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Abstract. Instrument d’Analyse du Plasma (IAP) is one of etal., 1977). Nevertheless, the analytical tool which was first
the instruments of the newly prepared ionospheric missiorproposed by Whipple (1959) to extract the plasma parame-
Demeter. This analyser was developed to measure flows diers from the current measurements has never been revised
thermal ions at the altitude o#750 km and consists of two from the point of view of the limits of its application and of
parts: (i) retarding potential analyser (APR), which is utilised the accuracy of estimated parameters. The necessity to pre-
to measure the energy distribution of the ion plasma alongpare the data processing of the IAP instrument has prompted
the sensor look direction, and (ii) velocity direction analyser us to come back to the sixties with the two-fold aim: (i) to
(ADV), which is used to measure the arrival angle of the ion analyse all possible instrumental limitations and (ii) to justify
flow with respect to the analyser axis. The necessity to obthe analytical solutions that fit correctly the current measure-
tain quick and precise estimates of the ion plasma parameterments. The assumptions which are made are the following:
has prompted us to revise the existing mathematical tool and

to investigate different instrumental limitations, such as (i)

finite angular aperture, (i) grid transparency, (iii) potential 1. lon distribution function is Maxwellian and isotrope, i.e.
depression in the space between the grid wires, (iv) losses T = T1;

of ions during their passage between the entrance diaphragm

and the collector. Simple analytical expressions are found

to fit the currents, which are measured by the APR and ADV 2. Plasma consists of the ion species;, HHet and OF,
collectors, and show a very good agreement with the numeri-  with the concentration of£ 1 —101m—3 and the tem-

cal solutions. It was proven that the fitting of the current with perature 0f~0.07-0.2 eV, bulk and thermal velocities of
the model functions gives a possibility to properly resolve which are lower than satellite speed;

even minor ion concentrations and to find the arrival angles

of the ion flow in the multi-species plasma. The discussion

is illustrated by an analysis of the instrument response inthe 3 patarding grids considered as the potential barriers that
|pnospher|c conditions which are predicted by the Interna- modify the velocity of input particles in the direction
tional Reference lonosphere (IRI) model. perpendicular to the grid plane and the losses of par-
Key words. lonosphere (plasma convection; instruments ticles caused by their collisions with the grid wires
and techniques) — Space plasma physics (experimental and are introduced through the coefficient of the grid trans-
mathematical techniques) parency.

We (i) briefly summarize the analysers geometry (Sect. 2);
(ii) give the analytical expressions for the current response

The idea to use retarding and drift analysers for diagnosticsand compare them with the ngmerlcal solution; (”'.) dis-
cuss the instrumental characteristics, such as the grid trans-

of the cold ion population is not new. These techniques have tential d ion betw the arid wi
grown since the sixties (Knudsen, 1964) and have providefarency’ potential depression beween e grid wires, angu-

valuable measurements in the ionospheres of Earth (Hansof?r aperture, efiective section of the entrance diaphragm;, (iv)

etal., 1970), Venus (Knudsen et al., 1980) and Mars (Hansor?nalyse the effect of the particle losses on the side walls of
’ ' h the analyser and the contribution of the ions’ thermal motion

Correspondence tdE. Sran (seran@cetp.ipsl.fr) to the current (Sect. 3).

1 Introduction
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Fig. 1. Sketches of the APR and ADV analysers. Collectors are shown by dotted lines, grids by slashed lines and the grounded structures by
shaded surfaces. Axisis aligned with satellite speed.

2 Analysers geometry the collector, (ii) prevents the access of thermal electrons to
the collector and (iii) reduces emission of secondary elec-
2.1 APR trons from the collector. Overall, the system of the grids does

) ) ) not change the initial energy of the particle which arrives on
The APR analyser consists of (Fig. 1a) (i) collector of the ra-he collector.

