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FOREWORD 

This is Report No. ARF-A204-3 , Final Report, of ARF Pro jec t 

A204, Contract No. AF 19(628) 316, entitled "Investigation of Techniques 

for the Rennoval of Electrons in the Upper Atmosphere" . The repor t 

covers the period fronn December 1, 1961 through December 31, 1962. 

The technical monitor on this project was Samuel Horowitz. 

The project leader and chief contributor at Armour Research 

Foundation was Robert D. Sea r s . Other contr ibutors were R. Nasoni 

and R. F. Tooper. The major port ion of the contract t ime was devoted 

to an investigation of the dynamical behavior of normal D-region e lect ron 

loss p roces se s and electron energy loss p r o c e s s e s as they would affect 

initiation of loss of e lectrons in the D region by ar t i f ic ial means . To this 

end one mus t at tempt to descr ibe the competition between e lec t ron loss and 

electron energy loss as a function of the initial e lec t ron energy for both 

abnormal Jind normal condition. The body of this repor t is concerned with 

normal D and lower E region conditions under r a the r r e s t r i c t ive asstunptions. 

Fur the r developnnent of a computer technique for obtaining D region e lect ron 

densit ies as a function of height from multiple frequency r iome te r data was 

ca r r i ed out and reported in Quar te r ly Reports 1 and 2. (ARF-A204-I and 

ARF-A204-2). It would be des i rab le to extend this work to l e s s r igid 

conditions and to include introduction of man made o r so la r d is turbances . 

This repor t has been submitted for publication to the Journa l of 

Geophysical Research . 

Respectfully submitted, 

ARMOUR RESEARCH FOUNDATION 
of Illinois Insti tute of Technology 

APPROVED BY: Robert D. Sea r s , Research Phys ic i s t 
„ j'-S^ — P l a s m a and Elect ron Phys ics Research 

I. B. I l e ldhouse , 
Assis tant Direc tor of Phys ics Research 
RDS/bW ARF-A204.3 



Contribution of Energet ic Photoelectrons to D Region 
Non-equil ibrium Electron Tempera tu res 

Robert D. Sears 
Physics Div i s ion , 'Armour Research Foundation, Chicago 16, Illinois 

Abs t rac t 

Electron equil ibrium energy in the D and lower E region of the 

ionosphere is calculated from a relat ionship between e lec t ron energy 

loss and at tachment cha rac te r i s t i c t imes . It is shown that so la r 

photodetachment of e lec t rons from 0 , " ions, which is the major shor t 

t e r m ionization source between 50 and 90 km, is a source of energet ic 

e lec t rons of 2. 9 ev mean energy. Thus competition between energy 

loss by rotational excitation of molecules and dissociat ive at tachment 

to oxygen will exist as the mos t probable p r o c e s s e s for 3 ev e lec t rons . 

Approximate conditions a r e defined which allow calculation of maximum, 

mean electron energy at equil ibrium for the undisturbed or sl ightly 

disturbed daytime ionosphere . Comparison of these maximum values 

with a measu red e lec t ron energy of 0. 15 ev at 40 km shows agreement 

within a factor of 2, which m a y be accounted for by the dis turbed 

condition of the ionosphere during the measuremen t . The range of 

maximum permiss ib l e e lec t ron energies lie between 1. 2 t imes ambient 

cvi. j\j l u l l l u t £ , t i m e s d i i i u i c u i \ u . irx c v / ai. y\j is^ii. xi. i i i c u i u u . I D 

outlined whereby one p a r a m e t e r among the set , equi l ibr ium e lec t ron 

energy, energy loss cha rac t e r i s t i c t ime, or e lec t ron removal 

charac te r i s t i c t ime can be determined if the other two can be found 

experimental ly and if the mean source energy of the e lec t rons is known. 

