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Abstract. In a cold magnetized plasma with two light ions wpe ~ ), the relative charge densities of the two lightest
of comparable gyrofrequencies and any species of heavy ion®n species can be recovered if the much more heavy ion va-
and/or charged dust particulates, a technique is developed taeties or charged dust particulates can be considered, under
recover the relative charge density of the heavy plasma popthe action of electron whistler electromagnetic fields, as a
ulation and to estimate its effective averaged charge-to-masguasi-immobile plasma background (so-called IPB, Lundin
ratio. Such results can be obtained without using mass spe@nd Krafft, 2009a) with constituents of very small gyrofre-
trometer data but only the measurements of the ion plasmguencies which contribute mainly to the plasma charge neu-
frequency, the electron gyro- and plasma frequencies as wettality condition. The present paper is aimed at finding the
as the two highest ion cutoff frequencies. conditions for which an effective averaged gyrofrequency (or

Keywords. lonosphere (Wave propagation) — Radio sCienc(:)averaged charge—_to—mass ratio_) of all the heavy ion species or
(Waves in plasma) — Space plasma physics (Waves and instg_harged dust particulates forming the IPB can be estimated.
bilities) The contributions of ions to the dispersive features of elec-
tromagnetic waves propagating in multi-ion plasmas was dis-
cussed by numerous authors (e.g. Hines, 1957; Buchsbaum,
1960; Yakimenko, 1962; Gintzburg, 1963; Smith and Brice,
1964; Smith, 1965; Gurnett and Burns, 1968; Muzzio, 1968;
An effective approach to determine numerically reliable ap-Pas and Uberoi, 1972) in application to laboratory and space
proximations of the electron whistler dispersion law in cold Plasma investigations (see also Gurnett and Bhattacharjee,
magnetized plasmas of moderate densities containing severgP05. and references therein). At the same time, various di--
ion species of both charge signs was demonstrated recentf9nostic approaches have been suggested and applied to esti-
(Lundin and Krafft, 2008, 2009a, b). To realize it under typi- Mate the ion composition in space plasmas using the registra-
cal conditions of laboratory and space plasmas, it is sufficienfion Of the so-called ion cyclotron whistler spectrograms, tak-
to provide, using data registered by wideband electromaging into account that several plasma characteristic frequen-
netic wave receivers, the values of the characteristic frequen€i€s (as the lower hybrid resonance frequeagy, the ion

cies of the plasma in three distant frequency domains, whictFutoff and resonance frequencies, the so-called crossover fre-
cover the ranges of the electron gyro- and plasma frequenduencies) together with the charge neutrality condition can
cies (e andwpe, respectively), the domain of the ion plasma be expressed through the same ion composition parameters
and/or lower hybrid resonance (LHR) frequencies as well(Shawhan, 1966a, b; Shawhan and Gurnett, 1966; Gurnett
as the ultra-low frequency region near the lightest ions’ gy-2nd Bhattacharjee, 2005; Rauch et al., 2010). In this view,

rofrequencies. Actually, in moderate density plasmas (whert "€W approach to estimate the ion composition was pre-
sented recently by the authors (Lundin and Krafft, 2009a).

It is based on simplified but numerically reliable dispersion
Correspondence tdC. Krafft equations for the electron whistler waves and the adjacent
BY (catherine krafft@Ipp.polytechnique.fr) in frequency ion cyclotron whistlers, applicable in plasmas
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with two different groups of charged particles: two light Developing the approach presented in our recent works
ion species of comparable gyrofrequencies and a chargeflLundin and Krafft, 2008, 2009a, b), we analyze in this paper
plasma background of quasi-immobile heavy ions and/orthe equations for the ion cutoff frequencies considering cold
charged dust particulates, whose contributions mainly af-multi-ion magnetized plasmas of moderate densities consist-
fect the quasi-neutrality condition. At the same time, it wasing in two groups of charged particles: (i) two light ions
shown that the presence of negatively charged light ions an@f comparable gyrofrequencies and (ii) a significantly more
heavy plasma particulates (and/or charged dust belonging theavy population of ions and/or charged dust of different
the IPB) can essentially increase the ion cutoff frequenciesharge signs. Our aim is to determine the physical conditions
for the electron whistlers, as well as lead to the merging offor which the averaged charge-to-mass ratio and the effective
the cutoff frequencies of the neighbor wave branches, i.e. thaveraged gyrofrequency of the most heavy constituents of the
electron whistler and the ion cyclotron whistler modes. plasma background can be estimated. Moreover we propose
Complex mixtures of heavy ions of different origins, a method to determine more accurately the value¢f (or
nanoparticles and charged dust grains of wide ranges ofhe ion plasma frequenaypi), so that the typical spread of
charge-to-mass ratios have been observed in the interpland¢he intense line visible on the registered spectrograms near
tary space, in the ionospheres and the magnetospheres of ghe local LHR frequency can not induce inaccurate estimates
ant planets and their satellites as well as in the surrounding 0bf the background plasma ion composition. Actually im-
comets (e.g. Goertz, 1989; Young et al., 2005, Cravens et alproved estimates ab,; can be reached (compared to previ-
2006, 2009; Coates et al., 2009; Meyer-Vernet et al., 2009pus studies) if the wave magnetic field polarization data are
Mann et al., 2009; Sittler et al., 2009; Wahlund et al., 2009, available, then in moderate density plasmas our method is
and references therein). In particular, fast streams of chargedased on the fast variation with frequency of the plane wave
particulates encountering the surface of space vehicles prgaolarization ellipses neas;.
duce transient voltage effects in the registered electric fields.
In turn, we show here that some properties of the charged ) . )
dust can be investigated not only by mass spectrometer toolé Eduation for the ion cutoff frequencies
but also through its contribution to the dispersive properties

