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Mertoro CTaTTi € TeopeTHYHe OOIPYHTYBAaHHS 3aCTOCYBAHHS KIACHYHOI (opMyin Teopil OAMHOYHOrO
LWIIHAPUYHOTO 30HJA JUIsl BHU3HAYEHHsS KOHILIGHTPALIl EJIEKTPOHIB 3a OKPEMHMMHM BHMIpIOBAaHHAMH CTPYMiB
IUIAaBAIOY0i 30HIOBOI CHCTEMH B yMOBax ioHoc(epH. MopemroBaHHS 30HAOBUX BHMIpIOBaHb B ioHOC(hepi
BUKOHAHO Ha NpPUKJIAJAI LINIHIPUYHUX 30HIA 1 KOPIYCY HaJMajoro CyIyTHHKA, 1[0 PO3TAIIOBAaHI IONEPEYHO B
HaJI3BYKOBOMY O€33iLITOBXYBaJbHOMY MOTOLI IUa3MH. loHochepHA IUIa3Ma BBAXKAETHCS MAaKCBETiBCHKOIO,
CKJIAZAETBCS 3 CJIEKTPOHIB Ta OJHO3APSAHAX aTOMApHHUX IOHIB KHMCHIO Ta BOAHIO. P0o3pobiieHO MaremaTnuHy
MoJienb 30MpaHHsS ENEKTPUYHUX CTPYMIB IUIABAIOYOI0 30HAOBOIO CHCTEMONO "30HJA — IUla3Ma — KOpIIyC
cynytHuKa". Mozens no0ynoBaHa Ha OCHOBI KJIACHYHUX CIiBBIJHOLICHD JUIsI €IEKTPOHHOTO Ta I0HHOTO CTPyMiB
Ha TOHKHH IWIIHAp, IIO IIONEPeYHO OOTiKaeThes. [ MonemoBaHHS 30HpaHHS KOPILyCOM CYIyTHHKA 10HIB
BOJHIO OTPUMAHO aNpPOKCHUMALII0 pE3yJbTATIB YHCIOBHX DO3PAaXyHKIB IOHHOIO CTpyMy Ha IHUTIHAD 3a
JIBOBHMIipHOI0 Monewto BracoBa—Ilyaccona. 3HaiiieHO 3HAUCHHS HOTEHIaNiB 3CyBY 30H/A, 3a SIKHX B YMOBax
ioHOC(epH €NeKTPOHHA 00IacTh BOJBTAMIICPHOI XapaKTEPUCTHKH I[UIABAIOYOI 30HAOBOI CHCTEMH HAHOLIBII
0JM3bKa 0 BOJIBTAMIICPHOI XapaKTEPHCTUKM OJMHOYHOTO 30HAA. BHKOHAHO MOJETIOBAHHS BH3HAYCHHS
KOHIIEHTpALil eJEeKTPOHIB 32 KIACHYHOI PO3PaxXyHKOBOIO (HOPMYJIOI0 Teopii OIMHOYHOTO 30HHA IPU
BUMIPIOBAaHHSX 30HJOBHX CTPYMiB Ha HHU3bKOBOJBTHIM IiISHII eNeKTpoHHOI 00JacTi BOJbTaMIEPHOI
XapaKkTePUCTUKU 30HAO0BOI cucTeMd. OTpUMAaHO TPaHUYHI OIIHKM METOAMYHOI TNOXMOKM BH3HAYCHHS
KOHIIEHTpALlil eJIEKTPOHIB B yMOBaX i0HOC(EpH B paMKax MOJeNi PO3IIIHYTOI 30HAOBOI cucTeMu. JociimKeHo
BIUIMB IOXMOOK BHMIpY 30HJOBOTO CTPYMy Ha BH3HA4YCHHs KOHIICHTpAIil EJIEKTPOHIB 3a PO3PaxyHKOBOIO
dhopmynoro Teopii oguHOYHOro 30HAA. OTpHMaHi pe3ynbTaTH MOXYTh OYTH BHKOPUCTaHI NMPU MiATOTOBLI Ta
iHTepIpeTalii eKCIEPUMEHTIB i3 [iarHOCTHKU 10HOC(EPHOT II1a3MH 3 BUKOPHCTAHHSIM HAIMAIUX CYITyTHUKIB.