Thus radio m e a s u r e m e n t techniques such as the Luxemburg effect o r 

rocket probes cjm be used to re la te t empera tu re measu remen t s and 

e lect ron density m e a s u r e m e n t s through a reaction model based upon 



INTRODUCTION 

Many a r e a s of ionospheric physics and engineering implici ty 

a s sume that the components of the ionospheric p lasma a r e in 

thermodynamic equil ibrium with each other , and with the numerous 

energy input sources . A further assumption which has recent ly 

been shown erroneous in p a r t (Rumi, 1962, Spencer et al 1962) i s 

that the e lec t ron t empera tu re of the ionosphere is equal to the 

neut ra l t empera tu re . Of course a t r ea tmen t of the F region or 

exosphere as a p lasma would not be prone to this e r r o r , but many 

t r ea tmen t s of the D and E regions from a react ion model viewpoint 

have implici t ly assumed th i s . F^ir thermore, t r ea tmen t s of the 

elect romagnet ic propagation p rope r t i e s of the D and E regions 

neglect in many cases the energy loss p r o c e s s e s of the e lec t ron 

gas and usually a s sume t empera tu re equil ibr ium between the 

elec t ron and neutra l p lasma components. 

It is the purpose of this paper to descr ibe the energy sources 

for e lec t rons in the D and lower E regions and the subsequent loss 

of this energy in the production of an e lec t ron gas at or nea r thermal 

equil ibrium. Competition between energy loss and dissociat ive 

a t tachment to oxygen molecules i s shown to take place for those 

elec t rons photodetached from 0 , " because the mean initial electron 

energy is not thermal but near 3 ev. As the e lec t ron suffers 

col l is ions, energy loss takes place p r i m a r i l y by rotat ional excitd.tlon 

of molecules even though the major i ty of coll is ions which affect 

elec t romagnet ic propagation a r e e las t ic . The p r i m a r y sources of 

elec t rons in the D and E regions a r e photodetachment and 

photoionization and it i s shown that the contribution of init ially energetic 



photoelectrons to the chemical react ion effects and to the equilibration 

of the electron gas t empera tu re will increase with increas ing alt i tude. 

In this paper , it is a s sumed that the gas i s weakly ionized such 

that the following conditions hold: e lectron- ion recombination is 

negligible compared with other electron lo s ses , and e lec t ron- ion 

coulomb interact ions may be neglected. Two c lasses of p r o c e s s e s 

can be distinguished;: fast p r o c e s s e s involving electron at tachment, 

detachment, collisional energy loss by both elast ic and inelast ic 

p r o c e s s e s , and positive ion-atom interchange, and the slow p r o c e s s e s 

involving e lect ron- ion recombination and ion-ion recombination. 

It i s assumed that no dis turbances exist which would violate the 

conditions assumed. Thus strong solar f lares cannot be included if 
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e lect ron densi t ies in the D region a re increased above about 10 cm 

Although these conditions may seem too res t r ic t ive to allow useful 

descr ipt ion of an effect which is subsequently shown to be continuous 

during the daytime, one is hereby allowed to descr ibe the competitive 

energy relaxation vs . energet ic electron loss p r o c e s s e s without conceinti 

for the long t e r m effects which these may have had upon ionospheric 

composition. One also can obtain l imits on mean equil ibr ium elec t ron 

energy by examination of relat ive t ime constants for th^ competing 

p r o c e s s e s ra ther than by attempting a complete solution of a Boltzmann 

type equation for inelas t ic energy loss p r o c e s s e s , for which the 

c ross sections at var ious energies a re not well known experimental ly . 

The energy distr ibution for the major D region e lec t ron source , 

namely photodetachment from 0_", as obtained from exper imenta l 

data is found to be nea r ly a Gaussian distr ibution with an average 

energy of 2. 9 ev. - Relative t ime constants for competing p r o c e s s e s 



a r e compared, and it i s found for 3-eV electrons that rotat ional 

excitation energy loss is about 100 t imes fas te r than that of e las t ic 

collisions and is the major cause of e lectron energy loss . Moreover , 

the dissociat ive attachment cha rac te r i s t i c t ime at all al t i tudes between 

30 and 100 km is a factor of 3 to 4 l e s s efficient for removing e lect rons 

than the rotational excitation p r o c e s s is in decreas ing the i r energy. 