of electron whistler waves of low frequencies lying near the Let us find the physical conditions for which it is possi-
q ying - ble to determine an effective averaged gyrofrequency of the

lightest ions’ gyrofrequencies; in this case, the ion CompOS"It}nmobile Plasma Background (IPB) and thus to obtain an

tion parameters are actually averaged over a space region Ydditional characteristic parameter of the plasma. We will

the order of several whistler wavelengths, exceeding essen- . o . . .
. X . 9 9 proceed in a similar way as in our previous works (Lundin
tially any vehicle size.

The developed approach can be applied to characterizand Krafft, 2008, 20093, b), where the roots of the equa-

' ; . fion F(0) = (¢2— g2)/n =0, corresponding to the two high-
the heavy particle populations of dusty magnetized plasmasest ion cutoff frequencies, and the charge neutrality condi-

2?;2?:&:lioﬁ?;ﬁr?gr'gxtgg'?2'szgeiutrrzgufzﬁ'Qgiec;2§?ti;rgon have been used jointly to determine the relative charge
' P'e, Y S€ensities of the two lightest ion species and of all the other

of characteristic plasma frequencies will be avallablt_a. .In- eavy charged particulates constituting the IPB as a whole.
deed, for the latter case, mass spectrometer data indica

. . e parameters, g andn are the plasma permittivity ten-
the existence of a very complex plasma chemistry and, no- . . .
) . ..._sor components defined according to the conventional nota-
tably, the presence of many species of negative and positiv I
: ions of Shafranov (1967). Considering the equatitgw) =
charged ions (e.g. Cravens et al., 2006; Coates et al., 200 12 2) /= 0, we can express the terms g as
Sittler et al., 2009; Wahlund et al., 2009). In particular, at &m="5 g
the height of 950 km in Titan’s ionosphere, very heavy neg- 1l a)ge Ve® Vgw Vg @ 1
ative ions have been detected among which several familie§ 8 e wwe \ ot e +Z wtwg ;wﬂFwa (1)
of mass-per-charge ratios can be identified, corresponding to p
"light” ions (10-20 amu g*) and to much more heavier ones wherev; = Z;n;/n >0 andw; = Z;eBo/M;c > 0 are the
(up to 100-200 amutf and more). Moreover, the presence relative charge density and the gyrofrequency of the ion
of energetic electron and ion fluxes and beams have been olspeciesj =«,8; M;, n; and Z; > 0 are the correspond-
served in such plasmas; they can excite low frequency elecing particle mass, density and charge numbet; O is the
tron whistler waves through various instability mechanismselectron chargeBy is the intensity of the ambient magnetic
(e.g. Krafft and Volokitin, 2003, 2006; Krafft et al., 2005, field; ¢ is the speed of light; the index corresponds to
and references therein). Then, in such ionized surroundingthe positively charged particles, with a total charge density
involving mixtures of rather light ions with heavier particle n (expressed in electron charge units), ghdo the nega-
populations, the presented approach could be applied sudively charged onesppe, e, andve =ne/n are the electron
cessfully and lead to quantitative results when all necessarplasma frequency, the electron density and its normalized
in situ whistler measurements will be available. value, respectively; we use the notatians and o for the
proton and the electron gyrofrequencies.
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Actually, considering a plasma with two positively with a resultant relative charge densijpg of the IPB satis-
charged ion species — labeled by indices “1” and “2” in the fying the charge neutrality conditionjpg = vp = ve —v1 —
following equations — and a charged IPB, ED).¢an be writ-  v,. However, neglecting the transverse displacement current
ten in the form in the approximatiorz £ g >~ ¢ + g — 1 requires also to vali-

date the following inequality (compare with E@s-3)
w, -0
o g1t e (Ue_&_ﬂ_zw>,(z)

w

2
wc{Vhwp) @
1 2ol % ©

w (2F

2
ptgn 1oL OPe (Y01 | Va2 +3 Y% (3)  whichis compatible with Eq) if 1/ve~ wp/wg ~ 1.
Ne WWc w—w1 wW—w2 5 @ Thus, under the conditiong)-(9), our basic equations are

the following
where the small parametess/ow. < 1 andw; /o <1 (j #

1,2) have been neglected. We took into account that the rek: _ g 1 o Fin(w) ~ ve— L2L — 292 _ (&) _ 5 1,

ative charge densities of the particles verify the charge neu- wtwr o+ Q)
trality condition

1= v =vet+ Y s (4)

