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FOREWORD

“Thermal Coaduction and Ion Temperstures in tha Ionosphers"
gives the results of a study of the ion energy balance in the ionosphere.
This paper will be publighed during 1966 in Barth and Planetary Science
Letters.

AVANT-PROPOS

"Thermal Conduction and Ion Temperaturas in the Ionosphere"
préoente les régultats d'une étude du bilan énergétique des ions dans
1'ionosphdre. Ce travail sera publié en 1966 dang Earth and Planetary

Science Letters,
VOORWOORD

"Thermal Conduction and Ion Tcmperatures in the Ionosphere"
geeft de resultaten van een onderzoek betreffende de energiebalans van
de ionen in de ionosfeer. Dit artikel zal in 1966 in Barth and

Planetary Science Letters verschijnen,
VORWORT

"Thermal Conduction and Ion Temperatures in the Ionosphere"
gibt die Resultate einer Forschung betreffs der Iononenergiebilang
in der Ionosphitre. Diese Arbeit wird im laufenden 1966 in Rarth and

Planetary Science Letters herausgegeben werden.,




THERMAL CONDUCTION AND ION TEMPERATUBES IN THE IONOSPHERE

by
Peter M. BANKS

Abstyacc

An analysis is made »f the ifor enurgy balance equation for the
jonosphere including the effects of éd. He , and é* ions, thermal nonduc-
tion, and the coocling by atomic hydrogen ar.d helium. It is shown that
thermal conduction strongly affects the ion temperature profile “or con-
ditions of moderate and low elextron densitizs and that the high altitude
ion temperature can be significantly less than the electron tewmperaturs.
Tn addition, lﬁgin concentrations as low as 10% of the' total fon density
is found to be a major recipient of heat from the ionospheric electron
nag and has an important influence upon the total ion energy budget,

N
N

Résumé

Nu présente une analyse du bilan é&aergétique des ione dans
1’'{onosphera, en tenant compte de 1l'inflvence de O+, Hé+ et H+. de la
conduction thermique et do refroidissement par 1'hydrogane atomique et
par 1'hélium. On montre ainsi que la coaductinn thermique modifie le
profil d; la température ionique pour des densités €lectroniques modérées
2t faibles. A aautz altitude, la températirc fonique peut 8tre nettement
inférieure 4 la température 4lectronique. D'autre part, une concentration
ﬂ+ atteignant & peing 10% de la concentration icnique totale &st capabls
d‘absorber une grande quantité de chaleur et influence dids lovs la bilan

énsvgétique tntal des ions.



Samenvatting

Er wordt een analyse gegeven vaa de energiebalans van de ionen
1= de fonosfeer. Men houdt hierbij rekening met de invloed van 0+. He+
en H+, met de thermische geleiding en met dia afkoeling verocorzaakt door
atomaire waterstof en helium, 32veneens wordt de sterke invlozd aange-
toond van de thermische geleiding o» hy: ionentemparatuur-proficl voor
gomatigde en kleine elektronendichtheden. Op grote hoogte kan de ioren-
temperatuur juist lager liggen dan de elektronentemperatuur. Anderzijds

is de concentratie aan H+, die nauwelijks 1O% van du totale ionenccncen-

tratie bedraagt, in staat om e2n grote hoeveelheid warmte op te slorpen en

aldus de totale energiebalans van de ionen te betnvloeden.

Zusammenfassung

Die Ionen O, He' und #¥. die Warmeleitung und die Abkthlung
durch atomischen Wasserstoff und Helivm werden in der Ionenerergiebilanz
berticksichtigt. So sieht man, dass die Wdrmeleitung, fur missigen und
niedrigen Elektronendichten, die Ionentemperatur vertndert und dass, fur
grossen HUhen, die Ionentemperatur kieiner als die Elektronentemperatur
sein kann. Anderseits, findet man, dass eine relative Dichte voa H+ von
10 Prozent eine wichtige Quantitidt der W¥rme absorbiert und so auf die
Energiebilanz der Ionen einwirkt.