dius 37 mm, (ii) entrance diaphragm of the radigs20 mm

at the height: =15 mm from the collector and (iii) six grids, 2.2 ADV

which are placed parallel to the collector, i.e. perpendicular

to the analyser axis. The top gridsg; andgy, and the grid ~ The ADV analyser consists of (Fig. 1b) (i) collector of the ra-
ge, are maintained at the potential of the satellite structuredius 35.5 mm, (ii) entrance diaphragm with the side of 30 mm
with the purpose to exclude any perturbations of the ambientat the height 20 mm from the collector and (iii) seven grids,
plasma caused by the potential variations at the neighbourwhich are mounted parallel to the collector. In order to ex-
ing grids, g3, g4 andgs. The next two gridsgs andga, are  clude any perturbations of the ambient plasma caused by the
retarding grids, i.e. positive potentiad,, which is applied  potential variations at the gridg; and g7, the external grid,

to them does not allow the ions that flow in the direction g1, and the internal gridsss , g4 , g5 andgs, are grounded.
with the energies lower thary ey, to reach the collector. Positive potential, +2V, which may be optionally applied to
Retarding potential may vary from2 to +22V, i.e. may the grid g will suppress the ions with-aligned velocity
suppress the ionospheric ions front Ho Fe". Each grid  lower than~2-10* [m;/mu+1~%°ms1; here,m; andm
represents a net of wires that are placed in perpendicular diare the masses of the ion species and of hydrogen, respec-
rections, two neighbouring parallel wires are separated bytively. Therefore, all hydrogen and almost all helium will be
the distance: ~0.5mm and a cross section of each wire is suppressed by the grid potential, if we assume that (i) bulk
a square with the sidé ~0.03mm. The potential depres- velocity of plasma in the satellite frame is determined mainly
sion in the space between the grid wires is the function ofby the satellite speed, which is aligned with thaxis and is
the grid separation distance, the grid spacingg, and the  estimated to be-7.2510°ms™1, and that (ii) the thermal
wire thicknessg. In the conditionsté/a <« 1 < d/a the speed of the ions at the altitudes-e750 km is expected not
average potential depression may be written in the followingto exceed the value6.10° [m; /my+1~%° ms™1. The neg-

form (see, for example, Hanson et al., 1972) ative potential—12V, at the gridg7, nearby with the collec-
cd a tor, prevents the collection of the electron and photoelectron
0 ~ g (1 - In [—]) . (1) currents.
2 d* b1

Here,k is the leakage parameter of the square grid with re-

spect to the linear grid and the effective grid separation dis3 Analysers response on the ion flows

tance,d* equalsd/2 in the configuration with one retarding )

grid and~ d in the double-grid configuration. For the APR 3.1 Rough estimate of the current (order of magnitude)

design withk ~1.72,d = 3mm, the average potential de-

pression is estimated to g ~ 0.85p, andy; ~ 0.92p, for

one-grid and double-grid configurations, respectively.
Negative potential;-12 V, which is applied to the grids J —eS Z Fi. @)

L

lon flows that reach the analyser’s collector produce the cur-
rent which can be roughly estimated as

has a three-fold aim: (i) it cuts the photoelectron current on
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Here, ¢ is the elementary charge (~1.61071°C), § Here,B; = /m;/2kT, m; andT; are the ion mass and tem-
is the analyser entrance area (21@53m? for APR and  peraturek is the Boltzmann constant 1.381023J K1)
0.9103m? for ADV), F; is the flux of the ion species andy; is the bulk velocity. The quantity,; can be expressed
Let us assume that plasma is cold, immobile and consistén terms of the ion density;;, using the fact that the density
of only one ion species with the density. Then the ion s the first moment of the distribution function. Therefore, in
flux on the collector is determined by the satellite spegd  a spherical system of coordinates ¢, ¢) it reads

and may be simply written aB; ~ n;v,.. The characteris-

tic density of the main ion population, either oxygen (on the o 7 . ¢ ) 73/2
dayside) or hydrogen (on the nightside), at the satellite alti/2i = /d90/3m9d9 / fvidv = Ffai and
tude (i.e.~750 km) is predicted to be about ~ 10 m=3. 0 0 0

Therefore, the currents which are expected to be collected are 3 m. 132
~500 nA for APR and~460 nA for ADV. Nevertheless, pre-  foi = —35mi = : n; (4)

. . . w3/ 27 kT;
cise calculations of the ion fluxes and the collected currents
are complicated by the following effects: To simplify the analytical calculations we assume here that
the main component of the ion velocity is parallel to the
analyser axis and is determined mainly by the satellite speed.
Then the distribution function in the satellite frame reads

