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MeTol0 poboTn € po3pobka MpoLeAypu BiJHOBMEHHA KIHETMYHWMX MapameTpiB 3apsmkeHUX YacTUHOK Yy
Haf;3ByKOBOMY CTPYMeEHI ra3opo3psgHOro fxepena 6e33ilLTOBXYBalbHOI Nna3My 3a pesynbTaTaMu BUMIpIOBaHb
CTPYMY, LLO 36MpaeTbCs i30/1bOBAHOK 30HAOBOKO CMCTEMOKO 3 MOMEPEYHO OBTIUHUMU LMATHAPUYHUMI €NeKTPOo-
[iamMun. Ha 0CHOBI OTpUMaHKX paHille MaTeMaTU4HOT Mogeni 36MpaHHA CTPYMY i30/1b0BaHOK 30H0BOIO CUCTEMOID
Ta acCMMNTOTWYHOFO PilUeHHA A1 30HAOBOrO CTPYMy B 0611aCTi HACMYEHHS eNeKTPOHIB OTPUMAHO CriBBiAHO-
LLIEHHS!, WO 3B'A3ylOTb TeMnepaTypy, CNpsMOoBaHy LUBWAKICTb iOHIB i TemnepaTypy eneKTPOHIB Haf3ByKOBOro
CTPYMeHs NnasmMu 3 pesynbTatamn BUMIpHOBaHb 30HA0BUX CTPYMIB.

JocnifpkeHo BNAVB NapaMeTpiB 30HAOBOT CUCTEMU Ta MOXMOKM BUMIpIOBaHHS CTPYMIB Ta Hanpyru Ha foc-
TOBIpHICTb AiarHOCTVKM ra3opo3psagHOI NiasMy BOaTOMHOro poboyoro rasy. B pamkax mogeni 36MpaHHs 30H40-
BOrO CTPYMY [151 06/1aCTi HACUYEHHS €NIEKTPOHIB OTPMMAHO YMC/IOBI Ta aHaiTUYHI OLiHKW MOXUGOK BifIHOB/EH-
Hsl KIHETWYHWX NapaMeTpiB MaasMy 3a/1eXHO Bif reOMETPUYHUX MapameTpiB 30HA0BOI CCTEMU, TOUHOCTI BUMI-
PHOBaHHA 30HAOBMX CTPYMIB Ta MOTEHLiaNiB 3MilLieHHs 30HAa W00 MOTeHLiany ONopHOro enekTpoga. BusHave-
HO OMTWMaNbHI BifHOLLUEHHS MAOLMH BYMIPIOBa/IbHOrO Ta OMOPHOMO eNneKTPOoAa i30/1b0BaHOT 30HA0BOI CMCTEMU
Ta YMOBM BUMipIOBaHb 30HAOBWX CTPYMIB ANA afjeKBaTHOrO OLiHIOBaHHA CepefHbOi KiHETUYHOI eHeprii Ta LWBus-
KOCTi CMPSIMOBAHOTr0 pyXy iOHIB Y HaA3BYKOBOMY CTPYMeHi ra3opo3psgHoi niasmu. HaseaeHo anpiopHi KifbKicHi
XapaKTepuCTUKM BNAMBY NOXMOOK 30HAOBWX BVMIpIOBaHb Ha AOCTOBIPHICTL BiHOBNEHHSA KiHETUYHMX NapameT-
piB 3apAmKEHNX YaCTUHOK.

Po3pobneHa npolesypa Ta OTPUMaHi OLiHKM MOXMOKW BiJHOBNEHHS KIHETUYHWUX NapamMeTpiB niasMu fo-
3BO/IAKOTH BMOPATK MapameTpu 30HAOBOI CUCTEMW Ta OLiHWTW HeobXifHY TOUHICTb BMMIpIOBaHb Nif yac nnaHy-
BaHH# Ta MPOBefeHHs eKCNepUMEHTIB 3 [jiarHOCTVIKV N1abopaTopHOT Nnasmu.

KntoyoBsi cnosa: CTPyMiHb 6e33iLUTOBXyBaibHOI MAa3Mu, KiHETWYHA EHEepris 3apso>KeHWX YacTUHOK,
LIBMAKICTb CNPAMOBAHOTO PyXy iOHIB, MaTeMaTUYHA MOZENb 3GMPaHHS CTPYMY, 06NacTb HACUYEHHS eNeKTpPo-
HiB, OLiHKV NOXMOKM BiJHOBNEHHS NapameTpiB.

