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Using a newly-dc veloped pulsed plasma probe , direct measurements of electron temperature
were performed within mid.Iatitude sporadie-E layers above White Sands, New Mexico. The probe’s
capability for unfolding density variations from its current-voltage characteristic made the tempera.
ture measurempnLs possible within the steep density gradients characteristic of ç~layers . The major
feature of the observations was the presence of an e,J,ect ronj~pspe rat ure gradient across the layers :
the bottom-sides of the layers were isothermal at ‘

~eI — 340’l( while the topside of each layer showed -~~ ,~ ,
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OBSERVATIONS OF ELECTRON TEMPERATURE GRADIENTS
IN MID-LATITUDE E -LAYERSS

I . INTRODUCTION

The underly ing mechanism for the formation of mid—

latitude sporadic-E layers by the convergence of metallic

ions to wind shear nodes (Axford , 1967: Macleod , 1966~

Wh i tehead , 1967) is found to account for much of the

observed data (Matshushita and Smith , 1972 and 1975). How-

ever , the temperature predictions of individual particle

populat ions in and near the layers (Hines , 1965- Gleeson

and Axford , 1967: Hooke , 1969a , b ) have  not been f u l l y

tested , largely as a resul t of inadequacies in diagnostic

dev ices or complementarity of payload instrumentation.

The work of Gleeson and Axford (1967), and Hooke

(1969) describe the processes tha t determine charged—

par ticle temperatures at E—region altitudes , and they

employed their results to estimate the influences of

electron density and ion composition on height variations

of plasma temperatures in mid—latitude sporadic—E layers .

They predict m inima in both T
e 

and (T
e 

— T~ ) within the

layer , wi th bottomside values substantially lower than the

topside (Hooke , l969a). The two cases described in detail
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h~ ’ Ilooke show that topside elec t ron temperature can exceed

t hat at the layer peak by at least 150°K whereas the

elec t rons on the bottomside can be isotherma l (within lO°K) .

I n the work of Hooke . allowa nces were made for variations

in the neutral gas t emperature tha t can accompany tida l

and grav ity—wave motions. He clearly shows tha t varia tions

in 1’ can p lay a ma jor role in the final height var iation

of electron and ion temperature through E5 layers.

In con tras t t o the works of Gleeson , Axford , and

Hooke , wh ic h allow Te ~ T , is the position that all parti-

cles below 130 km are in thermodynamic equilibrium , where

var iation in the temperature of the neutra l species is

aicompanied by identical variations in the temperature

of the charged particle population. To couple this concept

w ith a proposed mechanism of reversible heating by gravity

waves and tides (Hines , 1965’ Hooke 1969 a ,b) requires tha t

(han ges in ‘F cross an E layer be identified with the Te s n

~. a r i a t  ion produced by t h e  g r a v i t y  waves .

I n this work we present pulsed—plasma—probe measure-

m ents of electron temperature which show tha t substantial

t emperature gradients do exist within an E
5 

—layer . This

I t . :t  was collected aboard an Aerobee 150 rocke t launched

f rom White Sands Missile Range on 29 June 1974 at 2031 MST.

The payload reached an altitude of 229.5 km and up— and

downieg portions of the fligh t passed through blanketing

sporadic—li layers centered at 106.7 and 106.1 km .

2

. 1  -~~~~~~~-~~~~~~~~~~~ ~~~~~~~~~~ ‘- - - -~~~~~~~~ —-~~~~~- 
‘

- ~. ‘ ~ --



respec tively. The layers are shown in Figure 1 where the

flight profiles of relative electron density are measured

by peak electron currents collected by the probe . The up—

and downleg E th icknesses at the 0.1 ~ax point were 1.16s e
and .73 km with corresponding peak electron densities of

5 5 —3
3(10 ) and 7(10 ) cm . respectively.