“ p In the case of a plasma with two light ions of positive charge
As the plasma includes negative ions we also use the notdlabelled “1” and “2”; for the negative ones we will use be-
tion wp for the electron plasma frequency calculated for anlow the indices “3” and “4”) and considering an IPB con-
electron densityze equal to the total density of the pos-  tributing only to the charge neutrality condition, one can use
itive charges, i.ew3, = vew? (see also the Appendix B for Egs. (0—(11) ignoring the term(vpwp) /. Noting vy the
the definition of the ion plasma frequeney; so thatw?, =  '00tS of the squared equatien-g —1=0, i.e. Fm(») =0,
ngi/(1+M)’ with = wg/wge)- Then, in extra-low fre- one can express the relative charge densitieg ve of the
quency domains close to the ion gyrofrequencies whetre two light ions using
wH < wc and in moderately dense plasmas whefgw? ~ 1, V12 ora—p1) = (@012t o) (@Latws) (12)
i.e. whenwdy/wwe > 1+ wis/w? (as in Smith and Brice, ve ’ ST AERA TS
1964), one can estimate the cutoff frequencies in the zero orghere the valuegwy | correspond to the ion cutoff frequen-
der approximation using the equationg g ~¢+g¢g—1=0. cies (see Appendix A). Note that the equatiop g —1=0,

Note that near the cutoff frequencies an essential decreasg, Fp(w) =0, possesses the rootso..

of the transverse plasma conductivity occurs which strongly However, note that one can take into account the con-
depends on the sense of rotation of the wave electric fieldripytion of the IPB not only to the quasineutrality condi-
E around the ambient magnetic fieRh = Boz; the corre- o 4, — v, — vy — 1p, but also to the corrections to the

sponding transverse components of the current dejisiéy- | HR frequency and to the highest cutoff frequency values

viwy vowp  (Vpwp
- +

e+g—1oc Fp(w) > ve+ ) =0.(12)
w

—w1 w—wy w

ify due to the nonzero termvpwp) in Egs. 0)—(11). Then
o w ) the polynoms providing as solutions the cutoff frequencies,
Jxtijy =g (Extiby)(etg—1). (®)  ie.e+g—1~0, become of the third order in frequenay

(i.e., similar to Eq. 20) below). So, taking into account that

The small term(vpwp) /o conserved in Eqs2J—(3), where /5, vew/we, one can find the corrected estimates for

by definition the relative charge densities »/ve of the two light ions

o) E;E;ijj’ ©) 22 21— wp1) = Lot 2— w10+ B1& — (L— )2
Ve

should be essentially greater than the small correction of the il

term ~ vew/wc Neglected in Eqs.2j—(3); thus, in order to  + (L =)L —w1—w2+w21 w1000 ), (13)

apply the subsequent formulas one has to verify the condition
wherew, ando_ (actually |w+|) are the two highest ion
1« Mi, (7)  cutoff frequencies; note that the above used notatiens,

w? e andw_, correspond to the second order, and not third order,
polynomial Egs. 10)—(11); hereL (resp.S) is calculated us-
ing we, w,%e anda)zi (resp. the two light ion gyrofrequencies
and the two highest ion cutoff frequencies)

whereas the averaged gyrofrequency of the {BBg) is de-
fined as

(vbwb)
VIPB ’

(wipe) = ®) L =wc(@? /0l = viwr+vowa+ (vowp)]/ ve. (14)
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S=w1twr+os+o-_. (15)

One can check that whempwp) /@ >~ 0, the contribution of
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measured by diagnostic tools. Moreover, using the quasi-
neutrality condition one can estimate the relative charge den-
sity vp of the IPB as well as its averaged gyrofrequency

the IPB tpr. andw .y can be neglected (reminding that (upg) as

VeWc® /a)pe V1w1+ vow2+ (vpwp)), SO thatL — S =0, and
Eq. (13) reduces to Eq.1Q).

The value of(vpwp) can be estimated through the mea-

sured plasma parameters using the relation

(vpwp)
Ve w12

CL)+0),

(-, (16)

whereas the smallest nonvanishing cutoff frequetgyiz =

|wp|, due to the contribution of the IPB [or the “Dust”, as ex-

pressed by the subscript “D” for the third raot of Eq. 20)]
to L (Eq. 14), is determined a&¢y3=|L — S|. The nature

of the highest cutoff frequencies, i.e. the corresponding sign
of w4 in Egs. (L3) and (L5) can be established in the approx- w0
imation (vpwp) /w >~ 0 (i.e. using the approximate relations 1<K —

presented in Appendix A) whe@L | >~ o .

The above results have been obtained using the relationsUsing the approximate relatiofve@  @_| ~

Ve W_wp = (Vhwp) w102, (17)
V(@1 &_ +@wp +d_wp) = (Ve— V1 — V2) w12

— (vpwp) (w1 +w2), (18)
ve(@, +®_ +wp) =

— ve(w1+ wp) +v1w1 + V202 + (Vpwh) , (19)

between the three roo®,, @_ and wp of the polynom
F(w),i.e.