The aim of this work is to develop a procedure for determining the kinetic parameters of charged particles
in a supersonic jet of a gas-discharge source of collisionless plasma by measuring the current collected by an
insulated probe system of cylindrical electrodes placed transversely to the jet. Based on the authors’ mathematical
model of current collection by the above-mentioned probe system and asymptotic solution for the probe current in
the electron saturation region, the ion temperature and directed velocity and the electron temperature are related to
the measured probe current.

The effect of the probe system parameters and the current and voltage measurment error on the reliability of
diagnostics of a diatomic gas-discharge plasma is studied. Within the framework of the probe current collection
model for the electron saturation region, numerical and analytical estimates of the errors in determining the kinet-
ic plasma parameters are obtained as a function of the geometric parameters of the probe system, the accuracy of
probe current measurement, and the bias potential of the probe relative to the potential of the reference electrode.
The measuring-to-reference electrode area ratio and the probe current measurement conditions optimal for ade-
quate estimation of the average kinetic energy and the directed velocity of ions in a supersonic gas-discharge
plasma jet are determined. A priori quantitative characteristics of the effect of the probe measurement errors on
the reliability of the determination of the charged particle kinetic parameters are given.

The reported procedure and estimates of the error in kinetic plasma parameter determination al-
low one to choose the probe system parameters and estimate the required measurement accuracy
when planning and conducting experiments on laboratory plasma diagnostics.

Keywords: collisionless plasma jet, kinetic energy of charged particles, ion directed velocity, mathemati-
cal model of current collection, electron saturation region, parameter determination error estimate.

Introduction. Physical modeling of the interaction of structural elements and
on-board equipment of spacecraft with ionospheric plasma is an important stage in
the development of space technology. The most adequate comprehensive modeling
of ionospheric conditions in orbit can be implemented using a gas-discharge plas-
ma source with ion acceleration in the electric field of the jet [1, 2].

Diagnostics of a supersonic flow of laboratory low-temperature plasma is usu-
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ally carried out using single stationary cylindrical Langmuir probes using the wall
of a vacuum chamber as a reference electrode [3]. In our previous works [4 — 6], it
is theoretically shown that the insulated probe system (IPS) of cylindrical elec-
trodes significantly increases the information content of probe measurements in
the jet of a gas-discharge plasma. Provided that the acceleration of ions occurs in
the electric field of the source jet, an asymptotic solution for the probe current in
the electron saturation region is obtained for the diatomic plasma. Procedures for
carrying out probe measurements in the core region of the jet are proposed to de-
termine the degree of ion dissociation, electron density and temperature.

In this article, under the assumptions made, relationships are obtained between
the kinetic parameters of charged particles (such as temperature and bulk velocity
of ions, electron temperature) in the plasma jet and the probe currents measured by
the IPS. The influence of the geometric parameters of the probe system, the current
and voltage measurement error on the reliability of the determination of the plasma
kinetic parameters is studied. The optimal for practical use IPS’s electrodes areas
ratio and the range of the bias potential are determined.

Problem formulation. The problem of electric current collection by an IPS,
cylindrical electrodes of which are oriented transversely to the bulk velocity in the
supersonic flow of gas-discharge plasma of a diatomic gas is considered [4 — 6].
The acceleration of molecular ions of mass m; and atomic ions of mass m; /2 oc-
curs in the electric field of a jet flowing into a vacuum chamber [1].

We assume that the plasma is Maxwellian, collisionless, quasineutral, there is
no magnetic field, the temperatures of atomic and molecular ions are equal
(Tiy =Ti, =T;), the mass velocities of atomic V;; and molecular V; ions satisfy

the relation V; 1 /V; =+/2. The degree of ion dissociation in the plasma jet is char-

acterized by the parameter h = nill/ne, where n;, is the density of atomic ions,

ne is the electron density.