1.- INTRODUCYTION

]

Through numerous experiments it has been determined that the

electron temperatuvre above 150 km is consistently higher than the tempera-

ture of the neutral atmcsphere. To explain this state of thermal ponequi-

librium, a number of theoretical studies have been made of the electron

heat budget equation usirj phot.cionization as the principal electron gas
[1,2.3,4,5] [s]

energy source . The most recent of thease analyses given
results in general agreeneat with current measurements but, because the

§
2
3
b

ey

eleziron tempsrature is very sensistive to minor changes in the solar EUV
£lux, the electron density, and the uagnitude of the assumed mechanisms of
electron energy ioss, a high degree of correspoudence cznnot be expected

at the prugent time,

The primary source of electron energy loss above 300 km altitude
occurs by means of elastic coilisions betwsen electrons and the ambient
ions. The ionz, in turn, transfer this excess thermal energy to the neutral

(3]

the density of the neutral atmosphere decreasesmuch more rapidiy than that of

gases of the atmosphere, Hanson was the first to point out that, because

the electron gas, the ion temperature should have a pronounced altitude de-
rendence in response to the electron heating, increasing gradually from the

neutral gas temperature near 300 km to the electrnn temperature above 800 km.
Experimental support for the transition behavior of the ion tempne-
rature can be inferred rfrom satellite measuremeuts

(6]
[7.8]

backscatter data . It is necessary to point out, however, that although

ané inecoherent radio

the resuits of Hanson[s] indicate that the electron and ion tempzratures
should be approximately e3ual at high altitudes, in fact, in the available

[€:7.8,9) | are appear to be siguifican: deviations of the

experimental data
ion temperature towards values which are consistently lcwer than the elec-
tron temperature, even in the atmospheric regions where the ion-nsutral
energy losses are not effectivc in cooling the ion gas. Further, in the

regions 400-600 km it is difficult to match the calculated values of ion



temperaturae vith thosoe actually rmeagured uvndev cornditiors of low electron

density.

{0 reconcile the differences between theory and experiment, a
reanslyeis has been vade of the ion energy balance equations to include
tha previously neglected effects of ion thermal conduction, the presance
of H{% and H+ fous, end the cooling by atomic hydrogen and helium, The
rasults, presented in this papar, indicate tha* ion heat conduction can
play an important part in determining the profiles of ion temperature,
laading to va.ues which ace corsiderably below the electron temperature,
It 18 aleo shown that H+ jons are important in the over-all loan erergy

balance, even in conceutrations less than 10% of the total ion density.

I1.~ TON ENERGY BALANCE

The time dapendent energy balance equation for the lon gases of

the ionosphere 1is

au _

1
3c "~ Pyt Ly - Veqy (1)

e
where Ui 3/2 nik Ti " n(0 )+

n(ﬂe+) + n(H') {c the totel ion number density, k i{s Boltzmann's constant,

is the ion thermal energy per unit volume, n

T, is the ion temperature (for a discussion of ion temperature coupling,

L
see‘lo]), ?, 1s the rate of ion gas enengy productiom, L1 is the rate of
energy loss to the neutral atmosphere, and ;i is the ion heat flux arising

from conduction and diffusion effects.

Under the influence 2f thermal conduction and the non-local hea-

(5.7 that the clectron tempe-

ting effects of photoelectrons, it is found
rature cbove 30C im is significantly sreater that the temperature of the
neutral atmosgphere, thus providing a heat source for the ion gases. By

weans of cleciron-iun collisions, the electron gas of temperature T and
e



dengity n transfers energy to the ions at the vates,

+. -7 + -3/2

PO = 4. -

;007 =4.8x10 n_n(07) [Te Ti] T, (2a)
+ -6 + -3/2

P, (He )= 1. : -

J(He )= 1.9 x 107 n n(He )[1:e T1] T, (2b)
+ -€ ., + } - =3/2 -3 -1

Pi(H) = 7.7 x 107 na() [Te T1] T, ev cm ~ sec , (2¢)

which are in the ratios 1:4:16. Thus, the heating rates for Hé+ and H+ are
+

equal to the 0 rate when n(He+5/n(0+§ a (0,25 and n(ﬂf}ln(0+3 = 0,063,

respectively, implying the electrom energy transfer to the Hé+ and H+

lons plays an important part in the overall ion energy balance.

The rates of ion encrgy lcss tc nzutral gages by means of elastic

v 191
(10,22 a3 these results are adopted

collisions have been discussed recently
for this study. Briefly, for ions in parent gases the process of resonance
charge exchange is dominant, while for inns in unlike gases the polarizatioem
interaction alornz ig assumed to be acting. For H+ and 0+ in atomic oxygen

and hydrogen, the effectos of accidentally resonant charge axchange have heen

included.

