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B 0CHOBI IarHOCTHKHU MOTOKIB HU3bKOTEMIIEPATYPHOI I1a3MHU LIIIHAPUIHHUMH 30HAAMHU JICKUTh KIACHIHE
cHiBBifHOMEHHs JICHTMIOpa [Tl i0HHOTO CTpyMy Ha TOHKHH BiTHOCHO J1e0aiBCBKOro pajiyca HUmiHAp. MeToro
CTATTi € JOCHIMKEHHS 3aCTOCOBHOCTI CHiBBiAHOMICHHs JIeHrMIopa [is WIJTHAPaA 3 pajiycoM, MepeBUIIYIOYUM
ne6aiBChKUiT pajiiyc eKpaHyBaHHS.

BuKOHAHO YHCIIOBE MOJEIIOBAHHS B3a€MO/Ii1 IPOBIAHOIO LIMIIHAPA 3 MOTOKOM pOo3pipKeHol miasmu. Llui-
H/Ip 3HAXOJUTHCSI MiJl HEraTHBHUM IIOTEHIIATIOM IO0 ITa3Mi. MOEIoBaHHs BITbHOMOJIEKY/IIPHOTO OOTIKaHHS
MPOBE/ICHO Ha OCHOBI JBOBHMIpHOI cucTeMu piBHAHb BracoBa—Ilyaccona. Ilpu po3paxyHKy BiAIITOBXYIOYOIO
€JIEKTPOHH JIOKAIBHO PIBHOBA)XHOTO CAMOY3IODKEHOIO EICKTPHYHOrO IOJsi BUKOPHCTaHa Mogjens IlyaccoHa—
Bosbimana B HaOMMKEHHI JIOKaJIbHO PIBHOBAXKHUX EJICKTPOHIB 1 3 ypaXyBaHHIM CTOKY €IEKTPOHIB Ha IMOBEPXHI
HWITIHAPa B HAOMMKEHHI LIeHTpaIbHOTrO nouisi. PiBHsHHS BiiacoBa uis ioHiB i [Tyaccona—BonbiiMana 1yist caMoy3-
TOKEHOTO EJEKTPHIHOTO OISl PO3B'A3aHI Ha BKIAJCHHX CiTKax KiHIIEBOPI3ZHHUIEBHM METOAOM YCTAHOBIICHHS 3
po3LIeIUIeHHsIM 32 (i3MYHUME [IpoLecaMy | BUKOPHCTAHHSIM METOMY XapaKTepHCTHK. BiporiaHicTs oTpuMaHuX
PE3yNIBTATIB MMATBEPIKEHO PO3B'SI3aHHSIM BIZOMHX MOJCIBHHX 3a/1a4, MOPIBHAHHSAM 3 Pe3yJabTaTaMH PO3PaxyHKIiB
IHIMX aBTOPIB i pe3yibTaTaMH PO3B'S3aHHS OJHAKOBUX ()i3MYHMX 3a7ad 3 BHKOPUCTAHHSM Pi3HHX MaTeMaTHIHHX
MojiesIel 1 METOIB.

Po3paxoBaHO i0HHI CTPYMH Ha MONEPEYHO OOTIYHHIA LMIIHAP Y 3aJIeKHOCTI BiJ HOro moTeHIiany, ioHHOTO
MIBHUAKICHOTO BIHOIICHHS 1 XapaKTePHOrO PO3Mipy LMIIHApPA BITHOCHO 1e0aiBChKOro pajiycy eKpaHyBaHHs. 3a
pe3yJibTaTaMH YHCIIOBOTO MOJICIFOBAHHS OTPUMaHI KiJBbKiCHI OLIHKK 00JaCTi 3aCTOCOBHOCTI KJIIACHYHOTO CITiB-
BifgHOIIeHHs JIeHrMIopa [UIsl 10HHOTO CTPYMy Ha LJIHApP i3 paaiycoM, MepeBUILyIOYMM ae0aiBChbKUil paiiyc
ekpanyBaHHs. OTpUMaHi pe3yJbTaTH MOXYTh OyTH BUKOPUCTaHI B JIarHOCTHIII HAJA3BYKOBUX MOTOKIB HU3bKOTE-
MIIEPATYPHOI PO3PIIKEHOT TITa3MH.

