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Abstract - ‘ ‘

The strucltur'e of the drift instability is examined in several den-
sity regimes. Let A.e be the total electron mean free path, kZ the wave-
vector component along the fnagnetic field, and v, /v ‘the ratio of perpen-
diculﬁr ion diffusion to parallel électron streaming rates. At low densities
(kzle_:-. 1) the drift mode is isothermal and should be treated kineticly;

In the finite heat conduction regime /m/M’ <kz "é < 1 the drift insta-

bility threshold is reduced at low densities (v, /v < 0.1) and increased

at high densities (v.u’v“ > 0.1) as compared to the isothermal thresh-old.
Finally, in the energy transfer limit (kzhe </m/M ) the drr-ift: instability
behaves adiabatically in a fully ionized plasma and isothermally in a par-

+ tially ionized plasma for an ioh~neutra1 to Coulomb collision frequency ralio |

v. lv.>2/mIMatT =T =T .
in 11 - 1 (54 n
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& s
et '

The most chvious source of free energy for the instability of the
nighttime equatorial F region called spread I' is the sharp blasma éénsity
gradient on the underside of the posisunset I ]ayer.. Wﬁile a variety of
density grad'ient de.pendent modes have been considered (cf. Farley g@_éi.
1970} to explain- the geomagnetic field alligned density irregularities with
perpendicular wavelengths frqnl ;a few m to_km,Hudson and Kennel (1974a)
are the first to consider collisional driftr waves driven solely by the density
gradient. The collisional drift mode appeared in the electrostatic limit of the
eléctromagnetic d“ispersion relation for low frequency de'nsity-gradlient driven
modes in a partially ionized collisional plasma dérived_.in the 'coﬁllpanion paper
| ,(Hudson snd Kennel 1974b). The observed altitude threshold for spread F on- |
set fFarley,gj_ag. 11970) suggested the extension of previous work on the col- |
lisiopal drift mode (Tsai et al. 197.0) to-partialiy ioni.zed plasmas where
neutral collisions affect th.e insta_biiity threShold and growth rate.

Recent work on the collisional drift rﬁode has shown that its growth
rate is.modifield by finite elecfron heat conduction along the magnetic :
field at parallel ,wav_'elengf.hs exceeding the electron momentum transfer
mean free path xe._ Howe‘ver._ there is an apparent pa__radcbi in the literg—
ture; I.C]]isﬁnd Motley (1974) find that the drift mode growth rate is enhanced
by finite lieat c_o‘ndu;::tion, while Tsai et al, (1970) cbﬁclude th.;1t it is reduced,
especially at high densities. We resolve this conﬂict by' obtaining an ex-
plicit eriterion which separates the finite heat conducltion r‘egi.mer m/M <

kz?\e <1 into low and high density regions where the drift mode growth



rate is enhanced or reduced from its isothermal value. " A single parameter
wiﬁch is the ratio of the perpendicular ion diffusion to parallel electron
streaming rates, vi/vy = 0.1, separates the low and high dehsity regions.
In application to equatorial F region irregularities vl/v‘" < 0.1 ‘in general (Hud-
son and Kennel 1974a) and the drift mode growth rate'is enhanced by finite
heat conduction. |

Since equatorial F region géometlry permits very long parallel |
wavelengths, we have extended the analysis of the collisi.onal drift mode to
parallel wavellengths exceeding the energy transfer mean free _p_ath, kzhe <
/mJM, where we find that temperature fluctuations and finite heat conduc-
tion effects are surpressed. In tl'{is long wavelength regime which we call
the energy transfer limit, a fully ionized plasma behafr_es _adiabatically,

wcy

iz a balaince of energy cxchange between elecirons and ions.
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A partialiy ionized plasma with vin/viir > 2/m/M at Te = I‘L = Tn behaves
isothermally (Hudson 1974), because energy in elegtrdn temperature fluc-
tuations is lost to the ions and then lost to the neutral sink faster than it

can be transferred back to the electrons.