Fin(®) = vew® + 0? (ve(w1 + @2) — viw1 — vowp)
+w(ve—v1—V2)W1W2
— (vpwp) (0? + (w1 + w2) + w1wp) =0, (20)

as well as the expression oﬁi/wge as a function ob; and
w;
J

2
@pi _ viw1+ v2w2+ (vpwp)

b _ (21)
C()pe VeWc
Note that the roots of the equatidfiy(w)
posite to those of i (w) =0

Since experimental data can not be provided gy

=0 have signs op-

Vp Vi V2 0i0-
Ve | Ve Ve wiwn
(w1+w2) L_S)CO+60— (04 +o- )(L—S), (22)
w1w? w1w wiw2
{(Vpwp) Ve 04O
l{wipg)| = == (L-5) (23)
[vpl Vp w1w2

Note that it is relevant to apply Eq2Q) only if |{wpg)| iS
not extremely small, i.e. if the condition8){(9) are fulfilled,

what can be checked using E46[ by

5
l)e—z (24)
g

D40 we | Or0-
+—(L—S)’, 1« —;‘+—(L—S)
w1w? wc | w1w2

w2

vewsw_| =

[vpwiwy|, the first inequality can be written asvdyiz =
|L—SI)
WeWeut3 | Vb | WeWH
1« === CZ °\(ZipeMy/Mipg)
w Ve w Ue
chl(wzlps)l | (25)
(O Ve
where, as it is written in Eqg. (D6) of Appendix D,
(ZipgM /Mipg) = [{wiPB)| /®H (26)

is the averaged charge-to-mass ratio of the IPB (in electron
charge and atomic mass units); here, except of extraordinary
cases mentioned below, the following parameters can be con-
sidered as being of moderate values, namely

2
@y @cut3
w2 [{wipB)!

(27)

Then the developed approach only fails to estimate ultra
small values of(wipg)|; actually, our results are not reliable
when

weutawe |vpl
2

_ @) |@c [vp|

Ve a)ﬁ Ve

<1, (28)

@

wherewy represents the gyrofrequency of the actual lightest
ion (here H); instead of the third ion cutoff frequency we

and (vpwp) by typical diagnostic tools above the extra-low use as an estimate the value @fpg)|.
frequency domain, these parameters should be excluded Note that to apply the above relations one should know

from Eqgs. (7)—(19): from Eqg. (L7) one has(vpwp) =
ve(Wiw/wiw2)wp; then, Eqg. 19) permits to find, using
Eq. (14), thatwp = L — S, so that finally Eq. 13) can be
obtained from Eqs.1(7)—(18).

Finally we can expressi/ve, vz/ve and (vpwp)/ve

what are the two light ion species or, if not available, search
the appropriate set of light ions suitable to the equations. At
the same time the above agreement implies to use the indices
“1" and “2" to denote the positive ions, but “3” and “4” for

the negative ones; the substitution of ion “3” instead of “2”,

through the characteristic plasma frequencies which can béor instance, needs to substitute in all the formulag and

Ann. Geophys., 28, 2232247, 2010
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Fig. 1b. vcg+ =0.5.

Fig. 1a. Altitude profiles of the relative charge densities of the three
ion species H, Ot and Cd, as well as of the normalized aver-
aged gyrofrequenci|pg) /ocg+ - The IPB is formed by Cs ions
which contaminate the ionospheric background plasma constituted
by the two light ions H and OF distributed in altitude according
to a diffusive equilibrium type model. The solid lines show the
corresponding values o+ andvy+, taking into account thatthe g
assumed contamination by the Cimns does not depend on the alti-
tude, whereas the superposed stars correspond to calculations bas1§
on Eq. 13). The dotted (resp. dashed) lines represent the recov-£
ered relative charge density.s+ and normalized averaged gyrofre- <
quency of the IPB{w|pB) /wcs+, respectively;(a) and(b) corre-
spond to different levels of plasma contaminati¢a) veg = 0.2;
(b) vegt =0.5.
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—w3 instead ofv; andw,. Then one can use the normal-
ization condition as mentioned just above: in the case when
Eqg. 22) provides a positive value faf, thenve =1, because

Ve = Vp+v1+v2 = 1; otherwisepe+ |vp| =v1+v2 =1 and

ve = (v1/Ve+v2/ve) 1, SO thatv, =ve—1 < 0.

The measured highest cutoff frequencies argi1 and
wcut2; their nature (which depends on the signs of the roots
w4 andw_) can be draftily selected according to the Table 1
of Appendix A, identifying@w+ andw+. One should take
care that, when constituting such a table, the use of the apé —S=we
proximationo+ >~ w4 can induce contradictions; but those
can easily be revised. V1

One of the difficulties related to the developed approachzwl(v_ — 1) +awa(
is to measure the characteristic plasma frequencies with a ¢
rather high accuracy, especially within the two distant highthus providing resultant estimates of the relative content of
frequency domains neas. andwpe as well as in the mid-  the two light ions with a reliable accuracy.
dle frequency range neaspi andw H. Only in this case
the resulting inaccuracy of =wca)gi/w§e will be small in S _ o
comparison with the two highest ion gyrofrequencies and the3  Estimating ionospheric plasma contamination
highest ion cutoff frequencies contributingto- S

—7r . T r 1 r 1 1 1 r 1 r 17
00 02 04 06 08 10 12 14 16 18
Normalized charge densities and averaged IPB gyrofrequency

Fig. 2. Curves similar to those of Fig. 1, but for a plasma contami-
nation by negative Cgions of relative charge density.o- =0.2.
%A