W i t hi n t h e  E l ayers , the probe simultaneously measur-

ed changes in ambient plasma density and electron tempera-

ture w ith a spa ti al resolut ion of 14 and 300 meters ,

respectively. This capability made temperature measure-

ments possible within t h e  steep density gradients char-

acteristic of sporadic—E. This paper concentrates on

these temperature results , showing tha t the E
5 peak and

bottomside values of T
e 
were approximately equal at 340°K

but with the topsides showing T
e 
enhancements with gradi-

en ts as high as 340°K ’km. Before discussing the details

of these measurements and their implications with regard

to t heoretical concepts , we describe the experimental

t e c h n i q u e  and  a n a l y s i s  procedure .

I I . E X P E R I M E N T A L TECHNIQUE

‘I’he i n s t r u m e n t .  A p u l s e d — p l a s m a — p r o b e  (r e f e r r e d  to

as P3) was utilized for the simultaneous measurements of

e l ec t ron  d e n s i ty , t empera ture , and dens i ty  var ia tions . The

P3 is a L a n g m u i r — t y p e  probe w i t h  a spec ia l ized  e le -t r o n i c

procedure  for  genera t ing  cu r r e n t — v o l t a g e  c h a r a c t e r i s t i c s

3



in a wa y wh ich results in improved r e l i a b i l i t y  and expanded

ver sa ti lity  in laboratory, ionospheric and reentry plasma

s tu d ies (Holmes and Szuszczew icz , 1975: Szuszczewicz and

Hol mes , 1975: 1976a .b). Compared with conven t ional

Laugmuir probe procedures , the  P3 t echn ique  reduces sub—

st an ti al lv t h e  er ro rs  t h a t  can a f f e c t  d e t e r m i n a t i o n s  of

til(’(’ t ron d e n s i t i es  and energy  d i s t r i b u t i o n  f u n c t i o n s  when

probe s u r f a c e  c o n d i t i o n s  change w i t h i n  the measurement

1)criod (H i r a o  and Oyama , 1972: Sturges , 1973 ; Szuszczewicz

and Holmes , 1975: Wehner  and Medicus , 1952) . p3 diag-

nos t ic c a p a b i l i t i e s  ex tend  i n to  the domain of temporal and

spa t ial p l a s m a  v a r i a t i o n s  where  t he  technique a d d i t i o n a l l y

p r o v i d e s  a s i m u l t aneous  measu remen t  of d e n s i t y  f l u c t u a t i o n

power s p e c t r u m  and  d e m o n s t r a t e s  i t s e l f’  as an i m p o r t a n t

d€’ v i’e for in situ i n v e s t i g a t i o n s  of i r r e g u l a r  ionospheric
S t  i i i  t ur e s

The probe was a straight 16.4 cm l eng th  x 0 .06 cm

d i a m e t e r  t u n g s t e n  w i r e  e x t e n d e d  f r o m  the  pay load  t i p  on

a 57 cm long boom e l e c t r i c a l l y  t i ed  to the rocket potential.

‘I’he probe was s e p a r a t e d  f r o m  t he  boom by a c y l i n d r i c a l

— --n.. ) ~ t ia rd el ec t rode  of 1.6 cm l e n g t h , and bo th  the  probe and

the g u a r d  e l e c t r o d e  were swept w i t h  i d e n t i c a l  e l ec t r i c

p o t en t i a l s  of’ the form shown in Fig. 2 and spec i f i ed  by the

pa r ame te r s

4



T On 380 msec
5

( T  T
1~

) = ( 1O0~.is , 1900 ~.t s)

= (— 2 . 3Ev , + 3 . 0 2 v)

