, 200] to ensure the strongest sensitivi-

ty of the collected probe current I; to the plasma ion composition. The value S;\*

must satisfy the condition S;\* > 400, and then in the transition region of I -V char-
acteristic, where the strongest sensitivity of the probe current to the electron tem-
perature T, is observed, the influence of the parameter y,, on the collected current

is negligible small. The use of two | -V characteristics 1,(U;,) and 1, (U;,) sepa-

rates the regions of influence of the parameter y,, (ion composition of the plasma)
and the electron temperature T, on the probe current. In this case, the objective

function of the variational problem (8) is the sum over S, = S:,S;* of the norms
of the difference between the theoretical and experimental | -V characteristics. The
mesh M;, of bias potential values U,, for the objective function must cover the

Hok

transition region and the electron saturation region, 0<U, <U, , where

UL 2205 (S7) KT, Je, and ¢ (S, ) is defined in (5).

The results of the numerical simulation of the identifying the values of the
parameters n,, T,, x, by solving the variational problem (8) at the electrodes
surface area ratio of S; =100, 150, S." = 400, 500, 600 confirmed the possibility

of diagnosing a four-component plasma using the proposed isolated probe sys-
tem. Similarly to the case of dissociated gas in the plasma of a jet [6], an in-

crease in the ratio S:*/S: improves the accuracy of identifying ion composition
of the plasma y,.

iz 1

Conclusions. A mathematical model of current collection in a flow of four-
component plasma for a probe system with cylindrical electrodes with an arbitrary
ratio of the probe and the reference electrode areas is constructed. The model in-
cludes the calculation of the equilibrium potential of the reference electrode when
the bias voltage of the probe changes. On the basis of the constructed model, a
procedure was developed for calculating the theoretical 1 -V characteristic of a
cylindrical probe in a supersonic flow of low-temperature collisionless plasma and
for identifying the local plasma parameters using a priori information on the plas-
ma properties and experimental conditions.

The influence of the electron density and temperature, ion composition on the
probe current of an isolated probe system is investigated for different ratio of the
electrode areas. The regions of the probe bias potential and the area ratio corre-
sponding to the strongest and the weakest influence of the sought-for parameters
on the probe current are determined. The obtained quantitative restrictions on the
bias potential and the area ratio allow constructing a scheme of probe measure-
ments, in which the regions of influence of the ion composition and the electron
temperature on |-V characteristic are separated. Numerical simulation of probe
measurements in ionospheric conditions is performed. The efficiency of the proce-
dure for identifying the local parameters of four-component plasma by the elec-
tronic branch of an isolated probe system is confirmed.
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The obtained results can be used in the planning and interpretation of experi-
ments on diagnostics of ionospheric plasma.
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