Thus simple comparison of these t imes indicates a minimum attachnrient 

ra te of at leas t 2 percent of all e lec t rons produced by photodetachment 

before they relax to e of thei r original energy. Comparison of 

cha rac t e r i s t i c t imes in a many collision approximation to p l a s m a s 

undergoing ionization and electron removal for the equil ibrium 

t empera tu re of the electron gas indicates that thermal equi l ibr ium 

with the ambient gas may not be reached, and the maximum possible 

e lect ron tempera ture as a function of altitude i s found consis tent with 

the validity of use of the Chapman and Cowling (1960) der ived 

app r oximation. 

Finally, it is shown that although the energet ic e lec t rons r ep re sen t 

a l a rge source of potential energy available to endothermic e lec t ron 

reac t ions , the usual reaction chemis t ry of the D region is not 

significantly modified. The main effect is simply addition of the 

di550»,l«itive dLLdchment source ol atomic oxygen to the a l ready la rge 

source p re sen t due to photodissociation. Consideration of poss ible 

endothermic electron react ions with normal ionospheric species 

indicates no unusual species a r e l ikely to be formed. 

PRODUCTION OF ENERGETIC ELECTRONS BY PHOTO PROCESSES 

The major source of e lec t rons in the ionosphere i s ionization by 

so la r photons of neutra l and negative ion spec ies . If slow electron 

loss p r o c e s s e s in the D and lower E regions a r e accounted for, one can 



define an effective ionization source function independently of 

theoret ical models for ionization of specific constituents of the 

a tmosphere by par t icu la r spect ra l port ions of the incident flux. 

Obviously these approaches must produce the same source t e r m s , 

but the f irs t allows ready comparison of theoret ical ly derived 

photoionization sources with the total source derived from overal l 

ionization and loss p r o c e s s e s . Table I p resen t s the resu l t s of 

such a comparison with the derived photo-ionization source function 

presented at various heights. Coefficients for the calculations from 

Webber (1962) and Nicolet and Aiken's (I960) values of N N 

resulting from the Lyman-alpha ionization of NO in the D region 

a re taken and extended to 90 and 100 km. Figure 1 i l lus t ra tes the 

relative s t rengths of the two photo-electron sources , photo-detachment 

and photo-ionization. It is readi ly apparent that the la t te r sources 

a re major contr ibutors to ionization above 50 km. This is of in te res t 

since these two sources a re m o r e likely to produce energet ic e lec t rons 

than the major e lectron source (collisional detachment) below 50 km. 
I 

Photo-detachment which is the major e lectron source between 50 and 

90 km takes place when the so lar flux removes an e lec t ron from the 

ground or excited state of Op , the energy thresholds for which a r e 

0.46 and 0. 15 eV. respect ively. The so la r spec t rum peaks well above 

these energ ies , so it is qualitatively likely that energet ic e lec t rons 

would be produced from this p r o c e s s . 

The electron energy spec t rum was obtained by multiplying the 

experimental values of photo-detachment c ro s s section obtained by 

- Burch, Snaith, and Branscomb (1958) and expressed theore t ica l ly by 

Geltmann (1958) by the so lar photon flux spec t rum der ived from the 



measured energy spec t rum (Johnson, 1961) in the region 2200 A 

to 12, 000 A. A suitable adjustment to account for a threshold 

energy of 0. 15 eV was made and the e lec t ron energy distr ibution 

was found to be near ly Gaussian with a peak at 2. 9 eV. Figure 2 

plotted on special Gaussian graph paper i l lus t ra tes the Gaussian 

charac te r i s t i c of the electron energy distr ibution. 

RELATIVE RELAXATION TIMES FOR COMPETING PROCESSES 

The charac te r i s t i c relaxation t imes associa ted with the fast 

p r o c e s s e s (elastic col l is ions, inelas t ic rotational excitation, and 

2-body and 3-body attachment) a r e compared with one another in 

the altitude range 30 to 100 km. A physical l imit to the speed of 

a reaction is provided by the collision frequency or cha rac t e r i s t i c 

t ime for elast ic collisions of e lec t rons with neutra l pa r t i c l e s and 

is a well known function in this altitude range. The cha rac t e r i s t i c 

t imes of ionospheric slow p r o c e s s e s a r e about seven o r d e r s of 

magnitude g r e a t e r than those of the fast p r o c e s s e s . Energy loss 

by elast ic collision i s usually considered to take place with a 

fractional energy loss pe r coll ision of 2 m / M , where m / M is the 

rat io of e lectron to molecule m a s s . Thus the inverse of this fraction 

multiplied by the collision frequency can be considered a s a 

charac te r i s t i c (e ' ) t ime of the e las t ic energy loss p r o c e s s . At 

thermal energies the zero field approximation of Phelps , Fundingsland 

and Brown (1951) for coll ision probabi l i ty is ut i l ized. The approximation 

- 1 / 2 
for elast ic collision probabil i ty for non-maxwell ian gases (P o^ E~ ) 