The IPS is located in the core area of the jet (where plasma parameters don’t
change in any direction perpendicular to the jet center line). It consists of a measur-
ing electrode (probe) with current-collecting surface area of S, a reference elec-

trode with the area of Scp. Electrodes have electrical contact with the plasma, and

they are electrically insulated from the body of the vacuum chamber. The base ra-

dius of the probe r, and the reference electrode r;, are significantly smaller than

their lengths, and the end surfaces of the electrodes are insulated from the plasma.
The base radii of the electrodes satisfy:

rp/hg <1, T /hg <€ =3-10,

where A4 is the Debye length in an unperturbed plasma, Ef is such value of
rcp/kd , which restricts the applicability of the Langmuir formula for ion current

to a transversely oriented cylinder [7].

Let’s also assume very little electrostatic and gas-dynamic influence of elec-
trodes on each other and on the surrounding plasma flow, the absence of the emis-
sion current from the electrodes, free-molecular regime of plasma flow around the
electrodes.
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The purpose of this work is to develop a procedure for determining the kinetic
parameters of ions (velocity V; and temperatureT;) by the electron saturation cur-

rent measured using the IPS.

Mathematical model of current collection by the IPS in a supersonic flow of
dissociated rarefied plasma is based on asymptotic formulas for the ion and elec-
tron currents on a long transversely oriented cylindrical electrode [4, 5]. The di-
mensionless total current per cylinder is

l(0)=Te(0)+Ti(o) , (1)
A 2/\/;-,/7:/4+, ¢ >0;
R N

Jmexol-po+s?)  0257%/p:

(o) (1t Ll
li(0)=- 0’414”)\E 2/ Nm W2 +S7 —Bo. 0<S7[B

where I_c, I_e, I_I are the total, electron and ion currents, respectively, normalized
by the thermal electron current on a cylinder 1,,, ¢=eU/kT, is the dimension-
less electric potential (U stands for the dimensional potential) of the electrode
relative to the unperturbed plasma, e is the elementary charge, k is the Boltz-
mann constant, T, is the electron temperature, u=m,/m; is charged particles
mass ratio, B =T, /T; is charged particles temperature ratio, S; =V, /u; is ion ve-
locity ratio (u; stands for molecular ions thermal velocity).

The electrodes areas ratio S¢ = scp/sp >>1 is the important geometric pa-
rameter of the IPS, which determines the balance of currents to the electrodes. The
reference electrode is always at a negative equilibrium potential U, relative to the

plasma. Probe potential relative to undisturbed plasma is U, =U;, +U,, where

cp
U;, is the potential of the probe relative to the reference electrode (bias potential).
The equilibrium potential Uy, =U, (U;,) is found from the current balance equa-
tion for the reference electrode [4]. In dimensionless variables, the calculation of
the current-voltage characteristic (CVC) of the probe I_p((piz) taking into account

relations (1) is represented by the following system of nonlinear equations

ID((Piz)z I_c((Piz +(Pcp)y

Sg - I_c (‘Pcp)"' I_c ((Piz + (Pcp)z 0. (2)

Relations (1), (2) determine the parametric representation of the CVC of the
“probe — plasma — reference electrode” system with the dimensionless parameters

.k, By S S @iz -
In the electronic region of the CVC at sufficiently large bias potential U;,, the

probe potential satisfies U , > miViz/Ze . The equilibrium potential of the reference
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electrode always satisfies the relation U, <0< miVi2/2e . In this case, the current

balance equation (2) resolves analytically, and for the CVC I_p ((piz) an asymptotic
solution is obtained [4]:

2| 5. 2u(1+0,414n) \/]/2+S-2 -
I (i, ) —=- S : . Ly—+ 3
() Jr \/sszu(1+o,414n)2+1 G

B 4 Piz -
In solution (3), the bias potential is restricted by oI < ¢;, < eI | the values
@min - oM for diagnosing plasma in the core area of the jet are defined in [5].
The inverse problem is to determine plasma parameters (that are represented
by the aforementioned mathematical model parameters) using measured probe cur-
rent | ID(U iZ) at certain geometric parameters of the IPS. Analysis of the asymptotic

solution (3) shows that the IPS’s electron saturation current depends on the ions
velocity S; and plasma nonisothermality 3. We use this circumstance to estimate
the kinetic parameters of ions by probe measurements in the electron saturation
region, where the current significantly exceeds that in the ion region of the CVC.