Electrostatic Dispersion Relation

I”mxte electron heat conductlon. energy transfer between spemes
nd nputral collisions have all been 1nc1uded in our derwatmn of the elec~
trostatic dlsper81on relation for the colhsional drift mode from two fluid

theory in the companion paper {Hudson and Kennel 1974b)
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. b{(w-'l-RTwD) (m + Iv_.L/b) } E i\!ﬂ""‘"""[".wf + ivu'_i'_]
. . Al
-{-,'-UU*‘Db]“”D"'"’Loj' : (1a)

neglecting gravity which has a minor effect on the drift mode and acoustic .
{erms which are stabilizing for kZ C, Powp (Hudson 1974). Here 'I;J_ is

2. 2

the density gradient scale length, b = k'y C 5 /(’12 is the ion FLR parameter,

w.. = =-/D CS-/LL is the diamagnetic drift frequency in terms of the ion

D
aeoustic speed Cs2 = Te/M, v, /b = Vin +0.3b vii is the perpendicular ion

diffusion rate, vy = kzzale2 /'2Crve is the parallel electron streaming rate,

v_=v _.+v__isthe total electron collision frequency, v,.and v, (j = 3,1}
C ei es ji in”.
are Coulomb and neutral collision frequencies .p = 1+ RT'= 1+ Ti/Te'

We aisu delfine
= 2/3[c.rcx + (1+c,) ] +12(m M)y poy * (/M) e +“ve,,)/vu

T -2/3(14¢ ) 42(14¢)1- s ( PV

| ( _ i r2(ree)(1-Rr) wi L (d RT)(m/M)(ven 3\.3;) vy
w]nch are combmatlons of finite electron heat conductlon terms, plotted
in I‘lgure 1 neglectmg the energy transfer terms proportlona.l to m/M
whlch dommate at high denS1t1es and long parallel Wavelengths (k ;\ </m/{M).

In the electrostatlc dlspe.rsmn relation (1a) the dl“lft rnode is coupled
to the entropy mode (Tsai et al. 1970; Hudson and Kennel 1974b), interchange

and ncoustic, termq. Tinite parallcl oloc-tron heat conduct;on is 1nc1uded

in (1a), wluch reduce& to the electrostatic dLSperqlon relation obtamed by



Tsai et al. (1970), when ncutral collisions and energy transfer from elec-

i )
trons to ions and neutrals are neglected,

Isothermal Limit

The isothermal limit which applies to kzhe > 1is fdrma:lly recovered
from {1a) by letting the dimensionless coefficient of electron thermal con-
ductivity Cx ~ . Hence ¥ - ® in contrast to & which remains'fin,‘ite',

and (1a)yields

b{(@ + Rymp) (@ + 1y, /b) + 9/L,}
- - luﬂ[w[l'l-pb]-wb-l-lvlp} (1b)

sionlecs Umitk X > 1 ic enly fu Iy treated by a kinetic theory
(Coroniti and Kennel 1270) whiéh includes Landau resbnmime_ effects.
Neglecting these resonances (1b) reduces to the fluid i'imit of_At.l,leile kinetic
dispersion relatio'n asv - 0 or vy -,

In the opposite limit v — O for R, ~ 1, we again find that X - =

T
while € femain_s finite. Hénce by includi'ng énergyl transfer effAects in i

and §, we have obtained the short parallel wavelength isothermal results

at long parallel w.avélengths. Including ioﬁ tefhperature fluctuations negleéted
in the derivaticﬁ_n of (1a), wé have found that this resul.t is vahd in a partially
ionized plasma with ;ain/vii:» 2/m/M at T, T, =T, (Fudson 19-74).

For this small ratio qf ion-neutral to Coulomb collision i‘;-agﬁéne ies, the

ion energy lass rate to the neﬁtral sink excecds the ion energy transfer



G.

rafe back to the electrons, and the plasma behaves isothermally at parallel
waivelengths exceéding the eiectronn energy transfer mean free ﬁéth /M/m ?‘e'
Howéver, in a fully ionized plasma there is a -balance of energy exchange
between ions and ele_ctrons, and the plasma behavés adiat;atically at long
parallel wavelength_s. |

The isothermal dispersion rela.tio.n (1a) has therefore acquired a
new signilicance at long parallel wavelengths where Landau reéqnance
effects are negligible. Note that the cubic dispersi;m relation (1a) redu-ces
to a gquadratic {1b} with the elimination of the entropy mode in:the isother-.
mal approximation. .It is useful first to obtain the marginal stability criterion
in this isothermal approxirr;ation for the simple 'quadratic, since the same’
proceedure will be used to derive the general hiarginal stabil_ity criterion

for the cubic.

Isothermal Marginal Stability Criterion

At marginal stability u; is real and the real and imaginary parts

of (1b) vanish separately. The imaginary part yields the dispersion relation

(1 - Rov /vn)
. q L = + Ry
W= % TV +pb+v,/vy)’ ° ‘I T

For Rovi/vy < < 1 we obtain the drift mode dispersion relation

w = wla +p D) o (2b)
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The driflt mode marginal stability criterion is obtained by substituting

(Za) back into the real part‘ of (1b), neglecting gravity.