Knrouosi cnosa: ionocghepna nnazma, ionu amomapHo2o KUCHIO Ma 600HIO, HAOMAN KOCMIuHI anapami,
naaBaua 30HO06A cucmemd, OOUHOYHUL YULTHOPUYHUL 30HO, MAMEMAMUYHA MOOelb 30UPAHHS CIMpPYMY,
00CMOGIpHICMb BU3HAYEHHS] KOHYEHMPayili eneKmpoHis.

The goal of this article is to theoretically substantiate the applicability of the classical formula of the single
cylindrical probe theory to determining the electron density based on measurements of the currents of a floating
probe system in ionospheric conditions. Probe measurements in the ionosphere are modeled using a cylindrical
probe and the body of a very small satellite placed transversely in the incident supersonic flow of a collisionless
plasma. The ionospheric plasma is considered to be Maxwellian and consists of electrons and singly charged
atomic ions of oxygen and hydrogen. A mathematical model of current collection by the floating probe system
“probe — plasma — satellite body” was developed based on classical relationships for the electron and ion currents
to a thin cylinder placed transversally in the incident flow. To model the collection of the hydrogen ion current by
the satellite body, the results of numerical calculations of the ion current to the cylinder using the two-dimensional
Vlasov-Poisson model were approximated. The probe bias potential was determined such that, under ionospheric
conditions, the electron region of the floating probe system's current-voltage characteristic is closest to that of a
single probe. The determination of the electron density using the classical calculation formula of the single-probe
theory was simulated for probe current measurements in the low voltage portion of the electron region of the
current-voltage characteristic of the floating probe system. The limiting methodological error in determining the
electron density under ionospheric conditions within the framework of the probe system model considered was
estimated. The effect of probe current measurement errors on the determination of the electron density using the
calculation formula of the single-probe theory was studied. The obtained results may be used in the preparation
and interpretation of ionospheric plasma diagnostics experiments using ultra-small satellites.

Key words: ionospheric plasma, atomic oxygen and hydrogen ions, ultra-small spacecraft, floating probe
system, single cylindrical probe, mathematical model of current collection, reliability of electron density
determination.

Introduction. Stationary cylindrical Langmuir probes are traditionally used for
ionospheric plasma diagnostics on spacecraft [1 — 4] due to the simplicity of the
measuring equipment design, well-developed theory, and acceptable accuracy of
measurements of local plasma parameters (electron density and temperature) in the
vicinity of the spacecraft.

Exposed part of the spacecraft body is typically used as the reference electrode
for the probe. The probe measurement system onboard the spacecraft is floating — the
reference electrode (spacecraft) potential acquires such value that the total current on
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the spacecraft equals zero [5]. It is known [5, 6] that to utilize the classical
relationships of a single cylindrical probe in the electron saturation regime (at high
bias potentials of the probe relative to the spacecraft), the area of the reference
electrode must be 3-4 orders of magnitude greater than the area of the probe. In the
ionosphere, researchers often conduct measurements in the low voltage side of the
electron part of the current-voltage characteristic (CVC), at bias potentials of about
10 V, where the requirement for the ratio of the reference and measuring electrodes
areas is less strong [1 — 4].

Currently, the miniaturization of electronics and power supplies offers
promising prospects for the use of stationary cylindrical Langmuir probes for
organizing global ionospheric monitoring using a large number of inexpensive nano
satellites. However, trying to increase the signal level (probe current) conflicts with
the limitations of the theory of a single stationary Langmuir probe [5]. Therefore,
quantitative estimating the applicability of the single-probe theory onboard nano
satellites is relevant.

In [7 — 8], ionospheric plasma diagnostics using a floating (isolated from the
spacecraft body) probe system is theoretically substantiated, and a mathematical
model for current collection is developed for an arbitrary ratio of the reference and
measuring electrodes areas. Calculation formulas for determining the plasma's
charged particle density are obtained for the electron saturation region, i.e., for
sufficiently high probe bias potentials. This article provides a theoretical
substantiation for the applicability of the relations of the single cylindrical probe
theory to determining the electron density in the low voltage side of the electron
region of the CVC of a floating probe system. The influence of the electrodes areas
ratio and electric current measurement errors on the reliability of electron density
determination is estimated.