= O v

Is shown i i i  t h i  figure , t wo alterna ting modes of

probe o p e r a t i o n  w e re  employed . F igure  2A depic ts  a l inear

s a w t o o t h  v o l t  ag .. wh irh represen t s  the  c o n v e n t i o n a l  approach

to Langmuir probe o p e r a t i o n  w h i l e  F ig .  2B shows the pulse—

modulated sweep utilized in the  P3 t e c h n i q u e . The l a t t e r

mode employs a sweep of pulses which follows a sawtooth

enve lope . Bet~~u ’ n  pulses  t he  sweep r e t u r n s  to a c o n s t a n t

h a s I l i n e  v o l t a g e  t~~. The sequence of four pulses generates

1 our  d is t i rn t I — s data points for t h e  probe ‘ s c u r r e n t —

v o l t a g e  ( ‘ h , a I ’ a c t . . ’ l ’ i s t  ic . ‘[‘he f i f t h  pulse  is b lanked  ou t  so

t h a t t h e  eu r  l e n t  I (‘0 1 lee ted by t lie probe d u r i n g  t h e  i n t e r —

pulse  p e r i o d  ( ‘an  be m o n i t o r e d  an d used as a measure  of
Va i ’ i a  t ions  in  t he p robe—plasma  sys tern . These var  ia t ions

m i g l i  I I n c  lu (I c -h i a i i g e s  in the  probe—s s u r f a c e  condi  t ion ,

p lasma  I lu ( ’ t ua I ions , or r a p i d  va ri a  L i on s  in plasma d e n s i t y

as seen by a ~o ek et  or sa t  e lI  i Fe pass ing  t h r o u g h  an in—

h orn ogenou s  i o n o s p h e r i c  S t r u c t u r e.  The v a l u e s  fo r  T andon
T

B 
( i n s e t  F 1g. 2 )  were  chosen to  s t a b i l i z e  probe s u rf a c e

c o n d i t i o n s  ( h o l m es and  Szuszczewicz , 1975: Szuszczewicz

and h olmes , 1975) a n d  e s t a b l i s h  I }3 as a direc t measure of

t plasma density variations . Additionally, the rat io of

5
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r e f e r e n c e  e l e c t r ode area (payload  plus  rocket  b o d y)  to t h a t

.., I  t h e  sum of the  probe and i t s  guard  was s u f f i c i e n t ly

large  (— ~2 ( l 0~~) ) to g u a r a n t e e  tha t area e f f e c t s

( Szuszczewicz , 1972) would not p e r t u r b  the measurement

p rocedure .  The a r r a n g e m e n t  of electrical parameters In

t h e  5—pulse  fo rma t a l lowed the sampling of baseline

c u r r e n t  ‘B every  9 . 75 msec w h i l e  a complete I — V  character-

istic was genera ted  in 380 msec .

Analys is  procedure. For a probe opera t ing  in the

coll is ionless regime with applied electrical potentials

less than tha t of the ambient plasma , the current—dens ity

response can be written as

= N ejiii~ [ex~ (x v ) .j:i”— 1
~ 

($~ r .x~a)] (la )

a 
‘ 

( i b)

where x~ is the normalized difference between the probe

and plasma p o t ent i a l s , V~ and V r e s p e c t i v e l y ;  tha t is

e ( V  —v ) / k T  . (2 )
p p o e

$ is t h e  probe r a d i u s  R~ di v ided by the  e lec t ron Debye

length A 1 , T is the ratio of ion—to—electron temperature

1. -F . m is the mass of an elec tron, M . is the charged—
1 e e 1

norma lized ion mass M . = m 1/Z 2 
, and I . is the dimension-

less ion current defined by

N e  ~Ti~T /2irm
1 

I
i • 

(3)
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In  Eqs .  ( l a ) a n d  ( 3 )  t h e  q u a n t i t i e s  as y e t  u n d e f i n e d

are t h e  m a g n i t u d e  of charge of an e l ec t ron  e , t he  Bo l t zmann

c o n s t a n t  k , t h e  e x p e i ’ i m e m i t a l l v  observed  i o n — c u r r e n t  d e n s i t y

co l l ec t ed  by t h e  probe ,j - , and  t h e  probe area a which

co l l ec t s  “ e f f e c t iv e  ion cu r r e n t s ”  as a r e s u l t  of bu lk

plasma f low or p h o t o e l e c t r o n  emiss ion .  If  plasma f low or

pho toemiss ion  e f f e c t s  are i n s i g n i f i c a nt , I i can be taken

f ro ri  the  work  of L a f r a mb o i s e  (1966 ) , o t he rwi se  a dimension-

less fo rm of t h e  r e s u l t s  of W h a r t o n  and Hoegy ( 1971) can be

a p p l i e d .