1/2 is P = kE , where k = 70 in our ca se . After conversion of the c 

e las t ic collision probabi l i ty to a coll ision frequency v e r s u s t e m p e r a t u r e 

and p r e s s u r e we find that the cha rac t e r i s t i c t ime for energy loss by 



elas t ic coll isions is given b y ^ = 0. 138/pT, where p i s the pressure 

in T o r r and T is the gas t empera tu re in degrees Kelvin. Figure 3 

(curves a and b) i l lus t ra tes the cha rac t e r i s t i c t imes for e las t ic 

collision energy loss . 

The other source of electron energy loss is by excitation of 

rotational s ta tes in the ambient molecular gas . This source was 

found by Gerjuoy and Stein (1955) to be approximately 100 t imes 

m o r e efficient than e las t ic collisional energy loss . Because the 

compar ison was made to the G factor found in ionospheric cross 

modulation exper iments , G = 8m/3M, the factor 100 is only 

approximately co r rec t . The two electron loss p r o c e s s e s are 

calculated from the coefficients given by Webber (1962) for three-body 

at tachment to oxygen at thermal energies and by Burch and Geballe (1956) 

for at tachment at energies near 3 eV. The la t te r p roces s is xindoubtedly 

l a rge ly a resu l t of two-body dissociat ive at tachment nea r the es t imated 

peak at tachment c ross section at about 4 eV. There is some question 

to the meaning of an at tachment peak at such low energies in view of 

the energy thresholds , calculated by Thorbum (1953) and Hags t rum 

(1951) of 4. 9 and 6. 3 eV, respect ively. The 3-eV c ross section of 
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2 X 10 cm is likely, however, to r ep resen t an accura te es t imate 

of the value actually p re sen t in the ionosphere at these e lect ron energ ies . 

F r o m examination of the Gaussian na ture of the e lec t ron energy d i s t r i 

bution curve . Figure 2, for photodetached e lec t rons , one can calculate 

the fraction of e lectrons produced above a ce r ta in energy level. For 

example, about 30 percent of the e lec t rons photodetached have energies 

above 3 eV , the n e c e s s a r y endothermic energy value l i s ted by Nawrocki 

and Papa (1961) for dissociat ive at tachment to oxygen. It i s very likely. 

k 



as outlined in the discussion of Nawrocki and papa , that the variat ion 

of supposed three-body at tachment coefficients in the energy region 

about 4 eV is due to the p resence of dissociat ive at tachment and also 

may be due to distort ion of the electron energy distribution function a t 

the higher energies due to the la rge probabil i ty of grea t energy losses — 

through the attachment mechanism. The calculated two-body 

charac te r i s t i c t ime for the altitude range 30 to 100 km, based upon 

this reaction c ross section and the ARDC model a tmosphere is p resen ted 

by curve c in Figure 3. 

Three-body at tachment of e lect rons to oxygen is usual ly believed 

to be the major electron loss p roces s in the D region. The th ree body 

at tachment charac te r i s t i c t ime for e lect rons at t he rmal energ ies i s 

calculated from the coefficients presented by Webber (1962) and i s 

presented by curve d of F igure 3. Three body at tachment at e lec t ron 

energies of 3 eV has not been specifically isolated as such, since data 

relating to measu remen t of this reaction does not allow separa t ion of 

two body from three body p r o c e s s e s . The data of Biondi (1961), for 

example, strongly suggests that the sharp inc rease in a t tachment 

frequency at energies above 1 eV is due to a threshold p r o c e s s wherein 

the tai l of the electron energy distribution is rapidly ra i sed above a 

c r i t ica l eneigy aa tlic a.vcjr<tge energy is inc reased slowly above i eV. 