2

6‘)pi —~ —~
— - (w14+w2+o++ow-)
Whe

%) ~ —~ VhWh
——1)—a)+—a)_+< >,
Ve Ve

(29)

Let us apply the developed technique to analyze the con-
tamination of ionospheric Earth plasmas by heavy charged
particles. In order to test our model by recovering reliably

www.ann-geophys.net/28/2237/2010/ Ann. Geophys., 28, 228722010
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the relative charge densities of the ion species, let us conwith Ma = 140 andvcg4 =0.2. One of the visible differ-
sider a typical ionospheric plasma composition dominated byence between Fig. 1a and Fig. 2 is connected with the defi-
the ions H and O, for definiteness at altitudes correspond- nition of v;, the charge density being normalized to the total
ing to the upper ionosphere in the transition region from thepositive ion charge density. Then, when the contamination is
Oxygen to the Hydrogen ions’ prevalence, and contaminate@ue to negative heavy ions as in Fig. 2, the charge neutrality
mostly by one variety of heavy ions or charged particulates. condition provides thatg+ + v+ = 1; however, in Fig. 1a,

If experimental data are available, high frequency wavey; + v+ is less than unity by the value of the relative charge
measurements should provide the electron gyro- and plasm@ensityvcgr = 0.2.
frequencies, the LHR frequency and the two highest ion cut-
off frequencieswcytr and weytz, Which are determined as
the low frequency boundaries of the frequency-time spec4 Conclusion
tra of the electron whistlers and the adjacent ion cyclotron
whistlers. In order to demonstrate the reliability and the ef-As conclusion, we demonstrated how to determine the ion
fectiveness of our method, let us calculate these charactecomposition of a magnetized dusty plasma and to estimate
istic frequencies using the background diffusive equilibrium the main characteristic parameters of its most heavy part
plasma model with two ions (Angerami and Thomas, 1964)formed by charged particulates of large atomic masses, with-
applicable to the near Earth plasmas. For definiteness theut using mass spectrometer tools but only wave measure-
relative charge density of the contaminating heavy chargednents providing the two highest ion cutoff frequencies, the
particles is chosen to be constant in the considered altitudéHR frequency and the electron characteristic frequencies of
domain. Note that the contamination by heavy positively the plasma.
charged ions is accompanied here by the increase of the elec- The presented approach is valid i&%e/a)ch o~

tron density, the light ions’ densities being fixed; in opposite, ZOOQL)%JQ)(Z; > 1 (compare with Smith and Brice, 1964) and
the contamination by electronegative gas molecules providynder the conditions defined in Eq3),((9) and @4). The
ing negatively charged ions is accompanied by a diminutionyalues of the relative charge densities of the light ion species
of the electron density. and of the heavy charged constituents as a whole can be
Using the scheme described in the previous section, ongecovered, as well as the averaged charge-to-mass ratio of
can recover the altitude profiles of the relative charge densithe heavy plasma background. Even in the case when the
ties of the lightest ions as well as of the heavy particulatesabhove mentioned conditions are not satisfied with excess,
whose averaged gyrofrequency is also evaluated, as showthe possibility to estimate the averaged charge-to-mass
by the figures presented below. In order to test the applicaratio of a heavy plasma background using whistler wave
bility of our method to near Earth plasmas, we select a set oOfneasurements is useful when mass spectrometer tools are
heavy ions of charge-to-mass ratios significantly larger thamot available on board the space vehicles.
those of the lightest ions, Hand O (we have chosen below  Moreover, in a near Earth plasma surrounding with finite
as samples the ions C{Ma =133) and C§ (Ma =140), ;= wZ/w?,, the recovering of the above mentioned ion com-
but it could be any other set of heavy charged species).  position data is sufficient to determine a quantitatively reli-
Figure 1 shows the altitude profiles of the relative chargeaple local dispersion equation for the electron whistler waves
densitiesvo+, v+ andvcs of the two dominant ions, ©®  in their total unbroken frequency domain (see Lundin and
and H", and the contaminating heavy ions™Cwhich play  Krafft, 2009a, b, forw < wpe). Thus, in application to the
the role of the IPB. The solid lines Correspond to the ValueSprob|em ofion Composition mode”ing in the near Earth p|as_
of vo+ andvy+ provided by the diffusive equilibrium model  mas, we can justify that any modification of the selected ion
with the two ions H and O; however, the contaminating composition model (i.e. ion species’ distributions with alti-
Cs" ions, whose relative charge densitys- is indepen-  tyde) will not influence on the electron whistlers’ propaga-
dent of the altitude, modify the normalized charge neutralitytjon if the altitude profiles of the electron plasma frequency,

equation, so thate = vo+ +vu+ +vcsr =1 (the altitude of  the LHR and the two highest ion cutoff frequencies are not
the H* and O equipartition is 1800km, as in Lundin and egsentially modified.