If plasma p a r a m e t e r s  are  c o n s t a n t , s t a n d a r d  ana lys i s

procedures  (Chen , 1965: Boyd , 1968) can be a p p l i e d  to

Eq.  (la ) in order  to del ermi tie t he  d e c  t ron  t e m p e r a t u r e

and  d e n s i ty .  ‘I’htc p r o c e d u re  i n v o l v e s  s u b t r a c t i o n  of t he ‘ 1

c o m p o n e n t  f rom ,j  t o  e m p i r  i c a  l i v  d e l  e r m i n e  ,j (\ ‘  ) , t h e
C p

f i r s t  t e r m  on the righ t i i i  E q .  ( 1 ) .  E l e c t ro n  t er n p er a t u i~e
is d e t e rm ine d I i’om t ha.’ s lop e ol’ t h e  in ( ,j ) vs \ p lo te
a c c o rd i n g  t o  t h e  I C  Ia t i on sh i jl

C 
[ci t in ,j

e 
— 

k 
__i...v

~
._e_

j . ( 4 )

For probe J)o l ‘nt ia is grea t er I ha mi  t h a  t of the  plasma
(x >O) ( 1  ec I von ( ‘ I i  r r en  I w i l l  dom i h a  t e , and  th e  c u r re n t
d e n s i t y  t o  ( ‘y  i i  m i d r  ~‘a 1 e l ect  rodes can  be represented  by
(Chen , 1965 )

•j (
~ > O ) =  N ~ 

/k’I’ c___ i I

e p ~ P ~ (5)e 2 )f ~’.:
JC

7
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where

= ‘4- exp (\~~) [i - e r f( \ ~~)] ( 6)

1
and

1 2e r f ( ’t~~
2 ) =

~~~~~~~~

-‘--
/ exp (—t2 ) dt , (7)

For \ ~ 4 and \~ ~ 10 , Eq.  (5 )  may be w r i t t e n  as

/2N e 
____________________

~e ~~
4 )  

~~~~~~~~~~~~ ) 
\l(kT /2~~m )  (1 + ~~

) (8)

and

~e p ~~~
0) = V2/~

2 me Nee3
~

2
( V p

_ V
o )

~~~
2 (9)

r e s p e c t i v e l y .  An i d e n t i c a l  procedure can be car r ied  out

for spherical probes with appropriate relationships

substituted for Eqs . (5), (8) and ( 9) .  Exper im e n t a l l y,

t he  elect ron dens it y is determined by the slope of the

appropriate por t ion of the I—V characteristic that applies

to either Eq. (8) or (9). The l a t t er has the  advan tage

of’ T
e
_ indePendence.

If  the e lec t ron  dens i ty  var ies , Te 
and N can be

determined in the  P3 techn ique by u n f o l d ing the dens i t y

fluc tuations from Eqs. (1) , (4 ), (8) and (9) .  This is done

with interpulse measurements of ‘B carr ied out  a t  a f ixe d

potent ial while the net I—V c haracteristic is collected

along the sawtooth envelope shown in Fig. 2B. Selec t ing

8



so th a t 1~ is i n se n s it i v e  t o  ‘I (e . g .  a t  
~~~ 

>~ 1) , one

c a n  w r i t e

N = K I ~~ . ( 10)

r ) e n s i t v — n i o m a l i i e c h  probe c h a r a c t e r i s t i c s  can t h e n  be re—

c o n s  t i u c ’  I Cd f r on t  the raw d a t a  by  sub s  t i tu t ing N ref  fo r  N

ev i i ’ v w  a t e  i n  I ’q s .  ( 1)  t h r o u g h  ( 9 ) , w i t h

l u  f
\ ( r , t )  1f3

I 1~(r , t )  . ( 11)