— non-zero temperature of ion population;

— non-zero bulk velocity of ion species in the Earth’s

frame; fi = foi exp(—ﬂl-z(v - VH)Z), ®)

— finite angular aperture of the analyser; with v = {vcosf, vsinfcosp, vsindsing} andv =

— retarding effect of the grids; {vy, 0, 0}, and can be re-written in the form
— losses of ions on the grids and on the side parts of thefi = foi €X(—B7v]) exp(—pFv? + 287 cOsHv)v). (6)
analyser;

3.4 lon flux on the APR collector
— finite value of satellite potential, etc.
3.4.1 1-D analytical solution
All of these issues will be addressed in the following sec-

tions. Let us assume first that the bulk velocity of ions in the satel-
. lite frame is much larger than its thermal velocity. In this case
3.2 Transparency of the grids the ion flux on the collector may be regarded as collimated

along the analyser axis and, therefore, estimated by evalu-

Before an ion arrives at the collector, it passes a number Oking the one-dimensional (1-D) integral of the distribution
grids that are mounted between the analyser entrance angnction (6) along the-axis

the collector. Hereafter, we assume that an ion which col-
lides with the grid wire is then absorbed and, therefore, does - o oo
not arrive at the collector. The number of ions that pass theF; = foiefﬂf Ul /e*ﬂi vi+2B7 vy
grid is proportional to the ratio of the space surface between Vg

the wires and the full section of the entrance diaphragm. If B2y —g)?
the ion population is cold and the main component of its ,,;,, — "Vl {1+ ® (Bi vy — vg)) + e P

velocity points along the analyser axis, i.e. perpendicular 2 VT Biv|

to the grids, then the grid transparency is estimated to be . . , )

(a — 8)2/a? ~0.884. If the analyser now consistsofrids, Here, ® is the error fun'ctlon andg is the ve!oufty that cor-
then input flux will be reduced by the factor 0.884hen it ~ resPonds to the effective retarding potengigl i.e. vy =
reaches the collector. This factor is estimated to be equal tq/2keg}/m;, and the density in the 1-D case is expressed as

~0.48 and~0.42 for APR and ADV analysers, respectively. ni = f,iv/7/B:. Note that the retarding potential is given in

In the case when the velocity transversal to the analyser axia;e reference of the satellite ground,., and consequently
represents-~10% of the parallel velocity, the transparencies the potential which is seen by the ig’ns('gs* + o). At

_ 4 sc/-
reduce down to-0.44 anch~0.39 for APR and ADV, respec-  q ignospheric altitudes of750 km the dominant popula-

tively. tion is the thermal electrons and, therefore, the potential of
the satellite structure is expected to be slightly negative, i.e.
to be varied betweer-0.2 and—1V. This produces a pre-

The ion distribution function is assumed to be Maxwellian 8cceleration of ions that enter into the analyser.

and isotropic and, therefore, in the plasma frame it can be N @ cold plasmag — o) the contribution of each
presented in the form ion species in the total flux is a constant and equais.

Therefore, the current-voltage response of the APR collec-
fi = foi exp(—ﬁ,?viz). 3) tor on each ion species represents a step-functigigs,) =

o0

@)

3.3 lon distribution function



1162 E. $ran: Reconstruction of the ion plasma parameters

2
m; v”

3.4.3 Numerical simulation using a Monte-Carlo method

2

eSniv), if0 < ¢, < mz}(—zu, andJi(gg) = 0, if 9 >
For instance, if plasma is immobile, thep = v, and the
retarding potentia| which Corresponds to the current cutoff isThere exists an effect whose contribution is rather difficult to
estimated to be 0.274n; /m V. estimate analytically. This is related to the losses of ions on