Problem formulation. We model probe measurements onboard a very small
spacecraft under the following assumptions. The spacecraft body is a fairly long
circular cylinder with a base radius of r, with conductive side surface and end

surfaces insulated from the plasma. The probe is a long circular cylinder with a
significantly smaller base radius r,, r, = ry,. From here on, the subscript “cp"

refers to the spacecraft (counter probe), and the subscript "p" refers to the probe.
lonospheric plasma is a weakly ionized gas mixture whose charged particles are

electrons and singly charged atomic ions of oxygen 0" and hydrogen H ™. For the
scale of the probe measurement problem, the interaction of charged and neutral
components of the gas mixture can be neglected. The unperturbed plasma is
considered to be Maxwellian, quasi-neutral, and nonisothermal. The ion temperatures
are identical, T . =Ty =Ti, and the degree of nonisothermality is characterized by

the parameter B=T,/T, , where T, is the electron temperature. The ion composition

of the plasma is characterized by the parameter y, = nH+/(nH+ N ) =N /Me

where Ny« Nge are the densities of ions H™ and O+, respectively, n, is the

electron density.

During probe measurements, the spacecraft body is used as a reference
electrode. We consider that the axes of symmetry of the spacecraft body and probe
are perpendicular to the orbital velocity V; the electrostatic and gas dynamic
interactions between the probe and the spacecraft in the plasma are weak; the side
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surfaces completely absorb the charge of incident particles (electrons are absorbed,
ions are neutralized), and there is no emission current from the surfaces; the flow
around the probe and the spacecraft is free-molecular; the effect of the magnetic field
on the probe current is negligible; the presence of different species of ions in the
plasma does not significantly alter the self-consistent electric field in the vicinity of
the cylinder.

The main geometric parameter of the considered floating probe system is the

current-collecting surface areas ratio Sq =S¢, /S, , where S, , is the area of the

reference electrode, S, is the area of the probe (S, <<Sg, ). The theory of a single
cylindrical probe corresponds to the case Sy —oo. The purpose of this article is to

evaluate the applicability of the relationships of the theory of a single cylindrical
probe for determining the electron density n, by measuring probe currents in the low

voltage side of the electron region of the CVC of a floating probe system.

Mathematical model of current collection. The theory of supersonic free-
molecular transverse plasma flow around a long conducting cylinder is familiar and
studied quite well. The main parameters determining the flow regime are: the ion
velocity ratio S; =V/u; , the ratio of the cylinder base radius r, to the Debye length

&=r./Ay , and the dimensionless potential of the surface relative to the undisturbed
plasma potential @, =eU, /KT, . Here, V is the flow velocity, u; = /2kT; /m; is the
thermal velocity of ions of mass m;, U, is the dimensional potential of the surface,

k is the Boltzmann constant, and e is the unit charge.
During orbital motion in the ionosphere, the velocity ratio is S; >4 for oxygen

ionsand S; <2 for hydrogen ions.
In the ionosphere, the Debye length for electrons is L4 ~5 mm. Consequently,
the characteristic size of a cylindrical probe of r,~0.5 mm corresponds to

Ep=Tp /xd ~0.1 << 1, and the characteristic size of a spacecraft (nhano satellite) of
lep 5 CM corresponds to Eep =Tep /xd ~ 10.

Thus, ion flow around the probe occurs at S; >4, £<<1for O, and §; <2,
g <<1 for H * jon flow around the reference electrode (spacecraft body) occurs at

S, >4, E~10for 0", and S, <2, E~10for HY.

There is a classical Langmuir asymptotic relation /—¢. for the ion current in
supersonic flow around a thin cylinder (& <<1) with ion-attracting surface potential
¢, [6, 9]. The applicability of the Langmuir asymptotic relation for the flow
parameters of S;>1, £<1 and §;>3, £<10 for the body potential of

—50 < @, <0 is substantiated based on the results of numerical modeling [10].

A mathematical model of current collection by a cylindrical electrode in a
supersonic flow of collisionless plasma with two-species ions is developed in [7 — 8].
The model is developed on the basis of asymptotic formulas for electron and ion
currents on a thin cylinder [9, 11] taking into account the results of works [12 — 13,
14]. In dimensionless quantities, the total current on the cylinder with the potential ¢
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relative to the undisturbed plasma potential, is estimated by the relations [8] (the
electron current on the cylinder is positive):

Io (9) =Te (©) = 4tn e /B Ty (0) = (1= %0 )2 /B-Toy- (9), S >4, (D)

E@M={”J;””M+ A @

eXp((p), ¢<0

_ 2/mexp(-Bo+S7),  Bo=S]

lo ()= : ®)
2/Nm- W2 +5% Pe, Po<s?