In  pi’ac F icc’ , t h  is pr oce d ur e  i n v o l v e s  the  m u l t i p l i c a t i o n  of

raw  c u r r e n t  va l ieS on t h e  c h a r a ct e i i s t ic  by the ra tio

~~~~ I ) . The r e s u l t  is a c ur i ’ en  t — v o l  t a g e  cha rac  t e r —

is t ic t’ t ’ I ’ t ’r e i i t ’ e d  t o  a eons t a u t  p lasma d e n s i t y  N ief .

sc l i e  t io n of  I~~’~ is ar b i  t r a r y  h u t  genera  l i v  takes  on one

ol I h~ l u
_ v a  lw ’s ( o l l e c t e d  d u r i n g  t h e  genera t i o n  of  t h e

I — ’~ c h a r a c t e r i s t i c  b e i n g  a n a l y i e d .

I t  s h i i  1( 1 be po in  ted o u t  I h a t  t h e  p l a s m a c u r r e n t

~~ 1 l i e  t ~ d I ’ , a h ) r o l ) e  has a t u i mb er  ol ~ tt1 ) t le responses to

deiis I i y va r Ia I i OIlS wh li h we r i. no I. d iscussed  a b o v ’  ‘ . One o

‘~~~ l i t  se su b  I i~~t ie ’~ is  I t o ’  e f I cc I of  dens i t y  on t h e  v a l u e  of

fi a l l ( h  i t s  ~i 5 5 I) ( ’ i ~~ l t e d  i n f l u e n c e  on I . ,  l’hi s e l f  ec~ is no ted

h e re  on l v  t o  i ’  i ’ pi ses o h  ( 1I1 J h e  t eness because t he probe ‘ s

f l — v a r i a t i o n s  t h r o t i r h u t i t  t h e  ., ‘n t  i r e  1 1  i g h t  were  in t he

o r b i t a l — m o t i o n — l i m i t e d  r e g i m e  ( ( ‘h e n , 1965: La t ramboise ,

l9 ( i( ) a n d  I h e m t ’ t  w e  d i d  t i n t  a l t  or t h e  c u r r e n t  response.

9
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This was not necessarily the case for the reference elec-

trode (the payload and rocket) wh ich operated in the regime

10 fi 100. Reference electrode var iations in fi would

change its collected ion current j1 and ult imately its

floa ting potential. It has been shown (Szuszczewicz , 1972)

that such a fl—var iation migh t result in a change in the

veh icle ’s floating potential equivalent to -~ O.4kT /e volts .

Var iations of this nature were not present in the sporadic—

E appl ication reported here.

III . RESULTS

The payload was launched from White Sands Missile

Range (32°30’N , l06°20’W) , New Mexico , on 29 June 1974,

at 2031 ~
,lST (0331 GMT , 30 June 1974) and reached an apogee

of 229.5 km. The probe was deployed upleg at 102 km and

last observed ionospheric plasma on reentry at 90 km.

Figure 1 shows the up— and downleg profiles of relative

electron density der ived from the probe ’s sa tu ra tion

elec tron c u r r e nt col lec ted  a t the  max imum pos iti ve swee p

voltage V~~. These profiles locate the up— and downleg E
5—

layers at 106.7 and 106.1 km , respectively. Within the
I- - .

layers the probe operated in the pulse—modulated mode

(Fig. 2B), providing each complete I—V characteristic with

running measurements of relative plasma density every 14

meters .
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Figure 3 is an exp a n d e d  v i e ~ of P3 c u r r e n t s  and vol t -

ages  as the pa v load t i a  ve r sed  the E5— l a y c r  on t he  upleg

port ion o f  t h e  f l i g h t  t . P i n t  ted as a func t ion of a i t i t u d e

a i t  the t ie  t l o l l —  a n d  e lee I ion I ’ c u r r e n t s  (‘011cc ted by
p

t h e  probe  d u r i ng  v o l t a g e  pu l ses  w li I cli f o l l o w e d  the  s a w t o o t h

c u e  lop t ’  ( F i g .  2B )  . The base l i n e  c u r r e n t  va lues ‘B are