The heat flux, ;i. can be evaluated for a magnetic field-free

(13]

medium as, neglecting thermal diffusion,

q =- xiwi + 552 nikTici 3)

where Ki is the ion thermal conductivity ani E; is the ion diffusion velo-
city relatie to the mass velocity of the coumbined ion gas and the neutral
atmsosphere. The evaluation of the two terus in (3) shows that heat con-
duction is generally dominant, but that there are some circumstances, espe-
cially for low temperatures and large ion densities, when the diffusion con-
tribution resulting frem a downward flux of ions :aunot he neglected., How-

ever, because the calculation of c requires the solution of the coupled icn

i
temperature and dencity equations for conditione of chemi:zal and diffusive

equilibrium, it is difficult to adopt reliable values. Mence, in this

analysis we take C, = 0 and deal only with the heat flux arising from ion

i



temperature gradients in an equilibrium distribution of ion gases,

The calculation of K for a single ion gas follows from the work

i
of Chapma.. [14] as,
Ki = 4,6 x 104 TiS/2 / A11/2 av t'.'m”1 aec-1°K_1 )
wvhere A1 18 the ion mass in atomic units., Uniike the electron thermal con-

ductivity, it is not nacessary to include a thermoelectric reduction factor
or, for altitudes above 300 km, to coneider the effects of ion-neutral col-

[16]

lisions

For the ion gas of the ionosphere, an extension of (4) must be
made to include the effects of differing conductivities for each ion species.
An exact expression is difficult to obtain and for the present analysis an
approximate, density weighted, conductivity has been used in the form

-1

5/2 [n (0 ) + 2n(He ) + 4n(H )] / n, ev em gec Lok . (5

Ki = 1,15 x 10 T
) When the effect of the eartn's magnetic field is considered it is
foundtla] that there is heat flow only along the lines of geomagnetic force.
To include the influence of the inclination of the field lines upon ver-
tical profiles of ion temperature, we introduce the magnetic dip angle, I,

and revwrite (1) as

au , 9 dr,
oo =B L 4t T [X ] (6)

where z 18 a vertical coordinate,

The solution of (6) for the ion temperature profile requires a

knowledge of the electron and ion densities in the upper lonosphere. Follo-

[10,17]

wing recent work , we adopt a state of 0 diffusive equilibrium above

+
340 ¥km while taking H+ and He to be in chemical equillbrium with Nz, 02.



and O to an altitude of 500 km, above which a condition of ternary ion

diffusive equilibrium 1is applied[17].

The numerical solution of (6) requires a choice of ion temperature
boundury conditions which relate to the influences of ion energy production
outgide the region of analysis. Por the lower boundary condition it is
assumed that conduction is ineffecrive at 300 km and the ion temperature
is taken as the solution to (6) with Ki- 0. At the upper limit
(z = 1590 km) it is convenient tu take dTl/dz = 0 and neglact the heat

conducted downwards from higher regions.

II1.- RESULTIS

The ion energy balance has been solved numerically for steady-

[18]

to represent the effects of changing aeronomic conditions. Throughout all

state conditions (an/at = 0) using three atmospheric modeols of Nicolet

calculations the electron temperature has been trented as a parameter which

has the same value for all altitudes.

Several points of interest have been found. First, it appears that
the ion thermal conduction can play an important part in determining the shape
of the ion temperature profile at high altitudes, yielding, for a constant ra.
isothermal values which are significantly less than the electron temperature.
This effect is shown in curve lof Figure 1 where a 100G°K neutral atmosphere
has been used with only 0+ ions present. The electron temparature was ta-
ken as 2500°K, I = 90°, and the electron density determined from the boun-
dary condition n, = 2 x 105 cm-3 &t 340 km. PFor curve 1 the cooling effects
of atomic hydrogen and helium have not been included. To show the impor-
tance of thermal conduction, curve 2 (broken line) has been calculated

with K, = 0., Since this choice for K, is equivalent to the cunditione found

i i ,
at the gecmagnetic equator, it is seen that for identical aeronomic para-

meters the ifon and electron temperature separation would nave a range of
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Pig. 1.- Ion temperaturcs with an elactrca temperature of 2300°K znd neu-

tral gas temperature of 1000°K, for'a magnetic dip angle of 90°
with § electron density of 2x103em=3 at 340 km, Curve 1 inclu-
des 0 icns and thermal conduction but neglects cooling by Ha
and H. In curve 2 the same conditions are uged with no *t%ermal
conduction. Curve 3 includes o ions, thermal conduction, He
and H. Curve 4 reprecsents the final result with 0+, H*, He, W
and thermal conduction.