Performing straightforward transformations in (3), we obtain the following re-
lation between dimensional potentials and currents:

1,°(U;,) [(1/2+Si2)/l3+n/4]kTe/e+Uiz

~
~

Ipz(uiz +dU)—|p2(Uiz) du @

where dU is the increment to the bias potential U;, . Both U;, and U;, +dU must
belong to the range of applicability of solution (3):

Uy, < [om" KT, fe, T kT, /e]. (5)
Substituting expressions for parameters S; and f into (4), we obtain a calcula-
tion formula for estimating the kinetic parameters of plasma:
2 2
mV© KT pKT, 1,°(U,,)-duU

~ -U,. 6
2¢ 2 4e 1°U,+du)-172U,) " ©

The left-hand side of (6) characterizes the average kinetic energy of charged
particles (in electronvolts): the first term miVi2 / 2e characterizes the average kinet-
ic energy of ions mass motion, the second term KkT; /2e characterizes the average
kinetic energy of the ions thermal motion, the third term nkT, /4e characterizes the

average kinetic energy of the electrons thermal motion.

The right-hand side of (6) contains only the dimensional values of probe cur-
rent and bias potentials in the electron saturation region and it doesn’t depend ex-
plicitly neither on the plasma parameters nor on the IPS’s geometric parameters.
As there is no such calculation formula in the theory of a single Langmuir probe
[3], the proposed method of plasma diagnostics based on the IPS appears to be
comparatively more informative.

Let us introduce the following quantities:
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2 2
szivi -l-ﬂ-l-kae, K| _miVi _l_ﬂ
2 2 4 2 2

I 2(U;,)-du
DK: ; p( |z) 5 _Uiz’
Ip (Uiz+dU)_|p (Uiz)

where I, is the probe current of the IPS with the ratio of electrode areas S, U,

and U;, +dU are the bias potentials in the range of (5) (assuming dU >0). Within

the framework of the considered mathematical model of current collection (1), (2),
the quantity K stands for the average kinetic energy of charged particles, and the
quantity K; is the average kinetic energy of ions in a gas-discharge plasma jet.

From formula (6) it follows that K/e~ Dy, K;/e~Dx —K,/e. Thus, Dy it
is a measurable quantity that estimates, within the potential range (5) where (3) is
applicable, the average kinetic energy of charged plasma particles. Note that Dy

is always positive and in the stationary plasma flow within the framework of the
considered current collection model it does not depend on the bias potentials dur-

ing the measurement. The values of D, are straightforwardly obtained by the
standard method of processing the results of probe current |, measured ny the IPS

with certain electrodes areas ratio Sy at different bias potentials in the electron

saturation region (5).

Let us consider the influence of the IPS’s electrodes areas ratio and the errors
in measuring probe current and bias potential on the reliability of the determina-
tion of the plasma kinetic parameters using (6).

Methodological error of the calculation formula (6) within the framework of
the mathematical model of current collection (1), (2) is estimated by calculating

Dy through the currents Ip(UiZ) found from the solution of problem (2) and
comparing the result with K/e .
Fig. 1 shows the dependence of the relative error gp =(5K - DK)/DK on

the bias potential U;, (in volts). Here, Dy is the value of Dy at probe current
Ip(UiZ) calculated by the mathematical model (1), (2) for various dU and S.

Numbers on Fig. 1 correspond to various S as follows: S, =100 (1), 200 (2), 300
(3), 400 (4).

In Fig. 1, a) dotted curves correspond to dU = 5V, thin dashed curve: dU =
10V, thin solid curve: dU = 20V, thick dashed curve: dU = 50V, thick solid
curve: dU = 100 V. In Fig. 1, b) the solid curve corresponds to dU = 10V, the
dashed curve: dU = 50V. Calculations were performed for nitrogen at
ne =1.0-10* m=, T, =25.10* K, n=0.5, S; =4, p=4.2, that correspond to
the laboratory plasma parameters which is used to model the ionosphere [2].
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Fig. 1

The results presented in Fig. 1, a) show that as the variation of bias potential
dU increases, the methodological error of the calculation formula (6) decreases: a
change in dU from 10 V to 50 V shifts the error curve €p, towards lower bias po-
tentials by ~5 V. For IPS with S, =100, the methodological error does not exceed 2%
at dU >50 and U;,>30V, and 1% at dU >10 and U;,>35V.

Analysis of results presented in Fig. 1, b) shows that an increase in the electrode
areas ratio S shifts the applicable range of (6) towards high potentials U;, and at

S > 400 formula (6) becomes practically inapplicable.