In awarm p|asmathe ana]yser response isno |onger asteéhe side walls of the analyser in the conditions of a non-zero
function, but approximately follows the law @.8n,; v {1 + retarding .potential. A qgmerical co.de u;ing the Monte-Carlo
®(Bi (v — vg))}. The effective broadening of the current- method gives a possibility to quantify this effect and to check
voltage response, i.e. the voltage range,, with the lower the precision of the analytical solutions. The main idea of
limit, which corresponds to the departure of the current fromthis method is to generate a large numbeérof the test par-
the J,; = eSn;v) level, and with the upper limit, which is ticles with the velocity distribution that corresponds to the
associated with the current drop down to the valug,;/100,  expected plasma conditions and then to follow the trajectory

is proportiona] to the square-root of the ion temperature and)f each partiCIe inside of the analyser and to calculate the cur-
36 [2mT, rent that is associated with the particle that arrives at the col-

parallel velocity, or more precisely, iS¢, & <2/ <4 v). lector. The position of a test particle on the first diaphragm

For example, in the_ oxygen _plasma with the temperature Otgl, with the sectiornSy, is generated randomly and its veloc-
0.2 eV the broadening is estimated tob&.7 V.

ity is chosen as; = v+ G(vr), vx = vx0+ G(vr), vy =
vy0 + G(vr); here,G(vr) is the Gaussian probability func-
tion with thermal widthvz, andv| = {vxo, vy0, vy} is the
More precise estimations of the ion flux on the collector may Pulk velocity of the ion population in the satellite frame. The
be obtained by taking into account the acceptance angle ofectory of each patrticle is followed from level to level (here

analyser and integrating the distribution function in three-We call the “level” either a grid or collector, considered as
dimensional (3-D) velocity space inside of cone with the equipotential planes). For each pair of the neighbouring lev-

half-angled* — arctgra/h) (53.2 for APR). The ion flux els,gr andgy+1, the following parameters are calculated:
on the collector can now be written in the form

3.4.2 3-D analytical solution

1. Electric field parallel toz-axis, E; = —A@gk/Az;

, o , here, A, is the potential difference betwedn+ 1

Fi = 27 fye PV /sineezﬂi vy €09 g andk levels separated by the distantey;
0

o 2. Component of the velocity vector that is paral-
/exp(—ﬂl?vz)v3dv. (8) lel 2to z-axis on the (k + 1) level, vyy1 =
] o2 — [2ke/m) Mg
After integrating, Eq. (8) reads 3. Fly-time of particle, which isAt, = Azg/va (1l —

1 VI=0/1x/2), with x = eAgg/Imv2 /2k];
Fi = 7 foi =7 (K(0) — K (64))

28; 4. Particle position on thé + 1) level, x;11 = x; + v, Aty
= F,i(K(0) — K(6y)), 9) andyi1 = yr + vy Aty

with If x > 1 then the test particle has not enough energy to over-
n; kT, come the potential barrier and is subsequently lost. The po-
Fi=——=n; | —— (20) sition of the ion that arrives on th& + 1) level is controlled
2Bi/m 2mm; with the aim to verify that it is not lost on the side wall of
analyser. Finally, if the particle successfully reaches the col-
v - , lector, its contribution, which i8S1n;v1/N, wherevq is the
K(0) = (= + cosg)e P Vi —2usv cosituy+ magnitude of the particle velocity on the entrance gridis
Yl added to the total current.
+£e—ﬂfuﬁ Sir?

2Biv 3.4.4 Comparison of analytical and numerical solutions
(14 ®(Bi (v cost — ve)))(1+ 2B7vE cos0). (1)

and

lons that enter into the analyser are partly absorbed on the
The ion flux (7) or (9) and consequently, the current on theside structures and, therefore, not all of them reach the col-
collector are the functions of the density, the temperature andector. If plasma may be considered as cold and moving
the velocity of the different ion species and vary with the po- along the instrument axis, then the particles will be lost only
tential that is applied to the retarding grids. These parameeon the structure which supports the gid of APR (see
ters can be reconstructed by the fitting of the current, whichFig. 1a), but all particles that pass the diaphraggmwill

is measured on the collector, by the model functions (7) orreach the collector and contribute to the current. In such a
9). situation the current on the collector may be calculated by
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using Eqg. (2) with the flux given by Eqg. (7) and with the en-
trance area, which is just the open section of the diaphragm
82