Therefore no specific three body at tachment cha rac te r i s t i c t ime is 

calculated for e lect rons at 3 eV. Examination of F igure 3 i l lu s t r a t e s 

the importance of the 3-eV source of e lect rons and the competit ive 

rotational excitation energy loss p r o c e s s to the overal l calculation of 

ionospheric D region e lec t ron gas c h a r a c t e r i s t i c s . Both of these 

eas i ly overcome the three body at tachment and e las t ic coll isional 



energy loss p r o c e s s e s when the electron energy i s high. The 

cha rac t e r i s t i c t ime of the dissociat ive at tachment process decreases 

with energy, however, so that as the e lec t rons lose energy by inelast ic 

col l is ions, the probabil i ty of undergoing two body a t tachments rapidly 

d e c r e a s e s . Calculations of average electron energy and o ther average 

cha rac t e r i s t i c s must take this factor into account o r they can only be 

considered as a l imit on the p a r a m e t e r studied. 

CALCULATION OF EQUILIBRIUM TEMPERATURE CHARACTERISTICS 
FOR D REGION ELECTRONS 

An approximate solution of the distribution function and mean 

energy equations for e lect rons in a p lasma, wherein the electrons 

suffer few collisions before loss by at tachment, was obtained by 

Chapman and Cowling (I960). The previous ly d i scussed re la t ionship 

between e lec t ron energy loss by rotational excitation and by 2-body 

at tachment at a 3-eV mean energy satisfy the following condition: 

E(mean elect ron source energy) 3kT(l + t . / 'Tr_)/2, where 3kT/2 

is the mean energy of the ambient gas and "X, andTJ, ^^^ *̂ ® 

cha rac t e r i s t i c t imes of at tachment and energy lo s s , respectively. 

The ra t io '^i/TT, is between 3 and 4 for the 30 to 100 k m ionospheric 

region. This express ion was derived for e las t ic energy loss ; however, 

the detai ls of e las t ic loss ve rsus rotational excitation l o s s are assumed 

to be roughly s imi la r because of the high density of available rotational 

energy s ta tes below 3 eV. Under this assumption one may-calculate 

the rat io of the mean equilibrium electron energy, E to initial 

energy E = 2. 9 eV from the express ion E = E (1 + T'l/ '^?^ 

(Chapman and Cowling, I960) as a function of altitude. Curve a of 

Figure 4 s u m m a r i z e s these calculations. 
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An important feature of this approach which indicates a 

dec rease of the actual mean electron energy is the assumption 

of constant at tachment c ross section as the e lect rons dec rease in 

energy through rotational excitation coll is ions. The c ro s s section 

var ies exponentially below the threshold energy; thus e lect rons 

which lose even e of thei r initial energy before attaching, will 

probably be lost to the at tachment mechanism. The exponential 

c ros s section behavior makes solution of a Boltzmann equation for 

the electron energy distribution function quite difficult unless further 

approximate conditions a r e specified. If one a s sumes that only an 

a r b i t r a r y fraction of the initial e lectron distribution exper iences the 

competitive a t tachment- ro ta t ional excitation p r o c e s s e s , one can 

calculate the equil ibrium energ ies . Figure 4 p r e sen t s the resu l t s 

for the following choices of this fraction: 100, 30, 10, and 3 percent . 

The left branch of curve a in Figure 4 r ep resen t s the dec rease in 

mean electron energy due to the decreas ing fraction of photodetached 

elect rons below 50 km. It is in teres t ing to note that even for a very 

smal l fraction of e lec t rons undergoing both energy loss and a t tach

ment, significantly l a r g e r t empera tu re s than the ambient a r e 

predicted. Rumi 's (1962) datum of 1200 degree e lec t ron t empera tu re 

at 40 km is nlotted on Fiojurp 4 as a point at R = S H = 40 Vm 

If this measu remen t is representa t ive of the dis turbed ionosphere, 

then essent ia l ly all photo-e lect rons at this altitude mus t be 

experiencing the competitive at tachment and energy loss react ions . 