a lso shown a n d  r ep i e s e n t  samples  of re la  t ive plasma d e n s i t y .

S ince  the pr obe ’ s f l o a t l ug  p o t e n t  i a i  was a p p r o x i m a t e l y  1

v o l t  p o s i t i v e  w i t h  respec t to  t h a t of t he  p a y l o a d  ( t h e

t e l  e r ence  c lee t r o d e )  I~~ s amples  a t  V
~~=0 v o l t s  were coliec ted

i n  t h e  l o n — s a  t u r a t  ion  p o r t  ion  of t lie I — \  c h a r a c t e r i s t i c  a t

a pot cu t  ia 1 a p p r o x i m at e l y  e q u i v a  leit t t o  —2 5k l’ /e v o l t s

le  la t i y e  t o  t h e  an i b i en  t p lasma pot  emi t ia 1

I t e ( ’a I l Se  p lasma d e n s i ty  is a r a p i d l y  c h a n g ing  fu n c t ion

of a It  it udc ‘,c I thin the l a yer s , the c u r r e n t s  I~ and I~ were1 e

depe r iden  t upon t he loca l  demi s  i t ~‘ N as w e l l  as t h e  v o l t a g e

a pp 1 iecl t o  t h e  probe  
~ 

. IV i t  it ~ B 
prov  id lug  a measu remen t

of va r ia t jellS Iii N , t h e  1 (~~) ch ia rac t e r i st . ic was u n f o l d e d
C I’

I m m  the I ( \ . N ) da ta  by t h e  Inc I hod o u t l i n e d  in the pre—
e e

v i otis sec 11011 . ‘I’h emi ( l i i ’  ain b i ~ n t  eiec t i  ‘ii t e m p e r a t u r e  T
e

- 
pr ~as d e t e r m i n e d  in  I lie i t (  a r c h i n g — f  le l d  region ol’ t h e  probe ’s

ehiar a c t i ri st ic ( S i t ’  h’.q. ( I )  ) . Foi’ each I — V  cu rve , 1ref

was I a ken  t o he t ha  I ‘. a l i i i ’  0 1 1 (‘  loses t ( in  time ) to the

j )0  ~~il t w b t t  ‘ i t ’  i 1 I~ . t h e  va tue  the t ( ‘m ined f o r  T was
1 e e

; h s ( - r i l u ’ ( h  I n  t h a t  r t ’ f t ’ i t t i t ’ t d  h 1115 1 I ion , t h a t is , t h e  t ime

a n d  a I t  i t  t I d e  o h  t h e  I m t  lu g  p o t e n t  ia 1 (defined by I~~= I~~
)

ii



Resu l ts on the up leg tra ject ory y ielde d (T ,Z) =

(340°K , 106.4km ). (345°K , 106.7k m ) , 380°k, 107.5km) and

(5l5°K , 107.9km) with the last measurement made outside the

highest density region of the layer shown in Fig. 3.

Identical procedures were followed on the down].eg

passage t h r o u gh  a n  E5 layer  with the expanded—scale

currents and  v o l t ag e s  shown in F ig .  4.  Only two downleg

measurement s  were  ma de , y ie ldi ng ( T
e~~

Z)  = (345°K ,

105.75km) and (500° K , 106.52km). The values of tempera-

ture and alt itude shown within parentheses in Fig. 4 are

t h ose measured in the u p leg E
5—layer and superimposed on

t he  downle g prof i le by norma lizing to ident ical ratios of

N (Z).’N ( peak). Because of l imit a t ions imposed by

elec tromete r  sens i t iv i t y , rel iable measurements of elec-

tron temperature were not made in the trough region

(1 09km ~ Z 200 km) above the E5—layers. Above 200 km ,

values of electron temperature were between 850
0 and 10000 K.

W ithin the layers absolute values for Ne(Z) were

determinable from the slope of the density—normalized

sa turation portion of’ the I—V characteristics appropriate
-— ‘~~— 

p
to Eq. (9). Thi s analy tic al techn ique y iel ded electron

densities of 3(1ØE ) and 7(l0~~) cm ” at the peaks of the up—

and downleg layers , respec tively. All other values of N

within the layers can be scaled from the lB—prof iles in

Figures 3 and 4.

12



The d i f f e r e n c e  ill layer t h i cknes se s  ( 1 . 16km up l eg ,

0.73km downleg) is in agreement with the generally sys-