~ 2/ exp(—B(p +5.2 /16), Bo>S72/16

Ly (0)= 4

i 2/\/;'\/1/2+Si2/16_l3(91 Bop< Si2/16,

where I_C I_e are the total and electron currents on the cylinder, respectively, which

are normalized by the thermal electron current; I_O+ ,

cylinder, respectively, which are normalized by the thermal currents of ions of
corresponding species; ¢=eU/KT, is the dimensionless electric potential (U is the

dimensional potential); uzzme/mO+ is the mass ratio of charged particles;

IH+ are ion currents on the

S; =V /uO+ is the velocity ratio for O* ions . The thermal current of particles of
species o is 1, o= j,Sc, Where j, =en u, /2y is the density of the thermal

current, u, =«/2kTOL /m,, is the thermal velocity, T, and m, are the temperature
and mass of the particles, S, is the area of the current-collecting surface of the

cylinder. From here on, the index a =i refers the value to the ions, the index o =0"
to atomic oxygen ions, the index oo =H" to atomic hydrogen ions, and the index o
=e to electrons.

Relations (1)—(4) fairly well approximate the current collection by the cylinder
at £= 1, S; 21 and, within the framework of the adopted assumptions, can be used
to model the currents on the stationary cylindrical probe. These same relations are
applicable to currents on cylinder at £ <10, S; >3. Therefore, to model the electron

and O" ions currents to the reference electrode (spacecraft body) at potentials
¢ >—-50, relations (2) and (3) are used.

To model the collection of H™ ions current by the spacecraft body, we use the
results of numerical calculations of ion currents to the cylinder using the two-
dimensional Vlasov-Poisson model [10, 14] at 1<£<10, 1<S; <3 and potentials

—50 < ¢ < 0. Based on the results of the numerical calculations, the ion current to the
cylinder is approximated as follows:
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%exp(—ﬁqwIog(«/1/2+8i2/16)), Bp=>0
e (0)= { ] ] : (5)
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where

(£ +96)(&* 1) +0.38 (& +7)(s” 1) 0315549
(&2 +71)(¢? +33) (£2 +11) 52+ 6(¢2 +1) €2 +332

Fig. 1 shows the results of calculating the dimensionless ion current 1, asa
function of the dimensionless potential of the cylinder ¢ at velocity ratios of S; =1
(Fig. 1, @), S;=2 (Fig. 1, b)), S; =3 (Fig. 1, c)) for different & . Curves
(approximations) and markers (calculations, see Fig. 1, ¢) for markers designation)
correspondto &= 1 (1), £=1(2,6), £=3(3,7), £=5(4, 8), £=10 (5, 9, 10).
Markers 6, 8, 9 represent calculations [14]; 7, 10 — calculations [10].
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As one can see at Fig. 1, relation (5) approximates the results of numerical
calculations of ion current on the cylinder with satisfactory accuracy.

Thus, in a supersonic plasma flow with two ions species, the total current on the
probe and the spacecraft body is determined by (1) through the electron current (2),
the oxygen ion current (3), and the hydrogen ion current (4) for the probe and (5) for
the spacecraft body.

Direct problem of probe measurements. A mathematical model for collecting
currents by a floating probe system with cylindrical electrodes is developed in [7, 8].
In the ionosphere, the floating probe system always has such equilibrium potential, at
which the total current of charged particles through all collecting surfaces of the
electrodes equals zero [5]. The potential of the spacecraft body U, relative to the

undisturbed plasma potential is almost always negative. The probe potential relative

to the undisturbed plasma is U, =U;, +U,, where U;, is the probe potential

relative to the reference electrode (bias potential). Probe measurement is the
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recording the current I, in the "probe — plasma — reference electrode™ circuit while
modulating the bias potential U;, .

In dimensionless variables, calculating the CVC of the probe I_p ((piz), taking
into account relations (1) — (5), reduces to a system of nonlinear equations [8]

I_p ((Piz)zl_c(q)iz +(Pcp)v (6)

Ss - Te (0cp ) + Te (012 +0cp ) =0, (7)
where ¢, is the equilibrium potential of the reference electrode relative to the
undisturbed plasma potential, which corresponds to the bias potential ¢;, .