Kntouosi cnosa: nomix po3piodiceHoi Hei3omepMiuHOl naazmu, NONEpeyHe GLIbHOMOLEKYIAPHE 0OMIKAHHS

0062020 KpY208020 YULIHOPY, YUCI08€ MOOCNIO8AHHS, cucmema pignsanb Bracosa—Ilyaccona, po3paxyHok ionHo2o
CMpYMY HA YULTHOP.

The diagnostics of low-temperature plasma flows using cylindrical probes is based on the classical Lang-
muir relation for the ion current to a thin, in comparison with the Debye length, cylinder. The aim of this work is
to study the applicability of the Langmuir relation for a cylinder whose radius exceeds the Debye length.

The interaction of a conducting cylinder with a rarefied plasma flow was simulated numerically. The cylin-
der had a negative potential with respect to the plasma. Free molecular flow around the cylinder was simulated on
the basis of a two-dimensional system of the Vlasov—Poisson equations. The electron-repulsing local equilibrium
self-consistent electric field was calculated using the Poisson—Boltzmann model in the approximation of local
equilibrium electrons and taking into account an electron sink on the cylinder surface in the central field approx-
imation. The Vlasov equations for ions and the Poisson—Boltzmann equations for the self-consistent electric field
were solved on nested grids by a finite-difference relaxation method with splitting by physical processes and using
the method of characteristics. The reliability of the calculated results was confirmed by the solution of known
model problems and a comparison with the results of other authors and the results of solving identical physical
problems with the use of different mathematical models and methods.

The ion current to a cylinder placed transversely to a plasma flow was calculated as a function of the cylin-
der potential, the ion velocity ratio, and the ratio of the characteristic dimension of the cylinder to the Debye
length. From the calculated results, numerical estimates were obtained for the range of applicability of the classi-
cal Langmuir relation for the ion current to a cylinder whose radius exceeds the Debye length. The results ob-
tained may be used in the diagnostics of supersonic flows of a low-temperature rarefied plasma.

Keywords: rarefied nonisothermal plasma flow, transverse free molecular flow around a long circular cylin-
der, numerical simulation, system of Vlasov—Poisson equations, calculation of the ion current to a cylinder.

Introduction. The probe method of plasma diagnostics is still in demand as a
simple and reliable method for determining the parameters of low-temperature
plasma. Due to the simplicity of the equipment and acceptable measurement accu-
racy, stationary cylindrical Langmuir probes are successfully used to study the ki-
netic parameters of the charged components of the ionospheric plasma, at laborato-
ry modeling of ionospheric conditions, testing and calibrating scientific on-board
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equipment at the developing stage in space experiments, and also to control tech-
nological plasma processes.

The main elements of a probe measuring system are a measuring electrode
(probe) with a current-collecting surface area S, and a reference electrode having

electrical contact with the plasma on the surface with an area of S,. For the
measurement scheme of a single Langmuir probe, the ratio of the reference elec-
trode to probe areas Sy =S, /S, must satisfy a rather strict condition S, >10%,

which is not always easy to meet when using the spacecraft body as a reference
electrode. In such a situation, it is proposed to use an isolated probe system that is
not electrically connected to the spacecraft body [1].

The ion current collected by the cylindrical electrode is three orders of magni-
tude smaller than the electron current. Therefore, when diagnosing a rarefied
plasma using the ionic part of the current-voltage characteristic, the area of the
current-collecting surface and the negative potential of the probe relative to the
plasma must be large enough for reliable measurement of ion current.

When interpreting measurements with cylindrical probes, the asymptotic rela-
tion obtained by I. Langmuir and H. Mott-Smith [2] which was developed further
in [3] for the ion current collected by a thin cylinder in a collisionless plasma flow

is used:
[i(00)=2/Vr\Y2+S? —Ba., 0. <S%/B, )

where I_i is the ion current on the cylinder related to the thermal current of ions,
B=T,/T; is the ratio of the temperatures of electrons T, and ions T;, S; =V/u; is

the ion velocity ratio, V is the mass velocity of the plasma flow, u; =/2kT; /m; is
the thermal velocity of the ions, m; is the ion mass, ¢, is the dimensionless poten-
tial of the cylinder relative to the unperturbed plasma potential (electric potential is
normalized by kT, /e, where k stands for the Boltzmann constant, e is the ele-
mentary charge). Here and below, the index i corresponds to ions, e — to elec-
trons. Relation (1) is obtained under the assumption that the ratio of the character-
istic dimensions of the body and plasma & =r./Ap (1. is the cylindrical electrode
base radius, Ap is the Debye length) is small, i.e. § < 1.