tematic downward motion of E ,~-layers accompanied by the

profile growing thinner and more intense (Layzer , 1972).

If in fact the up— and downieg observations were of the

same layer (the horizontal separation between up— and down—

le g E
8
—layer measurements was 60 km) , the average downward

drift velocity was equivalent to 1.8 rn/sec .

The major feature of our E observations is the
S

measuremen t of rather steep electron temperature gradients

across the layers shown in Figures 3 and 4. The results

show the  b o t t o m  s ide  of t he layer as isotherma l a t

T
e 

345’ K while the topside is acc’ompanied by a positive

gradient in T , resul ti ng in an electro n temperature of

5l5°K a t the top edge of’ the layer. This is believed to

be the  ve ry  first detailed observation of electron tempera-

ture grad ients within temperate latitude sporadic—E

l aye r s . Previous attempt s at direc t ‘F determin ations

(Smith . 1966: Auhrev . et al . 1966) wh i t h i n  E —layers
S

were n o t  as d e t a i l e d  as t h e  r e s u l ts  w i i c h  we presen t  here .

1 :t



I V . 1) I S ( ’ U S S I O N  OF RESULTS

a . C o u p l i n g  to G r a v i t y  Waves

In th is section we consider the implications of our

results fr om two po ints of v iew. The f ir s t  assumes to tal

thermodynamic equilibrium in the charged and neutral

particle populations . There is support for this position

(T =T
i
=T

n
) in incoherent radar scatter investigations of

the daytime ionosphere in the undisturbed region (no E
5
)

below 130 km (Carru et al , l967a ,b Eva ns , l967 Wand and

Perkins , 1968 , 1970: Wand , 1970: Salah et al , 1975).

Assuming  t h a t  complete  t h e r m o d y n a m i c  e q u i l i b r i u m  is main-

ta ined . electron temperature variations are traceable to

identical variations in the neutral species .

Var iat ions in neutral tempera t ure can ar ise from the

semiduirnal tide or shorter period (< 4 hrs) gravity waves

which presumably are randomly phased f rom day to day

(Har per e t al . 1976 Wand , l976~ Sa lah  et  al , l975 Hooke

l969 Hines , 1965). The semiduirnal tide however is an

unlikely candidate to explain our topside E observa t ions

since tidal gradients below 115 km are typically in the
~— 

p
ran ge l0~ /km~ dT c1z~ 2O~’ kin , a value hardly comparable to

the measurement . dc “dz>300° ~Km .

If one is t o  a s c r i b e  t h e  observed  T v a r i a t i o n  to t h e
e

influence of a changing neutra l parti cle energy distribution ,

the more plausible source is the shor t e r period gravity

wave wh ich is identified with the wind shears giving rise

14



to sporadic—E layers (lim es and (olleagues , 1974). Even

here , however , there a me 1) 101) leins I It  firmly es tabl ishi ng

the connec t ion . pa i t  i eula r l v  h ) ( ’ ( ’ a t l s i ’  t h e  da ta base on the

shorter period gra vi t v wa ‘~ es is  i rt ua 1 1 y n o n — e x i s t e n t  a t

night and u n d e r  (ond it i (1115 (if spora d ie— k

Typica liv the mid—la t i t  t i de  i iieolit ’ren I scatter radar

observations oi l’ (assumed equa l to T ) have been
1 II

conf ined to t he d a v t  im e ionos p I~e I * ’ because of lack of

sensitivity to the reduced elec t io n deiisities . Addition-

ally the radar measurements are influenced by T , , T T ,
1 e 1

ii . ( i o n — n e u t r a l  c o l l i s i o n  l re que iut ’v~~. and the relative