What is the contribution of thermal ions? Thermal ions
will be retarded by the electric field that is created by the
voltage difference between the grigisandgs. If their veloc-
ity transversal to the analyser axis is not zero, then they may
collide with the wall structure. The probability of such loses %
depends on the analyser geometry and on the ratio between
the thermal and the bulk velocities. Thus, if the transversal
displacement of an ion in the layer between gggandgs is
larger than the difference between the radii of ggeand g>
diaphragms, then the ion will be lost. Nevertheless, for the
APR geometry and for the expected amplitudes of the ther-
mal and the bulk velocities, the displacement of thermal ions
does not exceed the valué\2vr /v, with vy = /2kT/m, )
and thus is not so strong; therefore, most of the thermal parti-
cles reach the collector. Consequently, the current produced RO rTTTTTTT T
on the collector by the thermal population may be estimated
by using again the cold plasma approximation with the di-
aphragm area, which ought to be replaced by its effective 15
value,S,. The effective area of the entrance diaphragm may
be estimated by knowing the ratio of the ion fluxes given by <
the 1-D and 3-D solutions (Egs. 7 and 9) and is writteninthe - 10
form S, = SF3_p(vg = 0)/Fip(vy = 0). Figure 2 shows N
the current-voltage response of the APR analyser to oxygen
(a), helium (b) and hydrogen (c), witf = 0.086 eV and 5
n; = 10°°m=3, as computed using the numerical code (black
line) and the 1-D solution for the ion flux with the effective
area of the entrance diaphrag#t, (red line). In the consid- U] S R i T
ered examples the rati§*/S is estimated to be 1.01, 1.04,
1.14 for O, He™, HT, respectively. The analytical solution (b)
fits well the numerical one for oxygen and helium, but there 20— T
exists a small discrepancy for hydrogen. This discrepancy I
comes from the superthermal ions that are partly lost on the 8
side walls. Green lines in the same figures represent the 3- 15
D analytical solution in which the losses of particles are not i
taken into account. <« |
To demonstrate how well the proposed analytical solution % 10
may fit the current-voltage response in the multi-specious =~ |
plasma, we consider two examples: both of them corre-
spond to the plasma parameters that were found from the IRI 51
model for the day 21.06.04 and the geographical altitude of i
45°. The first example is taken at sub-Sun point (12:00LT),
where plasma with the following parameters is expected to ol . . . . A — ‘ R
be observed]; = 0.19eV,noy = 3-1019m=3, npe, = 0.0 ~ ~ 1.5 2.0
nhs = 10°m~3 (Fig. 3a), and the second one corresponds(©)

to the m(')dm_%ht time (24:00LT) "j’{,}m = 0.09 eV,noo+ 3 Fig. 2. Current-voltage response of the APR analyser 1 @),

16- 10°°m ™3, npe. =4 109_m_ »MHy = 3 .101 m Het (b) and H' (c), with 7; = 0.086eV ands; = 1019°m~3, as
(Fig. 3b). The satellite potential in both cases is assumed tQomputed using the numerical code (black line) and the* s

be 0V and the bulk velocity equals the satellite speed. Thaytion for the ion flux with the effective section of the entrance di-
current-voltage response in such conditions was computedphragm (red line). Green lines represent a 3-D analytical solution
using the numerical code (black line) and then was fitted byin which the losses of the particles are not taken into account.

the 1-DF solution (red line). The precision of the parameters

obtained from the fitis the followingA7; ~ 0.1%, Anoy ~

0.3%, Anper ~ 3%, Anps ~ 3%, Avy ~ 20mstand Ay, ~ 50ms? for 12:00LT and 24:00LT, respectively.
AT; = 1%, Anoy ~ 1%, Anper =~ 10%, Anyye ~ 2%, If the electronic noise with the amplitude at10% of the

~

(=}
—_
. N
w
=




1164 E. $ran: Reconstruction of the ion plasma parameters
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E Fig. 4. Four sectors of the ADV collector and their connections in
3 pairs, as it is seen from the entrance diaphragm. The ratios of the
E currents collected by pairs— and b—d (left-hand panel) ou—b
T, . e s "o andc—d (right-hand panel) give a possibility to derive the deviation
(a) @,V of the ion bulk velocity from the analyserzsaxis along thex- or
21.06.04 lat:45° 24LT y-axis, respectively.
80 L T