Probe measurement errors. Let's consider the influence of current and voltage
measurement errors on the Dy determination error. When the IPS with electrodes

areas ratio of S; measures the bias potential U;, and corresponding probe current
I ID(U ., ), due to measurement errors we obtain approximate values:

L]-izzlJiz(:I-""éU)’ I~p(Giz):Ip(JizXl*"él)’ (7

where g, g are random values on [-&;,gy], [-¢,.€,], respectively; ¢, ¢,
are maximum relative measurement errors (g, €, > 0). Then, within the frame-

work of the considered mathematical model of the IPS current collection, it fol-
lows from (7) [5]:

~ [~ - U. -
|p(uiz)=|p(uiz)(1+ : +D—'2Uizguj.

K+

Substituting approximate values Jiz, I~p (Jiz) into expression for Dy , neglect-

ing the second order small members, after the straighforward transformations, tak-
ing into account (4) and the accepted notation, we obtain the following estimate:
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DK — DK
DK

U;, U;, +dU
4| + + €U
D¢ +U;, Dk +U;, +dU

Uiz J( K UIZ
£p, z(— —K =24 _ _ . (8)
Dy du du 1_2[2 DKOLU,Z +1j8' _ZZUIQSdU N

SSDK y

where [3K is the value of Dy calculated using the measured values (7), and &p,
is the maximum relative error in determining Dy .

Fig. 2 illustrates the influence of potential increment dU , bias potential U;,
and relative errors in measuring currents g, and voltages g, on the maximum
relative error ep,  of determining the average kinetic energy of charged plasma
particles using formula (6). Dependences of ep, on the potential increment dU
(in volts) at bias potentials U;, =30 V (solid curves) and U;, =40 V (dashed curves)

for various ¢, at g, =0 are shown in Fig. 2, a) and for various g, at €, =0 —in

Fig. 2, b). Curves in Fig. 2, a), b) correspond to the following values of current (a)
and voltage (b) measurement errors: 0.001 (1), 0.005 (2), 0.01 (3), 0.02 (4).

Fig. 2

In relation (8), the relative error does not depend explicitly on the electrodes
areas ratio Sy. However, the total error includes the methodological error of for-

mula (6), which depends on S, as shown in Fig. 1. Data in Fig. 2 are obtained for

bias potentials U;, <40 V, that correspond to measurements by IPS with S; ~100.
Analysing the results presented in Fig. 2, we note that the error ¢, decreases

monotonically as bias potential U;, decreases and bias potential increment dU

increases. At dU > 100 V, its further increasing doesn’t lead to a significant error
ep, decreasing.
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To adequately determine the average kinetic energy of charged plasma parti-
cles, the maximum relative error in measuring the probe current and bias potential
shouldn’t exceed ~1 %. At U;;=30V, dU >50V, &, <0.5 % and g, <0.5 % the

error ep, <22 %, and €p, <28 % at dU 2100V, ¢;<1 % and ¢ <0.5 %. At the
same time, the methodological error in determining the average kinetic energy of

charged plasma particles by formula (6) accordingly to the data in Fig. 1 for
S, =100 is less than 2 %.

Expanding the right-hand side of (8) into a series in ¢,, g, and keeping the
values of the 1st order of smallness, taking into account the obvious

Ui, + Ui, +dU <2, we obtain a simple but sufficient for practical use
D¢ +U;; Dk +U;, +dU

estimate of the maximum relative error:

U; D¢ U,
< 22 1| =K 1] (2¢ +gy ), 9
8DK [DK J(du dU J (Sl SU) ( )

Dy — Dy

K

As a result of the analysis of the influence of measuring errors on the ¢p  er-

ror, as well as the influence of S and U;, on the methodological error of formula

(6), we conclude that to adequately estimate the kinetic parameters of charged par-
ticles by the measurements of Dy, it is reasonable to take S¢ of about 100, U;,

less than about 50 V and dU from 50 to 100 V.

Kinetic parameters of plasma. The quantities K and K; that characterize the

kinetic energy of charged particles don’t depend on probe measurements and they
are determined by the local parameters of the plasma. In the working region of a
supersonic jet, the values of K, K; are close to constants and are estimated

through Dy using formula (6).