In [4] a procedure was developed for determination the flow parameters of a col-
lisionless plasma with two ion sorts by the current-voltage characteristic of an isolat-
ed probe system with cylindrical electrodes for an arbitrary probe-to-reference elec-

trode surface areas ratio S, . It is shown in [5] that, in order to reliably determine the

electron density and temperature together with the ionic composition of the plasma
with two-sorted ions, measurements are required at probe bias potential up to several
tens of volts relative to the reference electrode potential. Fig. 1 represents in a di-
mensionless form the dependence of the equilibrium potential of the reference elec-
trode @, on the probe bias potential ¢;, relative to the reference electrode for vari-
ous values S, of the electrodes area ratio in the probe system. It can be seen that at
Sg <200 large values of the bias potential ¢;, lead to large negative potentials of
the reference electrode with respect to the plasma.
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The base radius of the cylindrical reference electrode of the probe system r,

must be significantly larger than the base radius of the probe r, . For the optimal

choice of the characteristic dimensions of
cylindrical electrodes, it is necessary to
know the applicability limits of relation (1)
for the velocity ratio S;, cylinder potential

¢, and parameter .

It is known that to model the interaction
of a charged body with a rarefied plasma at
nonrelativistic velocities in the absence of an
external magnetic field, it is sufficient to use
the self-consistent system of VIasov—Poisson
equations. Results of numerical calculations
200 of ion current collection in a free molecular
flow around a cylinder, obtained in the ap-
proximation of a symmetric electric potential

Fig. 1 field, are presented in [6]. The flow of rare-

fied plasma around a cylinder that is “large”

relative to the Debye length, usually involves an asymmetric spatial distribution of
the potential around it, which complicates the calculation of the parameters of un-
perturbed plasma. lon current on the cylinder in asymmetric potential field is cal-
culated in [7] on the basis of the two-dimensional stationary Vlasov—-Poisson mod-
el with Boltzmann electron distribution. Calculations of ion current on the cylinder
using the two-dimensional Vlasov—Poisson model, which includes the kinetic
equation for electrons, is performed in [8]. Based on the results of these calcula-
tions, relation (1) for ion current on the cylinder in a collisionless honmagnetic
plasma flow is estimated to be applicable for negative cylinder potential ¢, of up

to -25, for parameter & from 1 to 100, and a velocity ratio S; from 0 to 10.

Results of numerical calculations of ion current collection in a free-molecular
transverse flow around a cylinder, obtained using a two-dimensional Vlasov—
Poisson model using model electron distributions at negative cylinder potential of
up to ¢, =-60, parameter & from 1 to 3, and velocity ratio S; from 1 to 7 are
presented in [9]. The current article represents the results of numerical calculations
of the ion current on the cylinder at negative potentials of up to ¢, =-200, pa-

rameter & from 1 to 10, and velocity ratio S; from 3 to 7.
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Formulation of the problem. The interaction of an infinitely long conducting
circular cylinder with a transverse flow of three-component rarefied nonisothermal
plasma consisting of neutrals, positive singly charged ions and electrons is mod-
eled. Let the plasma be Maxwellian, quasi-neutral, the flow around the cylinder is
free-molecular, the influence of the magnetic field is negligible. Flow velocity V,
ion density n, in the undisturbed flow, and the potential of the cylinder ¢, rela-
tive to the potential of the undisturbed plasma are known. The mean free paths of
all plasma components significantly exceed the characteristic transverse dimen-
sions of the cylinder, and the conditions Kn >> Ma >>1 are satisfied for Knudsen
and Mach numbers. TIt’s assumed that the surface of the cylinder completely ab-
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sorbs the charge of contacting particles (electrons are absorbed, ions are neutral-
ized), and there is no electron emission.

Let’s introduce a rectangular Cartesian coordinate system in the physical
space Oxyz, whose axis Oz is directed along the axis of the cylinder, the axis

Ox — in the direction of the flow velocity. In this case, the velocity distribution
functions of charged particles are five-dimensional, determined by a point in the
four-dimensional phase space and time. The surface of a cylinder of unit length is
modeled by a circle centered at the origin. The potential of the cylinder relative to
the potential of the unperturbed plasma is negative (¢, <0).