350°K between the geomagnetic equator -and pcles,

A second efifect ozcurs when atomic hydrogen and helium are ir-
cluded in the 0+ erergy loss. Curve 3 of Figure 1 shows that, for tha model
chosen here, *the high zltitude cooling, along with thermal curZuectaion,
reduces the isothermal value of the ion temperature to 1550°K. The iutre-
duction of H+ as part of the ionic compositioun reverses this situation,
nowever, oy providing an Iimportant source of ion heating at high altitudes.
As shown oy curve &4 of Figure 1, this results in an increase of 430°K in
the isothecmal ion temperature. In fact, the profile obtaired for the
ion temperature.omitting the effects of H+ is8 very similar to the pio-
file found wvhen H+ , He, end H are included. The basis for tlils near
equalicy lies in the counterbalauncing of the superior heating rate of ﬁ+
by the large H+ charge exchange energy loss rate to atomic hﬁdrogeu and
an improved ion thermal concductivity. The important point to note is that
for the adopted model, the inn temperature is calculated tc be about 500°K
less than the electron temperature. Tha efferts of He+} which are nc% saown

nere, cdo not appear to be large and can Le neglected in a first analysis.

The value of the electron density is important in detarmiaing the
ion temperzture profile. At high altitudes, where jon cooling by the
neutral gases is ineffective, conduction must carry away the heat obtained
from the electron gas. The changzs brought about by varying the electron

density boundary condition at 340 km are shown in Pigure 2 for n = 1x105,

ZxIOS, leOS. and 1x106 cm‘.3 with T = 1000°K, Te = 2500°K, and both O+ and
H+ ions being included. It is seen that ion heat conduction 1is generally
important during conditions of low electron density or, more exactly, when
the high altitude energy production rate is small. For enchanced electron
densicies at high altitudes, the ion conductivity is not large enongh to
transport downwards the energy produced in the ion gas tollowing moderate

separations between the ifon and electron temperatures.
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Changes in the neutral atmosphere affect the ion temperature pro-~
files by shifting the region of fon-neutral temperature decoupling with
respect to the electron density profile. This effect is shown in Figure 3
where model atmospheres correspcnding to neutral thermospheric tempera:ures
> (00°, 1000°, and 1394°K have been used with T_ = 2500°K and n_= 2x10°cm >,
The result, which is due to a combination of thermal ccnduction and change
ia the ion heating rate, is that for given values of electron temperature
and density, the high altitude ion temperature decreases slightly with

increasing neutral gas temperatures.,

As a final point, a comparison has been made between the theore-
tical calculations based upon (6) with 0+'and H+ ions, and the radar ob-
servations of Evans[7]. By choosing n, = 3.4 x 105 cm.-3 at 300 knm,

Té = 2600°F., and T = 1000°K to match the observed parameters for 120C EST,
September, 1963, the results shown in Figure 4 have been obtained. The
squares represent the experimental data, while the solid curve represents

*he cheoretical result.

To evaluate the influence of diffusion (see discussion following
(3)), which has not been 1nc1uded_héie,ﬂthe divergence of the second term In
(4) has been computed using the final results of the ion temperature aﬁd
electron density profiles. For the diffusion effect to have an importance
equal to that of thermal conduction, it is found that the ion diftusion

——

velocity, C, , would have to be about 7x103 cm aec-l which, for the con-

i
ditions indicated by Evan'g data, appears to be too large to represent the

true physical situation.

As a test for the existence of large ion diffusion velocities which
could alter the ion temperature profile, it is noted that a net motion of
7 x 103 cm aec‘l would yield a doppler shift of neariy 200 cycles/sec at a
radar frequency of 430 Mc/sec. Hence, along with an asymmetry in the
characteristic electron temperature peaks there should occur a detectable

shift in the radar spectra half power points.
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iv.~ CONCLUSIONS

From the present analysis it is concluded that thermal conduction
withir the ion gases of the ionosphere can be important in maintaining the
aigh altitude ion temperature at values less than the electron temperature.
Purther, an ion energy budget which does not include both H+ ( and perhaps
He+} and the presence of atomic hydrogen and helium cannot be expected to
yield temperature prcfiles which agree with experimental data. The effect
of ion cooling at high aititudes by means of dowawards diffusion, although
no included here, may also be important under particular conditions in

further incresasing the reparation beiween the ion and electron temperatures.