—_
[=)

o

First, assume that plasma contains only one ion popula-
tion. If the thermal velocity of ionsyr, is much less than
the component of the bulk velocity parallel to the analyser
axis, vy, then the ion population may be considered as “cold”
and the simple geometrical relation between the ratio of the
currents collected by the pairs and the azimuthahnd the
co-latitudinal,0, angles may be found. It reads

oy = (rg — htgh cosy)/(rq + htgh cOSp), (12a)
oLy = (rg — htgBsing)(r + htgh sing). (12b)
8 10
(b) ' Here,r; is a half-side of the entrance diaphragga which

Fig. 3. Current-voltage response in the multi-species plasma forhas the form of a squaré, is the distance between this di-

the conditions, as predicted by the IRI model on 21.06.04 at the@Phragm and the collector (Fig. 1lb’)x (ary) is the ratio of
altitude of 45 (a) in sub-Sun point (12:00 LT), witli; = 0.19eV,  the currents measured by the pairsc andb—d (c— and
noy = 31019m=3, nye, = npy = 10°m=3, and(b) at midnight ~ a—b), 6 is the angle between the ion bulk velocity (in the

time (24:00 LT) with7; = 0.09eV,no, = 1.6-1019m~3,nye, =  satellite frame) and-axis, ¢ is the angle in thecy plane.
4-10°m~3 ny, = 3-10'%m=3. The numerical solution is given  Expressions (12 a, b) are valid when (i) both pairs collect the
by the black line and 1-Dsolution by the red line. current and (i) ion flux that enters in the diaphragm is en-

tirely measured by the collector, i.e. wheg® < r;/h and

tgl < (ro — «/érd)/h, wherer. is the radius of the collector.
collected current is added to the received signal, then theor the ADV analyser, withh = 20 mm,r; = 15 mm and-. =
precision is decreased, i.eAT; ~ 12%, Ano; ~ 7%,  35.5mm, the above mentioned conditions are satisfied when
Anper ~ 50%, Anpy ~ 50%, Avy ~ 30ms?t and  the co-latitudinal angle is less than 3%.6

AT; = 2%, Anoy ~ 2%, Anver ~ 20%, Anpy =~ 6%, In order to justify the limits of the cold plasma approxima-
Av; = 50ms! for 12:00LT and 24:00LT, respectively. tion, a comparison between the numerical calculations using
However, this precision is still sufficient to resolve the main the Monte-Carlo method and the analytical solution (12) was
ion components. made. According to the IRl model, there are three major ion
species that populate the ionosphere at the altitude of 750 km,
3.5 Deviation of the ion velocity from the analyser axis  i.e. H", He™ and OF, with a temperature which varies be-

tween 0.07 and 0.2eV. If we suppose that the bulk veloc-
Information about the component of the ion velocity ity of the particles varies up t610% of the satellite speed,
transversal to the analyser axis may be deduced from théhen in the satellite frame the ratio between the thermal to the
ADV measurements. The ADV collector consists of four bulk velocities varies from 0.14 to 0.24 for'Qfrom 0.28 to
identical sectorsg, b, ¢, d, which are connected by pairs 0.47 for He", from 0.55 to 0.95 for Ff. Which ions might
(Fig. 4). The currents collected by the paidrsc, b—d and be regarded as “cold” and which are not? Figure 5a shows
a-b, c—d give a possibility to reconstruct the deviation of the the ratio of the currents collected by the opposite pairs,
ion bulk velocity from thez-axis of the analyser along the ¢ and b—d, of the ADV collector as a function of the co-
axisx and the axig, respectively. latitudinal angle of the ion flow, given for different values of
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i Fig. 6. Effective size of the entrance diaphragm as a function of the
7 ratio between thermal and bulk velocities.