Under the mentioned assumptions, the space-time evolution of the distribution
functions of charged plasma particles is primarily determined by the self-consistent
electric field and it is described by the Vlasov—Poisson mathematical model. In the
accepted coordinate system in dimensionless quantities, the system of Vlasov—
Poisson equations writes [9, 10]:

Hi i _pgloedh o @)
ot OX 2 OX oV
Ap=-E%[m —n.(x,0)], N = IfidV- 3)
Qy

Here x =(x, y) are coordinates in the physical space, normalized by the base radi-

us of the cylinder r.; v= (vx,vy) are the coordinates in the space of ion velocities,

normalized by the thermal velocity u;; t — time, normalized by r./u;; B is the
ratio of temperatures of charged plasma particles; & is the ratio of the cylinder
radius to the Debye length; ¢ is the potential of the electric field, normalized by
kT./e; f, (t,x,v) is the ion velocity distribution function, normalized by no/ui2 ;
n, is the density of ions; Q,, is the computational domain in the space of dimen-
sionless ion velocities; ny(x,¢) is the model distribution of the electron density.
The densitys of ions and electrons are normalized by the density in the unperturbed
plasma n,.

The ion velocity distribution function f; and potential ¢ satisfy the following
boundary conditions:

filio = £ fih =75 filt,x,v) =0, (4)

Xeaﬁo

X‘%oo
(v,n)>0

(Phx‘_m =0, (P|a§0 =Qc - ()

Here, nis the outer normal to the surface of the cylinder 6Q,. On the sym-
metry surface of the problem y =0, the conditions for specular reflection are

specified for the ion distribution function, and the conditions for the symmetry of
the electric field for the potential. Far from the body, the velocity distribution of

ions is Maxwellian. The initial ion distribution function f,°(x,v) is specified using
the analytical solution of the problem of a neutral rarefied gas flow around a cylin-
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der [10] or the previously obtained solution of the problem under similar flow
conditions.

In an unperturbed plasma far from the body, electrons that are much lighter
than other components are locally in equilibrium, and their density is described by

the Boltzmann distribution ne(x,(p):e“’. In the vicinity of cylinder in a retarding

field, approximate solutions of the Vlasov kinetic equations for Maxwellian elec-
trons in a central field [11] were used as model electron distributions ne(x,(p) .

Problem solving method. The Vlasov kinetic equation (2) and the Poisson—
Boltzmann equation (3) are solved by the finite difference method in rectangular
coordinate systems in the physical space and velocity space [9]. In the physical
space, uniform nested grids are used, in the space of velocities, a uniform grid with
cell size providing the necessary accuracy of approximation of the distribution
function is used. Non-uniform grids are used near the surface of the cylinder in
physical space and near the discontinuity surfaces in velocity space. The position
of the discontinuity surface of the distribution function in the velocity space was
corrected by the method of characteristics.

The computational domains in the physical space and in the velocity space are
chosen large enough to cover the region of the perturbation of the plasma flow and
the electric field by the charged cylinder. At the boundaries of the spatial computa-
tional domain, the corresponding physical boundary conditions (4) — (5) are set. At
high flow velocities in the areas where the wake goes beyond the computational
domain boundary, an artificial boundary conditions are used [9].

The general scheme for solving problem (2) — (3) is reduced to two iterative
processes: 1) solution of the Vlasov kinetic equation for ions (2) for a given electric
potential field; 2) solution of the equation for the self-consistent electric field (3) for
a given ion density field. The second iterative process is nested inside the first one. In
each iterative process, to smooth nonphysical changes in the parameters of the prob-
lem, the simplest regularizing operators are used, which are based on the physical
features of the problem like the non-negativity of the distribution function, minimum
energy of the self-consistent electric field, and the regions of monotonicity of the
electric field.

The Vlasov equation (2) is solved by the method of setting with splitting by
physical processes and using the method of characteristics, the Poisson—Boltzmann
equation (3) for a self-consistent electric field is solved by the iterative method. It
is known that local perturbations of the distribution function have little effect on
macroparameters. Therefore, the recalculation of the equilibrium self-consistent
electric field is carried out once per several iterations of the solution of the Vlasov
equation or after a noticeable integral change in the ion density at characteristic
locations such as the space charge region and the wake behind the cylinder. Itera-
tions in the calculation of the potential on each of the nested grids are interrupted
when the specified calculation accuracy is reached, or when the linear rate of con-
vergence is reached.