Changes in the parameters of the charged and neutral atmospheres
affect the importance of thermal conducticen in the ion energy balance.
Increases in the atmospheric temperature lead, for identical electron tem-
peratﬁres 2nd charged particle densities, to a decrease in the high alti-
tude ifon temperature. Likewise, increasee in the over-all electron densi-
ty can be expected to increase the ion temperature and decrease the ion ana

electron temperature separation.

Since the effectiveness of the ion heat counduction term depends
upon the dip angle of the earth's magnetic field, the separation of tem-

peratures at high altitudes should be 1irger for higher gecmagnectic lati-
(8

is compared with the results of Evana[7]. and Doupnik and Nisbet[g], there

tudes. Thus, when the data of Farley , taken at the geomagnetic equatow,

is some indication that there are increases in the temperature separations

for the higher latitude sites.

V.- ACKNOWLEDGEMENTS i

P
This work was supported under grant ONR(G)-00000~66 from tha Office

of Naval Resez2rch ; Washington, D.C.



150'

BIBLIOGRAPHY

[1] DRUKAREV, G., On the mean energy of =2lectrons released in the ioniza-
tion of gas, J. Phys. (USSR), 10, 81, {(1946).

[ZJ HANSON, W.B. and JOHNSON, F.S., Electrcn temperatures in the ifonosphere,
Mémoirces So:. Roy. Sci. Lizge. Séries 5, &, 350 (18al).

[3] HANSON, W,B., Electron temperature~ in thz2 upper atiospheve, in Spie
Rescarch III (North-Holland ub. Ceo.. 1433), o . 28:.

(4] pALGARNO, 2., McDOWELL, M.R.C. and MOPFEIT, R.J., Electrop tusaperatures
in the ioncsphere, Planet. Space Sci., 1ll, 463 (1933).

[5] GEISLER, J.E,. and FOWHILL, S.A., Icnospheric tewparatures at solar
minjmum, J. Atm, and Terr, Phys., 27, 119 {i965).

(6] BOYD, R.L.F. and RAITT, W.J., Positive ion temperaturas above the
F-layer maximum, in Sn2z& Research V (North-Holland Pub. Co.,
1965), p. 207.

[7] EVAMNS, J.V., Ionospheric backscatte: observations at Miilxccune HINL,
Planet, 5pace Sci., 13, 1031, (1%65;.

[8] FARLEY, D.T., Observations of the equitorial iocosphere using incohereat
backscatter, .in Electron Demsgity Profiles in the Ionosphere and
Exosphere (North-Hclland Pub, Co., 1986}, n. 445,

(9] poUPNIK, J.R. and NISBET, J.S., Electrcn temperature and density flusua-
tiors in the deytime iorosphere, in Electron Density Profiles in

" the Ionosphere and Exosplicre (North-Holland Pub, Co., 1966),
p. 453.

[10] BANKS, P.M., Iur tewperature coupling in the ionosphere; to be
pubiished, Plauet. Space Sci. (1966).

[11] EVANS, J.V., Electruon temperaturzes at midlatitudes, J. Geophyc. Res.,
70, 4365, (1945).

[12] BANKS, P.M., Collision fiaquenciles and energy rransfer : elec:rony,
to be publiished, Planet. Space Sci. (1966).

[13] cHArMAN, S. and COWLING, T.G., Mathematical Theory of Ncnuniform
Gases, Camhridge University Press, Cambridge (1952).



[16] CHAPMAN, S,, The viscosity and thermal conductivity of a completely
ionized gas, Astrophys. J., 120, 151, (1954).

[15] S8PITZER, L. and HARM, R,., Transport phenomena in a completely icnized
gas; Phys. Rav., 89, 977 (1953).

{15] BANKZS, P K., Electror thermal conductivity in the fonosphere, Earth
and P.anet., Sci. Ltre., 1, 151, (1966). '

{17] BAUER, S.J., Hyrdrogen and helium fons, Ann. Geophys. 22, 247 (1966).

[18] RICOLET, h., hercnomy, to ba published in Handbuch der Physik
(Geophysik), Band XLIX, (1967). '

16,-