- (1 = RTV_J_/\)H)
<K= 9
(1 +pb+v‘,_/vu)

K = glv“/bmgfx kA2
Instability results for 0 < K < K, where K is the destabilizing parameter
proportional to the density gradient scale length L;. An unstable drift
mode is only obtained for RTv_L/v" < 1, which require’s finite kz' Equation
(3) is 'plotted in Fipure 2 for Rp=landb<<v, /vy <1, The threshold
increases (K « szlLJ'_g decreaseg) Wi‘fh in‘crea-s-inglvj__/v" proportiqnﬁl to

total density.

" General Marginal Stability Criterion

. Having analyzed the marj'ginally stable quadrati_q {1b} cohtainiﬁg |
the FLR coupled interchange and drift modes in the isothé_rma'l limit, we
now consider the marginally stable cubic (1a) containing the FLR coupled
ihteréhange, entropy and drift modes at intermediate parallel Qavel_englths
/m/M < kzhe <1 where finite heat conduction effects apply in general,

Tﬁe. real and imaginary pﬁrts of (1a) vanish separatély at marginal
stability where @ is real. The imaginary part, which was linear in the

isothermal case, is now quadratic with the addition of the entropy mode.

-

(3)



lvpanding that quadratic assuming |1 - Ry vifvy | > b (SRT + K) yields

the drift mode root -
w, - (1-Rpv,/vy) - Ry3b e )(1+R;)eK
s S ‘ L .
YD [‘*V;/\'u*‘(_“‘RT*x)b] (‘I-R-rv,_/v")"'
(4)
The instability criterion for the drift mode is obtained by substi-
tuting (4) back into the real part of (1a), yielding (Tsai et al. 1970)
1 | 2(‘_*?- RTv,,lvu) >
KD = (149 /uy) - 7]
| (' *'RT"JJ"“)
o{ (5 - ?,ZK{W,\,L +4R - 14y |
*;‘(vll/vl)(; -g)+ ‘*[‘4(-5 - ”(I "TRT) + 1]}
| 27
fD{-va/vn. b~ )
' ‘ (5)

This is the most general drift mc_ade marginal stability criterion which
applics to all densities -kz J\e < .1. | | o

We have plotted the marginally stable R vs. vi/vy in Figure 3 for
a Iully ionized plasma at R'P =1 and several values of the parameter N = 0,3

];,J_h\“ praoportional to density. We use the fully ionized values of X = 3, 03



and T - 1,95 (Tsai et al. 1570) and substitute for b = (1/NvKv, Jvy. Com-
;arison with the isothermal curve in I'igure 2 demonstrates that the drift
instability threshold is lower at low densities (vy/vy << 0.1) than in the
isothermal limit.

Analytic approximations to the high and low dénsity 1imit’;rs can be

obtained from the left and right hand sides of (5) respectively. At high

densities the left hand side of (5)yields (Tsai et al..'1'97D)

(1-r TV.L’vu)z

K< (6)
vy (14T - Rpvy/on)
which is plotted as the horizontal dashed curve in Figure 3. At low den-
sities the right hand side of (5) yields
x(x G)vn/v,_ l{h(g - l)(l +RT) + 1]
(x - ) [vu/\u +URy + '*x] (8a)

which approaches'.

K<X/& - ©) (8b)

as v_|_/v||r - 0. Equation (7) is plotted as the vertical dashed curve in
Figurc 3. These approximate marginal stability criteria again demonstrate
the increase at high densities and decr_ease at low densities, as comparcd

to the isothermal threshold (3).
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It is significant to note in Figure 3 that for ali N Vélues the exact
marginal stability curves (5) cross atv,/vy = 0.1, K = 0.25 where the
appfoximate curves (6) and (7) cross. This single parameter po.in't :
separates’the finite heat conduction behavior of the .drift‘ mode into high and
low density regions where the threshold is increased or decreased from
its isothermal value.

. In both the large and small v, /vy limits the finite heat conduction
ﬁarginal stability criteria (6) and (7) reduce to the isothermal threshold
(3)asX==. In(6) (1 + ;E“) comes from 1 +y - (;(- - £), and £ remains
finil-:e as we take the isothermal limi.t“)“(‘ - «, Hence qu kz;\e </TnTI\}I— the
plasma behaves isothermally, independent of vy /vy,, under the assurﬁptions

L3

discussed in the preceeding section. .