Krafft, 2009b). The stars correspond to calculations based on

Eq. (13) and fit well with the solid lines. The relative density

vcs+ Of the heavy ions is reliably recovered and representeddppendix A

by a short dashed curve. The long dashed line corresponds to

the estimated effective gyrofrequency of the IPB normalizedion gyro- and cutoff frequencies disposition

to the gyrofrequency of the heavy ion CSwipg) /wcst. IN

the case of Fig. 1a we havgs = 0.2 whereas Fig. 1b cor- Let us briefly summarize the results of the analysis per-

responds to more intense ion contamination wigh- = 0.5. formed by Lundin and Krafft (2009a), where the mutual dis-
Figure 2 shows the same curves as in Fig. 1, but for theposition of the ion gyro- and cutoff frequencies was deter-

case when the contaminating IPB is formed by,C8ns mined in the case when the IPB contributes only to the charge
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Table AL. Disposition of the ion cutoff frequenciessr andoeyty Eq. (A2) are positive by definition. The most general result of
with respect to the gyrofrequencies andw, (resp.ws andwg) this analysis is that thg lower cutoff frequensoyyi2 can noF

of the positively (resp. negatively) charged light ions. In the last 0€ greater than the highest gyrofrequency of the light ions;
column the relative charge density of the IPB is compared with ~ at the same time, the upper cutoff frequengyi (wcutz <

the critical charge density,y, corresponding tacyi1 = @cyuto- wcyt1) €an not be smaller than the lowest gyrofrequency of
the light ions.
valid pairs  {o1,wp, 03,04, 0cu12 < @cutl) Vb Table A1 summarizes all the possible dispositions of the
— — — — ion cutoff frequenciegcurz andwcytr With respect to the gy-

@eutz Poutl P4 < Peu2 < ®3 = Peyn O<wp rofrequencies of the positively and negatively charged light
Doutz Peutr - P2 < Wy < @1 vp < vpm <0 ions.
Ceutz Poutl  “2 = Peur1 = 1 Vbm < Vb <0 Note the superscriptst” and “—” used in Table Al: the
Peutz “outt  “eut2 = @2 = Yeut1 < @1 O<vb frequencywg, (resp.wgy) is the positive root ot — g ~0
Oeutr Peutt T B _ Vb < vbm <0 (resp.e+g ~0). The two real positive roots of the equations
@outz Peut ¥2 < @3 Pout < P3 = Peyty Vom < Vb <0 e+g~e+g—1=0 are labelled by the subscripts “1” and
@eutzPeutl Peut2 < @2 < ®3 <@gy 0<vp “2", With wcut1 > weut2.
Poutz Ceutt @3 @203 = Deyrz Coury = ©2 0<vom <vp In all the above expressions the terms or w_ should
Poup outy @3 < @203 < Vo Poue < @2 0<vb <vbm be substituted by, Or w,, (With superscript ") if this
“eutz Peut1  “3 = P2yt = @3 = eyt v <0 possibility is permitted according to the first column of the

table. However, ifw;ﬁnlz appears in this column (with su-

perscript “+”), the substitution of—wg instead ofw,. or
w— should be done.

The second column shows the mutual disposition of the
ion gyro- and cutoff frequencies. The parametgy, intro-

neutrality condition, so that the equatiéiiw) = 0 can be re-
duced to the next ones

etg~etg—1ux duced in the last column, corresponds to the relative den-
sity of the IPB when both cutoff frequencies merge, i.e.
Vewz + Cl)(a)l + wZ)(Vb - me) + Vhw1w2 = Oa (Al) Wcutl = Wcut2-

wherevp = ve—v1 — 2 is the resultant relative charge density

of the IPB andvpm = — (viw2 +v2w1) /(w1 + wp). Using the  Appendix B

notationsw. for the roots ofe — g — 1=0, one can express

the relative densities of the two light ions as in EtR)( Cold plasma wave dispersion equation near the ion

cutoff frequencies

(@1.2+0 ) @12+ o) d

V12 =Ve . (A2) _ _ , .
w1,2(w1,2—w2,1) As it was shown in previous works by Lundin and Krafft

Note that the equationt g —1 =0 possesses the roots,.. (2008, 20093, b), the cold plasma dispersion law without any

However, only the moduli ab.+. coincide with the cutofffre- ~ Simplifications can be presented in a form where the term
guency values. Note also that, if one of the two light ions, F (w) vanishing at the ion cutoff frequencies visibly appears
for example that with subscript “1”, is negative (so that we : o _
decide to replace its subscript by “3”), one should replaceK[F(K+Sm29)+8(1+00529)]+8 (e n)c0529 =0.(61)
in Eq. (A1) and anywhere else; by —w3 andvi by —v3, with
respectively. , ,

The pair of equations+ g ~¢+g—1=0definestworeal F=F(@)=("—g%)/n, K=K(w)=-n/N". (B2)

positive cutoff frequencies independently of the charge signe is the angle between the wavevectomnd the ambient
of the IPB and of the light ions. However, the nature of the

toff o hat i ~o ~0 magnetic fieldBo = Boz; z is a unit vector; we use the con-
cutott frequencies (i.e. what equation, g = Or8+g. — = ventional notations of Shafranov (1967) for the plasma per-
provides the positive root - or both of them) and their relative

i ith t 1o th f : f the liaht i mittivity tensor components, g andn; the so-called cutoff
posttion WIth respect fo the gyrotrequencies ot the 1g! Ior‘S]points of the refractive inde¥, whereN =0 (or K — 00),
can be different depending on the signs of the coefficients o

can be reached only at the cutoff frequencies wh&@) «

both guadratic EqsAl), Whi.Ch differ one from the other in g2 — g?=0. The displacement current component parallel to
the sign of the term proportional te only.