Since approximation (1)—(5) of the current I_C on the cylinder in a supersonic
plasma flow is a continuous piecewise analytic function of the potential ¢ and
parameters x,, Ly, B, S;, the solution to the nonlinear equation (7) of the current
balance of the floating probe system relative to the equilibrium potential ¢, exists
and is unique for all values of the bias potential ¢;, and parameter S,. The solution

to equation (7) can be found by an iterative method [7].
Thus, relations (6), (7), (1)—(5) determine the electrical and gas-dynamic

interaction (the dimensionless VAC rp((piz)) in the floating "probe—plasma—
reference electrode™ system through the dimensionless parameters x,, pw,, B, S,
S, and the bias potential o;, .

The dimensionless parameters B, S;, S, ¢;, are determined through the
parameters of the undisturbed plasma, probe, and reference electrode: T,, T;, V,
Sps Sgp. Uj,. The dimensional CVC of a floating probe system writes

1o (Ui)=ieSpTp (), where j, =e /k/(2nm,)ne [T, is the density of the

thermal electron current to the probe.
In [7, 8], the influence of electrodes areas ratio S, and plasma ion composition

X, on the CVC of a probe system insulated from the spacecraft body is studied at
sufficiently high bias potentials ¢;, . It is shown that in the electron saturation regime
the influence of y,, and S on the collected probe current is the greatest.

Fig. 2 illustrates the influence of the bias potential ¢;, and parameters y,,, S
on the probe current I_p of a floating probe system in the low voltage side of the

electron region of the CVC. Calculations are performed for S; =5, n=3.4 .10~ and
B=1.3.Fig. 2, a) is the dependence of I_IO on o;, for y,=0.1 (solid curves), y,=0.3
(dashed curves) for S;= 100 (1), 150 (2), 200 (3), 250 (4), 2000 (5). Fig. 2, b) is the
dependence of 1, on y, for ¢;,=40, Sg= 2000 (1), 300 (2), 250 (3), 200 (4), 150
(5), 100 (6) and for ¢;, =15, Sg= 2000 (7), 300 (8), 250 (9), 200 (10), 150 (11), 100
a2 It is clearly seen that the influence of y,, and S; on the probe current increases
as the bias potential ¢;, increases. Increasing the electrode areas ratio S, makes the
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CVC 1, (¢g;;) closer to the CVC of a single probe (for which S; —o0). The CVC of
the floating probe system approaches to the CVC of a single probe in the low voltage
side of the electron region, at g;, <40.

Let’s model numerically the probe measurements for such base values of
parameters n,=2-10" m3, T,=28.10°K, B=13, V=75.10° km/s that
correspond to flow conditions in the ionosphere at an altitude of about 700 km [15].
A bias potential of ¢;, ~40 corresponds to a dimensional potential of U;, ~10V
and a probe current density of about 0.018 A/m?.
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Inverse problem of probe measurements. We model ionospheric
measurements by a floating probe system using the mathematical model of current
collection (6), (7), (1) — (5). Let’s consider the problem of determining the electron
density (parameter n, of the mathematical model) by the results of probe current

measurements 1, (U;, ) in the low voltage side of the electron region of the CVC of

the floating probe system. We use the calculation formula of the theory of a single
stationary cylindrical probe [6] to determine n,:

_ T Mg dl S (U iz )
ne,O - : (8)
eS,\2e\ dU,

Due to the linearity of Ig(Uiz) in the electron region of the CVC, (8) writes as
3 %\/Ié(uiﬁdu )-12(U;,)
es, \l 2e du '

Here, 1,(U;,) is the probe current, corresponding to the bias potential U;,

within the framework of the single probe theory, dU >0 is the bias potential
increment.

©)

ne,O
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Methodological error of the procedure for applying calculation formula (9) to
determine the density n, within the framework of the mathematical model of current

collection is estimated by calculating the value 1, by (9) using the currents found by
solving (6), (7), (1) — (5) and comparing the result with n, . In this case, the relative
error g, =(M, —ng )/ n. corresponds to the specific measurement conditions (bias

potentials U;, during probe current Ip(UiZ) measurements ) and the method of

processing the results (the method of numerical differentiation of If,(UiZ ))-

The dependence of the relative methodological error g, on S is presented at
Fig. 3. Curves at Fig. 3, a) represent various y,, =0 (curve 1), 0.1 (2), 0.3 (3), 0.5 (4),
0.7 (5), 0.9 (6); Fig. 3, b) — various V; = 7000 (curve 1), 7500 (2), 8000 (3); Fig. 3, c)
— various T, = 1500 (curve 1), 2000 (2), 2500 (3), 3000 (4), 3500 (5). The values of
the parameters y,, T,, V cover the ranges of their variation during the ionospheric