Drift Mode Growth Rate

Assuming w/vy, vy /v and bRTmD/\.)” < < 1 decouples the dr ft mode
from entropy and interchange mode terms in (1a)and yieid’s.én approximate
expression for the drift mode dispersion relation and growth rate ih the

Jow density finite heat conduction limit

w = 'wD/(l +pb) | _. : ‘ , ‘ _ {15a)

YIvi = o/ (14 pb [+ (x - I AE ob)) - 1] (15b)
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#

Neglecting FL.R‘corrections, this result agrees with Ellis and Motley (1974).
In the limit ¥ - « the isothermal growth rate is recovered (Chu et al. 1969).
It is apparent that finite heat conduction increases the drift mode growth
rate by the factor X/(X - §) = (5/3)2 in a fully ionized plasma at low densi-
ties (vy /vy < 0.1). At higher densities{v,/v > 0.1) and well above marginal
stability where the preceeding assumptions break down thé clirift.. mocié growth
rate must be obtained by solving the cubic dispersion relation (1a) in general.
The drift mode propagates in the electron diamagnetic drift direction.
It is destabilized by the difference between the electrﬁn guiding center
current and the ion current which is an ion FLR éffect of order b. In con-
trast, in the compahion paper we have seen that the interchange mode is
stabilized by FLR éffects in a weakly collisi_onal plasma{vl /b< 2 JE'/“_f,l).
: We I;he;efore expect the drift mode growth rate to peak at shorter perpen-

dicular wavelengths (ITudson and Kennel 1974c). Damping is proportional

to the perpendicular ion diffusionrate v /b = vi, F0.3Dbv...

Conclusions

We have obtained a marginél stability criterion for the drift mode
in a partially ionii_ed plasmai, which is valid for all wlév‘etléng'ths greater
than the total electron mean free path (kzhe < 1) An -a'ppa'rent contradiction
in the effect of finite heat conduction on the instability threshold and growth
rate has been resolved (Tsai E_Eﬁl 1970; Ellis and Motley, 1974). At low

densities (v /vy < 0.1) the drift mode de:éo'uples from the entropy mode

] Al
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and the growth rate of the i’or‘mer is enhz-mce.d. At higher densities
(v; /vy > 0.1) the drift and entropylmc_)des are coupled, and the drift mode
growth rate is suppressed.

When kzhel< /m/M the 'drift mode z;pproaches the isothermal
electron limit for é.ll vl/v", and we recover the isothermal instability
criterion of Chu g_g_é_l. (1969) generaliz;ed to a partially ionized plasma. |
This assumes that ions behave isothermally due to energy los's to‘; thel neutral
sink, which Hudson (1974) has shown is valid for v, /v, > 2/W/M at
Te= Ti = Tn In a fully ionized plasma there is a balance of energy'ek-
change between ions and eleqtrons in long parallel wavelength modes
(kA< /m[M) which behave adiabatically. This distinction in behavior
at 1ong'paralle1 wavelengths is significant -si'nlce the drift ing;abi}iiy threshold

- and.growth rate is ;_nodified by the nonisothermal efféclts considered above.
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Figure Captions

L]

Figure 1. TPlot of energy heat flow parameters for R

T 1 pe glecting

energy transfer terms. X = 2/3’[Cer + {1+ Ct)z] and

g

where Cr' C., and CX are the dimensionless resistive,'- thermal force,

t
and thermal conductivily coefficients computed by Braginskii (1965) for a
fully ionized plasma: Cr =0.15, Ct =0.71 and Cx = 3,16. Schunk
and Walker (1970) have plotted them for a partially ionized plasma as
-1
= . = -0, = !
g CI‘ g, /g]!l Ct and (llgk 5 gﬂ/gugr) Cx/5 from Shkarofsky's
(1961) tabulation of the g-factors. Here we assume that electrons collide

with hard sphere neutrals at a rate proportional to thé'electron thermal

speed v = ae.'

Figure 2. Flot of the isothermal drift mode marginalily staple parameter

K= v_,_v”/bu;Dz as a function of vy/v) from (3} at RT =1 for b<< vL/v” < 1.
The threshold increases (K = kzlez decreases} with incfeasing vilv

proportional to total density.

Figure 3. Plot of the fully i'oniz'ed. finite heat conduction drift mode
marginally stable parameter K= Vv /btz as a function of v_LAJ]i from

(5) at R, =1 for several values of N = 0.3 L, /Ae proportional to density,

The exact curves arle well approximated by the dashe_d lines ) and (7 )

at high and low dehsiti’es; tll*lley-'-'cor'respond.tb the left and rxght .hémd éide;s"

of (5) which ﬁre ‘se_paratéiy independent of N, | The kcrbsécl:n.r-er' point af

vyfvy = 0; 1 corresponds to the separétion between ‘tlllerl.bw' and high density
.finilte heat condﬁct.i'ox;l regfmes where the drift instability threshold is loWered
(]%.a:¢lcz%L_12_ incr‘casled)_and raised compared to the ,isothcrmal threshold in

Iigure 2. -
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