fitted by the expression identical to Egs. (12a, b), in which

the diaphragm half-sizey, is replaced by its effective value,

] r;. For example, the current responses of the ADV sensor

o, 20° | to the hydrogen flows (crosses in the Fig. 5a) are fitted by
1 Eq. (12a) withrj = 22mm (Fig. 5b). The effective size of

the diaphragm is a function of the ratio between the thermal
[ i and the bulk velocities, and follows the empirical law
0oL . ... . . [ [ [
0 10 20 30 40 ri=rq+clVr/ Vil (13)
(b) 6, deg

with ¢ ~ 10 in the case of the ADV geometry (Fig. 6).
Fig. 5. (a)Ratio of the currents collected by opposite pairs; and Overall, in plasma with one ion species the measured ratio
b—d, of the ADV collector as a function of the co-latitudinal angle of of currents gives a possibility to reconstruct the arrival angles
the ion flow, given for different values of the azimuthal angle. The of the ion flow. The angles may be estimated immediately
temperature of the ion population is chosen to be 0.2eV and thérom Eqs. (12a, b) and reads
parallel velocity is 7.25 kmst. Filled and open circles and crosses 05
represent the results of the numerical calculation for Bet, HT, riT1—a 2 1—a, 21~
respectively. Solid lines show the behaviour which is predicted byng = T [1 s } [1 T a’ } )
the “cold plasma” approximation (12a). Black, blue, green, red and x Y
yellow c_olours are used to_plot the analyse_r's response for the ions 2 »7-05
flows with the different azimuthal angles, i.e®,®0°, 40°, 60° 0sp = oy —1 |:[1 - le} n [1 - 0‘yi| :| (14b)
and 80. (b) Current ratio that is produced on the collector by the oy +1 || 1+ oy 1+ay ’
hydrogen flow (crosses) in the same plasma conditions as in (a).
Solid lines show the behaviour that is fitted by Eq. (12a), in which with r; = ry, if the measured ions are HeO™, etc., and
the diaphragm’s half-size is replaced by its effective vaije= with r%, given by Eq. (13), for .
22mm. Now consider a situation when plasma contains more than
one ion population. From the previous considerations it fol-
lows that the ratio of the currents that are expected to be col-
the azimuthal angle. The temperature of the ion population jdectéd by the ADV sensor depends only on the arrival angles
chosen to be 0.2eV and the parallel velocity is 7.25khs ~ ©Of ion flows in the plasma without hydrogen. In the presence
Filled and open circles and crosses represent the results & hydrogen the measured ratio of currents is determined not
the numerical calculations for oxygen, helium and hydrogen,0nly by the arrival angles, but also by the ratio between the
respectively. Solid lines show the behaviour that is predictedhermal and bulk velocities and by the relative concentration
by the “cold plasma’ approximation (12a) and, as it is seen®f the ion species. In the multi-species plasma the current
from the figure, perfectly fit the points that are attributed to 'atio may be written in the following form

(14a)

He™ and O" (open and filled circles), but not™H(crosses). 1+ k)axot + ay + ko

The poor agreement of hydrogen is because its thermal veloc™* = (1 )3 xay + af (15a)

ity is a significant fraction of the drift velocity which reduces

the current difference between the anode pairs. The curren (1 +K©)ayay +ay +«a (15b)
y =

ratio produced on the collector by the hydrogen flow may be L+«)+Kay + o
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Here, « is the relative concentration of hydrogen, = 2. Even a minor ion population may be resolved from the
ng4/n, ay, ay andey, o are the ratios of the currents that APR response;

are produced on the collector by the ions with the relative )

massesn; /my+ > 4, and by H, if they are measured 3. The_current ratio measgred by thg ADV sensor may
separately. The combination of Egs. (12) and (15) provides  P€ fitted by an expression that arises from the sim-
the solution for the arrival angles of the ion flow with the ple geometrical considerations, in which the size of

assumption that ions move with the same velocity. It reads the entrance diaphragm has been replaced by its effec-
tive value if the current on the collector is produced by

05
A+orart [T1-A,72 [1-4,7° the ions flows with the characteristic thermal velocities
= ra + roh | L1+ Ay 1+ A, . (16a) which consist of more than half of the bulk speed;

A 1Tl A 12 [1-4.72]70° 4. The combination of the APR and ADV measurements
cosp = —X— [ — X] + [ — y} . (16b) provides a possibility to reconstruct the arrival angles
Ar+1|[1+ A 1+4, of the ion flows in the multi-species plasma.
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