" . B can be omitted for the frequency band sufficiently lower
The nature of the two positive roots of Ed\1) and their 0 g y y

o . : / ._than the electron plasma frequenoye, ; then we
positions on the real axis can be easily determined dependmget P g Ve, & < pe
on the signs of the polynomial coefficieni®: + w2)(vp —

vpm) and wiwovy. One should take also into account that w? w?
. " . . . _ "N %pe _ %p Ne__
the relative charge densities of the light iong (orvz4)in ~ K=-—5>55=155 "=k (B3)
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wherewy is the value of the electron plasma frequency cal-lines of the large electric field intensity|? visible on the
culated for an electron density equal to the total density electron whistler spectrograms are located near the frequency

of the positive charges. o wheree(w) =0 locally. This fact can be justified by the
The charge neutrality condition can be written as focusing law (Lundin and Krafft, 1997) governing the inten-
sity of wave packets propagating in the deep quasi-resonant
n= ZZ Ny =ne+ Zzﬁ”ﬂ (B4)  regime, i.e. withe = Wi/ K22 <1

Here and below we use the indexresp.8) to numerate the  |E[y/|enlhfgha >~ const (C1)
positive ions (resp. the negative ions or other heavy nega-

tively charged particles as dust grains);andZ; > 0 are the wherehig andh, are the Larg coefficients describing the

density and the charge number ofthe on spegiesctually  oTTEENER B SRRCE 2 AERTEEIA TR AEEES
an additional and not very restrictive condmcw% , _ " . o
y e> wp' (A is the magnetic latitude) and for the low frequency limit

i.e.ne/n > (m/M)(Z;M/M;), has been applied in Eq. (B3), , . we, the intensity of the wave packets propagating almost

with along the geomagnetic field lines verify
ZiM Zin; Zinj
(%)= p> i ZM s~ 2 g gs) L 1pasida o2
M; (211 ne) M = ﬁZn ne |E|“ o o1 . (C2)
. . COSA 0oL+ wde/d)\ w2 — oy
whereas the ion plasma frequency is
2 Z 2 However, when the waves are scattered from the deep quasi-
pi “pj resonant regime, the registered maximum field interi gty

can be shifted from the local LHR frequenayy of the
4nZJanez A ne? ney | ZiM background pl'asma, and.this will not permit to measure the
Z Y7 =~ (2— _)<T> (B6) value ofw 4 with the required accuracy.
' J n J However, another technique can be used to determine the
local ion plasma frequenayy,;. It is based on the polarization
properties of the plane wave’s field components in the plane

where M (resp.m) is the proton (resp. electron) mass; the
summation ovey includes both positive and negative parti- orthogonal to its wavevectdr, i.e. on the registration of the

cles of mass/;. ; e ; :
wave's magnetic field components. Using the notatns
Note thata)c/w is considered here to be of finite value, iEx/Ey and Eq. (1.31) of Shafranov (1967), where the z-

as in the near Earth plasma the parameter wg/wf, has  axis is directed alond and the ambient magnetic field is
been found not to be small at altitudes lower than 4000 kmgiven by Bo = (By, 0, B;), with co? = B,/ Bo, one has

(Sonnwalkar, 2004); so, our study is not limited to the usually

considered overdense plasma conditions for wiiek 1. -1 & sifg B
The normalized wavelengtis= w3,/ k?c? corresponding o, cog) X co2orcoR0

to the electron whistler waves of extra-low frequencies close

to wy (for oblique wave propagation with respect By) g sirf6 _ woc sinfo

should have rather large k ~ M/m > 1 (i.e.0 H/k2 2~ Te—0” nco26 wge 2. X co2o’

1, wherewpy is the proton plasma frequency) however to

span the frequency domain around or above the LHR frewhere we used the parameters contributing to the modified

guency one should have< /M/m; « ~ 1 near the char- electron whistler dispersion law in a plasma of moderate den-

acteristic electron gyro- and plasma frequencies, whereasity (Lundin and Krafft, 2002), namely, x =& —g2/(¢ — )

(C3)

k < 1 in the corresponding quasi-resonant limit. and cod6r =¢/(c — 1), as well as the following relation
g _(e—x0 1
. 2= , C4
Appendix C € g CooR (C4)

which is convenient to apply in the ranggy <« w where,
with very high accuracy, the term can be reduced to the
electron termg, only, i.e.g = ge(1+o[(m/M)(0?, /0?)]);
thus one gets a reliable estimate in the form

On the variation of the magnetic field polarization
ellipse with frequency

To obtain reliable estimates of the ion composition param-
eters using measurements of the characteristic plasma freg: — ) w

quencies registered in distant ranges as the LHR frequencyg— = T (C5)
(wLH) and the ion cutoff frequenciegwe,) domains, one

should take care to determine with the highest possible relaActually, in overdense plasmas whenée/a)g > 1 (Wieder,
tive accuracy at least the value of 4 > wcyt. The spectral  1964), i.e.u < 1, the polarization coefficient of the electron
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whistler waves isx, = —sign(co®)) at w > w H; thus the  with

wave magnetic field polarization ellipse is very close to a

circle. However, in the general case considered in Eq. (CS)Z i | = Z |vg |+ Z V| =2—ve— Z vy |
one can obtain for low frequency whistlers neag (where  'PBK IPBf IPBa r=12
X= 1—a)12”./a)2) that

2_1 in? b
o=l e SO @ (4 usir?6. (C6)

pi
oy w X nCoY ~ wcCoY w?