Thus, having determined I5K from probe measurements, we obtain from (6),
(9) an estimate of the average kinetic energy K of charged particles in the work-

ing region of a supersonic plasma jet:
K-K

RzeDK,

SSK ISDK ’

where K is the approximate value of K calculated from the results of probe
measurements, &y is the relative error in determining K, ep_ is estimated in (9).
It was shown in [6] that the accuracy of determining electrons temperature in a

supersonic jet of collisionless plasma of a diatomic gas using an IPS is comparable
to the accuracy of measurements with a single cylindrical probe. Let the electron

temperature T, be known with a maximum relative error &y . Then the average

kinetic energy of ions K; is determined as follows:

K, - K; K kT, /4

SSKi zSDK K_‘_STE y (10)
I

RizeﬁK—nki/4, K
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where IZi is the value of K; calculated from the results of probe measurements,
and e is the relative error in determining K; .

It is impossible to separate the contribution of the directional and thermal mo-
tion of ions to the value of K; within the framework of the considered model of

IPS’s current collection. To do this, the special experiments to determine either ion
temperature T; or mass velocity V; are necessary to carry out [3, 8].

If the ion temperature T, is known with a maximum relative error ET, then
the mass velocity V; of molecular ions motion is determined as follows:

Vi =+2(K; —kT;/2)/m;

.y 1 K kT, /4 KT, /2
A 1l<ey r=|ep ————+¢ & ter ! (11
Y 2( Px mV;2 /2 K mV;2 /2 " miViz/Zj )

where \7, is the value of V,; calculated from the results of probe measurements,
and ey, is the relative error in determining V; . According to the accepted assump-

tion, the velocity of atomic ions is V;; = V2 V.

A priori estimates can be obtained from the results of experimental studies of
a gas-discharge plasma source with ion acceleration in the electric field of the jet
[1, 9]. In the working region of the jet, the plasma parameters at an electron tem-
perature of about 2 eV correspond to the following values: nkT,/4e~1.7 eV,

miViZ/Ze ~8.75 eV, KkT;/2e~0.25eV. At such considered quantities, for the error
of determining K; from (10) and V; from (11), we obtain a priori estimates:

SSKI zl,lggDK +0.198Te,

i i
Kj

V. -V,
% SSVi zO.62$DK +0.018Te +0.0148Ti .

As we can see, the reliability of determining the mass velocity of ions is quite
high and it is characterized mainly by the level of Dy determination error.

If there is reliable information about the mass speed \7, of the supersonic ion
flow, then ion temperature T; in the working area of the jet is estimated as follows:

7=l - i L

< gTi ~ 438DK + 7S'|'E + 708Vi y

where f, is the value of T; calculated from the results of probe measurements, e,
is the relative error in determining T;, and ey, is the relative error in determining
V; . Large coefficients in the error estimate ey, mean that using the results of the
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IPS probe measurements, similarly to the case of a single cylindrical probe, the ion
temperature T, can only be estimated by an order of magnitude.

Conclusions. A procedure based on the electric current measurements using
the insulated probe system with transversely oriented cylindrical electrodes is de-
veloped for determining kinetic parameters of charged particles in a supersonic jet
of a gas-discharge plasma source. Probe measurements results obtained using the
IPS in plasma jet of the gas-discharge source is shown theoretically to be more
informative than that of the single cylindrical Langmuir probe.

Within the framework of the accepted assumptions, a new relationship be-
tween the temperature, mass velocity of ions, the temperature of the electrons and
probe currents measured by the IPS in the electron saturation regime is obtained.
Numerical and analytical estimates of the errors of determining the plasma kinetic
parameters are obtained depending on the geometric parameters of the probe sys-
tem, the accuracy of measuring probe current and bias potential relative to the po-
tential of the reference electrode.

It has been shown that in order to adequately estimate the average kinetic en-
ergy and mass velocity of ions in a supersonic gas-discharge plasma jet, it is rea-
sonable to choose an electrode areas ratio of about 100 and measure, electric cur-
rents at the bias potentials of less than 50 V with increment of about (50 — 100) V
The ion temperature by the results of IPS’s measurements, as in the case of a sin-
gle Langmuir probe, can only be estimated by an order of magnitude.

The obtained results can be used in the diagnostics of laboratory plasma of a
gas-discharge source.
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