measurements. The curves at plot 3, d) are the maximal values of the dependence
g, on S¢ for the considered ranges of ., V, T, variations at various bias

potentials U;, =5V (curve 1), 10V (2), 15V (3), 20V (4).
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Analysis of the results presented in Fig. 3 shows that with an increase in the
electrodes areas ratio Sy and a decrease in the bias potential U;, in the low voltage

side of the electron region of the CVC, the methodological error &, decreases for all
considered y,, T,, V. The effect of variation of parameters y,, V on the error in
determining the density is monotonic for S,>100, a variation in the electron
temperature T,, as it can be seen at Plot 3, c), leads to an intersection of the curves at
S, = 220.

Variation in the flow velocity V does not significantly affect g, . The influence
of x, on &, is the strongest, and the maximum methodological error is observed at
xn= 0 (Plot 3, a)). The results presented at Plot 3, d) are the upper estimate of the
methodological error g, for the procedure for determining the electron density in

ionospheric conditions using the calculation formula (9) within the framework of the
current collection model (6), (7), (1) — (5).
From the results of modeling it follows that at a bias potential of U;, =10V, the

required electrodes areas ratio is S;> 350 to ensure a methodological error of g, <
1%, S, >300 for g, < 2%, S;>250 for ¥, < 5%. The methodical error in
determining the electron density €,<4% at U;, =5V and S, >200.

Probe measurements error. The structure of formula (9) is similar to

calculation formulas for determining the electron density in a dissociated diatomic
gas flow and plasma with single-species ions [6, 8]. For the electron density 8

calculated from measured (obtained experimentally) probe currents P2(3%), the
following estimate satisfies:

|(B6—ne )/ne| <&, ~(1+2U;,/dU ), . (10)

Here, ¢, is the maximum relative error of the determination n, using (9), ¢, is
the maximum relative error of the probe current measurement, ‘( f’/g —1y )/I p‘ <g.

We notice that the relative error €, doesn’t depend explicitly on the geometric
parameter S,. However, the total error, including the methodological error of
formula (9), as shown in Fig 3, depends on the electrodes areas ratio S. For the
given g, (accuracy of determining the electron density) we use (10) and the results
presented at Plot 3,d) to select S;, U;,, dU to estimate g, (the required
measurement accuracy).

It follows from (10) that increasing the potential increment dU leads to a
decrease in g,,, which is typical for a numerical differentiation problem. As the bias
potential U;, decreases, the error ¢, decreases monotonically. However, in this case

probe measurements occur in the transition region of the CVC, where high-precision
measurement is difficult to conduct due to strong plasma noise.

iz

Conclusions. The applicability in ionospheric conditions of classical relations
of the single cylindrical probe theory for determining the electron density from
individual current measurements in the low voltage side of the electron region of the
CVC of a floating probe system is theoretically substantiated. A mathematical model
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is developed that determines the electrical and gas-dynamic interaction (CVC) in the
“floating probe—plasma—spacecraft body” system through the parameters of the
plasma, the probe system, and the probe bias potential. Calculations confirm that in
the low voltage side of the electron region of the CVC, a decrease in the probe bias
potential and an increase in the ratio of the spacecraft body and probe areas leads to a
convergence of the CVC of the floating probe system and the CVC of a single probe.

A modeling of the determination of the electron density using the classical
calculation formula of the single probe theory by measuring probe currents in the low
voltage side of the electron region of the CVC of a floating probe system is
performed. Upper estimates of the methodological error in determining the electron
density under ionospheric conditions are obtained using the floating probe system
model. It is shown that, for bias potentials not greater than 10 V and a spacecraft-to-
probe areas ratio greater than 300, the methodological error does not exceed 2 %.

Presented numerical and analytical estimates of the electron density error enable
the selection of the floating probe system's geometric parameters, probe bias
potentials, and the assessment of the required measurement accuracy when planning
and conducting ionospheric plasma diagnostic experiments.

The obtained results can be used in the preparation and interpretation of
ionospheric plasma diagnostic experiments onboard ultra-small spacecraft.
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