That i s , the energy rat io , for energet ic e lect rons mus t be about 

20:1, if i t is a s sumed that 20 percent of the e lect rons produced a r e 

energet ic , and if the e lec t rons a r e produced at an average energy 

9 



of 2. 9 eV, and the reaction cha rac te r i s t i c t ime rat io is about 3. 7. 

This approach may furnish a new method of obtaining D and E region 

react ion or energy loss r a t e s if the mean electron energy and one 

charac te r i s t i c t ime can be found independently. 

EFFECTS OF ENERGETIC ELECTRON SOURCES ON THE CHEMISTRY 
OF THE D REGION 

The existence of a source of energet ic e lectrons introduces 

possible complications into the reaction chemis t ry of the D region 

of the ionosphere. Reaction of the photo-detached elect rons to 

produce unusual species before the i r eventual decay to t he rma l 

energies is possible , an obvious p roces s being dissociat ive a t tach

ment of electronegative species . Oxygen is the most prevalent of 

the species and can be considered the only significant contr ibutor . 

Examination of l i s t s of possible endothermic react ions (see Haaland 

i960 o r Nawrocki and Papa 1961, for example) show that only a 

l imited number of reactions a re likely and these involve species 

which a re much s c a r c e r than molecular oxygen. These a r e l i s ted 

in Table II and do not suggest any major modification of D region 

aeronomy theory, except perhaps the dissociative at tachment of 

water to form the negative hydroxyl ion as an inclusion of additional 

source of OH in the ionosphere. The contribution of oxygen formed 

by dissociat ive attachment of the oxygen molecule is a lso smal l in 

the D to E t ransi t ion region where downward diffusion of oxygen 

from the production peak near 110 km is important . In the middle 

and lower D region three body recombination of atomic oxygen at a 

ra te of approximately 5 x 10" T cm" sec" would produce an 

i n 



equil ibrium atomic oxygen densi ty from the dissociat ive at tachment 

7 -3 
source of the o rde r of 10 cm , which is much lower than that 

measured . Thus, this source of atomic oxygen is negligible compared 

with o thers and apparent ly produces no measu rab le effect upon D 

region composition. 
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Column 

h-km 

30 

40 

50 

60 

70 

80 

90 

100 

«C effective 
(1) 

3 .8x10" 

3 . 8 x 1 0 -7 

3 . 8 x 1 0 

3 . 3 x 1 0 

-7 

-7 

2.8x10" 

1 .8x10 

1 .8x10 

1 .8x10 

-7 

-7 

-7 

TABLE I 

RELATIVE STRENGTH OF ELECTRON SOURCES 
IN THE LOWER IONOSPHERE 

D 

^eN+ 
(2) 

q(photo q(photo q(collisional E 
Lyman ionization) detachment) detachment) D+ E+ F 

NeN+ 

6 . 8 x 1 0 3 . 6 x 1 0 2 .06x10 ' 

1.54x10-

1 .8x10^ 1.8x10* 

7 . 9 x 1 0 5.5x10" 

1 .0x10 

0(1) 

0(10) 

-1 

0.35 

0.42 

0.44 

0.44 

0.44 

0.48 

0.6 

0 .8 

6.0 

1.8 

0.6 

0. 14 

3 . 8 x 1 0 

8 .0x10 

9 . 0 x 1 0 

1.2x10" 

-2 

-3 

-4 

0.055 

0. 18 

0.423 

0.76 

0.92 

0.83 

0.37 (0) 

0.08 (0) 

H 

D 
D + E + F 

0.001 

0.0125 

0. 17 

0.625 

0.93 

1. Webber (1962). 

2. Nicolet and Aiken (I960). 



TABLE II 

IONOSPHERIC REACTIONS INVOLVING ELECTRON ENERGY 
THRESHOLDS LESS THAN 4 ev 

Reaction Energy Required 

O2 + e 

NO2 + e 

NO2 + e 

N2O+ e 

O3 + e 

Oj + e 

H2O+ e 

NO^ + e 

— > 

» 

> 

- ^ 

— > 

— » 

> 

— • 

o" + 0 

NO + O" 

N + O2" 

N2 + 0 -

©2 + O" 

O2" + 0 

H + OH" 

NO2" 

3.7 ev 

1.8 

3.6 

0 .3 

0 .3 

0 .2 

4 .0 

0 .2 
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