The consistency of the obtained electric field and ion velocity distribution
function is controlled by calculating the distribution function momentum at a
number of characteristic points near the cylinder surface using method of charac-
teristics. Once the system of Vlasov—Poisson equations (2) — (3) is solved, the cal-
culation of the ion current density per unit length is carried out by integrating the
first momentum of the ion distribution function over the cylinder contour.
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Calculation results. The reliability of the results of solving the Vlasov—Poisson sys-
tem (2) — (3) is confirmed by carrying out test calculations of a number of model prob-
lems, the solutions of which are known and verified by numerous experiments, compari-
son with the results of calculations by other authors and the results of solving identical
physical problems using different mathematical models and methods [9]. The result of
calculation of the collected ion current depending on the potential of the cylinder ¢, at

€=10, B =1 for various S;, along with the results from [6 — 8], is shown on Fig. 2. The

ion current I, is normalized by the thermal ion current. The curves in the figure corre-

spond to the calculations: 1 — authors, 2 — Godard, Laframboise [6], 3 — Xu [7], 4 —
Choiniere [8]. Calculated ion current fits satisfactorily to the results of solving two-
dimensional Vlasov—Poisson system using the approximation of Boltzmann electrons [7]
and using the kinetic equation for electrons [8]: for all considered flow velocities, the dis-
crepancy in ion current is no more than 3 %. At the velocity ratio of S;>5, the obtained

value of ion current on the cylinder also coincided with the results of calculations in [6]
with satisfactory accuracy. At S; =3, the ion current calculated in [6] using the approxima-

tion of a symmetric electric field differs significantly from the presented here result ob-
tained using the Vlasov—Poisson model. Thus, the two-dimensional mathematical model
of Vlasov—Poisson (2) — (3) makes it possible to carry out numerical simulation of current
collection by a long cylinder in a supersonic rarefied plasma flow with acceptable accura-
cy for diagnostics.

11 18
I - Si=3
l;
15
Q
12
- |
9
5 |
6
: 3 I I I
.30 220 20 ¢ 0 200 -150  -100  -50 Bo O
Fig. 2 Fig. 3

The influence of parameters &, S;, B on the ion current collected by the con-

ducting cylinder placed transversely in the supersonic collisionless plasma flow is
carried out. Dimensionless potential of the cylinder relative to plasma ¢, varied

from 0 to -200. Results of calculation of the dimensionless ion current depending on
the parameter Bo for £=1, 3, 5, 7, 10 are presented on Fig. 3 at S;=3, Fig. 4 at

S;=5and Fig. 5 at S;=7. Curves on Fig. 3 — 5 stand for: 1 — asymptotic relation (1);
2 —calculationat {=1;3—at £=3;4—at {=5;5—at £=7; 6—at £=10.
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Calculations of collected ion current at B =1, 1.5, 2 revealed weak dependen-
cy of the current on B. At low negative potential of the cylinder relative to the

plasma potential, relation (1) approximates well the collected ion current for all
considered range of & and S;. The calculated ion current qualitatively correspond

to the known dependencies: an increase in the parameter & leads to a decrease in
the ion current; as the velocity ratio S; increases, the influence of the parameter ¢
on the dimensionless ion current wanes.
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The analysis of the obtained results of numerical calculations made it possible,
within the framework of the accepted assumptions, to estimate for various & and S;

such range of potential ¢*(&,S;)< ¢, <0 for which relation (1) is applicable.

The lowest limit potential ¢* (for given & and S;), for which the discrepancy be-
tween the ion currents calculated by (1) and by Vlasov—Poisson model doesn’t exceed
1% is presented on Fig. 6 (a), and Fig 6 (b) represents that for 3 % difference in ion cur-
rents.
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Conclusions. Numerical modeling of interaction between the supersonic rare-
fied nonequilibrium plasma flow and conducting cylinder under a negative poten-
tial with respect to plasma is carried out on the basis of the two-dimensional sys-
tem of Vlasov—Poisson equations. The Vlasov equations for ion parameters and
the Poisson—Boltzmann equations for a self-consistent electric field are solved on
nested grids by the finite difference method of setting with splitting into physical
processes.

The dependences of the collected ion current on the plasma flow velocity, po-
tential and characteristic cylinder size relative to the Debye length are obtained. By
the results of numerical simulation, quantitative estimates are obtained for the ap-
plicability of the classical Langmuir relation for the ion current on a cylinder in the
case of base radius equal to or greater than the Debye length.
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