Vb
=),
Ve

2
=ve(— —2+ (D2)
Ve

where the positive light ions are labeled with the indices
=1,2. The summation over IRB(resp. IPB) is per-
rmed over the relative charge density of the positive (resp.
negative) heavy species or IPB. Here the charge neutrality
condition was used in the form

For the sheared whistler propagation regime, reminding thaﬁJ
Kk =K (1+p) = wie/ k?c?, one gets fopk cos'd < 1 the fol-
lowing relation (see also Lundin and Krafft, 2001)

2 2

2 w2
co§9=w7%(1+/<) 1—w#2H+k’ ) (C7) 1=v1+vz+Z|va|=ve+Zlv,3
WPy ©3e w iPBer iPBp

)

Then in the electron whistler quasi-resonant regime, Eq. (C7) B
@2/ (1—wfy /0?) = 0¥ /0f < 1, S0 that i
where the resultant relative charge densityof the heavy

2 . 2 2. " .
ar—1 ~_ @pi 1— @pi w=(1- @pi L. (C8) background can be positive or negative. bt 0 one has
loy | we|coF | w? w?
—1 1 e D4
The variationA |, | = |ax | — 1 of the ratio of the polarization "¢~ ™ 2/ve—2+up/ve Vb |vbl’ (D4)
ellipse’s axes can be estimated using the equation
5 and forvp <0
Aoy | 2 W, Aw
9, P2% 1
a2 (Irer)=2u w? o’ (©9) —=1+|v—b|,
Ve Ve
with Aw = w — wpi, SO that atw = wpi where|o,| =1, one
has 1 1 Ve
= =, (D5)
Aw 2/ve—2+vp/ve  2|vpl/vetip/ve |vpl
Aoy | =p— (C10)

Thus we proved thdtwipg)|, as defined by Eq8}, is equal
Then, neatvpi, the variation ofle, | around unity will notbe  to (wp) and that, as a consequence, the so-called “averaged
smooth ifu is not small - what is typical of the Earth magne- gyrofrequency” of the IPB lies between the minimum and the
tosphere at altitudes below 4000 km (Sonwalkar et al., 2004)maximum values of the gyrofrequencies of all the varieties of
Actually, the large axis of the magnetic field polarization el- heavy charged species. The corresponding averaged charge-
lipse performs a rotation of /2 when the frequency crosses to-mass ratio can be recovered directly frddi) as
the local ion plasma frequenay;; the ellipse becomes a cir-
cle exactly atwy;. (ZpeM /MipB) = [{wiPB) | /@wH. (D6)

The general case of the registration of non plane wave .. < find the relative errors of the recovered parameters

Ilelds and ﬂ;r? a_ppllc?tlon offthe spectral_lrrgtnxes’ t_e(zjchn:quemPB) andvp/ve due to the scattering of (i) the cutoff fre-
o recover the ion plasma frequency will be considere 'nquencie35+| and|@_| and (ii) the high frequenciesy; and

forthcoming papers. wpe. Using Egs. 14)—(15), we can write that

Appendix D D (orpe) = X2 (L —8), (D7)
Ve wi1w?2
Averaged gyrofrequency and charge-to-mass ratio where

of the IPB, and their scattering ; v Dud
b_q_Y1_Y2_ o+o-

To find the frequency interval whetéwpg)| (EQ. 8) is lo- Ve Ve Ve w102
calized, let us first prove that it is equivalent to the averaged (1+w2) ~ o~ B +5.)
gyrofrequencywyp) of the heavy plasma species + M(L -9 P+ + i (L-29), (D8)
w1w?2 w1w2 wiw2
(o)=Y |w;[{|v;]/ D v}, (D1) _
IPBi IPBk whereL andS are defined by Eqs14) and (5).
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Then, in the case (i), considering the scattering. of For the numerical parameters of Figs. 1-2 one finds that,

the measured cutoff frequencies, we get from BE)(that in the selected domain of altitudes, the valuesAgiv|pg)
and of the variatiomAwcyty of the ion cutoff frequency of
_A <E> —A (E) +A (2) - the electron whistlers are of the same order, Aéwpg) ~
Ve Ve Ve (1+2)Awcyt1. The regular distorsion of the recovered value

of (wpg) from the actual gyrofrequency of the contaminating
_A@L) |: 1 N w1+ w2 (L— S):| heavy ions, especially in the low altitude domain of Figs. 1—

w1w2 wfw% 2, is connected with the validity conditions (24), which are
not satisfied with large excess at low altitudes and for small
_A@y+5) [L—S— (@4 +a)] levels of contamination, i.e. smally| /ve.
w1w?
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