in

c o n c e n t r a t ion and  masses m . of  ioni c species . In the

referenced rada r ohserva  t ions  a u n m i  It a 1 <m > = 30. 5 a. m. u .1

was assumed.  Th i s  a s su m p t  ion leads to a 2’ e r ro r  in  t h e

T
1 

determina t ion if the molecular ion NO
4 

(30 amu ) is the

only heavy charged species present (Sa lah et al . 1975).

This sensitivit y ol’ the iada i measurements to the r n —
1

distribution is particularl y cri t i (’ai under E conditions

where  t he  d o m i n a n t  ions ( a n  hi Fe 4 (~~6 amt i  ) and Mg~ (24 amu )

A n o t h e r  d i f f i c u l t y  ill e s t a b l i s h i n g  e x p e r i m e n t a l

support for a di rec t c a u s e — e l f c c t r e l a t i o n s h i p  be tween

grav i ty waves a It ch o u r  i oI) s t r v a  I Ion s  is th a t our data

would imply a vertical wavelength 1 km. This is outside

the detection (apab i l i t Ii’s oh r a d a r s  whi ch typically

integrate over a 2.5-3.() kin r a ng e  a n d  r e q u i r e  0.5—1 .5 hrs .

fo r  a c o m p l e t e  h e i g h t  p i n 1  i h e  of  I t ’m p ’ ’ra  I a r t . As no d irec t

15
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measurements of  gravity wave parameters were made during

our e x p e r i m e n t , we can o n l y  specula te on the character ist ics

of such a wave  a t  t he  t ime  of’ our obse rva t ions.

b. Influences of’ Electron and Ion D i s t r i b u t i o n s

In c o n t r a s t  to the  proposition of total thermodynamic

equilibrium and heating by gravity waves , we discuss here

the effects of ion composition and plasma density on

electron temperature within art E5 layer. We present the

pred ictions of Gleeson and Axfor ’d (1967) and Hooke (1969).

extend their calculations to a multiple ion—component

plasma , and compare the results with our experimental

observations .

Following the work of Gleeson and Axford (1967) it

can be shown tha t an E5—layer with two ionic species n1

and ii (and assoc iated recombina t ion coefficients a1 and

a2), has an altitude—dependen t temperature differential

between electrons and neutrals given by

T —T 

+ (n 1 + n7 )  - kT

L~~~(t~~~o)
’ (N

e/N o
) (12)

T~ is d e f i n e d  as t h e  ene rge t i c  pho toe lec t ron  “ in jec t ion

energy ” (taken by Gleeson and Axford , and Hooke to be

8000°K), k is the Boltzmann constant , T~ is the neutral

pa r t icle tempera ture , N is the ionospheric plasma

16
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dens i t  y in  t It e a hse It~~P cii Wi nds hear • a iid

L*~ = l.55(1U~~~ )N (N2) :5(lo l B  )T — (10 16 ) J N (~~e e ( 13)

is the elec t ron-to-neutra l loss rate in e~ per second per

with the densities of N2 and 01 given in number per cm3

In establish ing Eq . (12) it was assumed that a1 >>a2 and

(n1 )~ >> (n7 )~ , t h a t is n 1 >> n2 in the absence of windshear.

These assumpt ions a re  s u p p o r t e d  by e x p e r i m e n ta l  obse rva t ions

(Johnson , 1968: Narcisi , 1968) which show tha t N - (a(n1 )
~

is primarily a molecular ion combination of mean mass near

30 amu (e.g.. NO 4 
and 03

f

) with a i’ecombination coefficient

f ~.25\

~ . 85 l5)  
—7 ,

‘4.2(10 )(300 ”l ) � 7 . 5( 1 0  ) (300 1 )cm see—e e
(Oppenheimer and Brace, 1976’ Oppenheimer , et al , 1976 :

Torr , et al . 1976). The second i o n i c  spec i es IL is atomic .

observed within F layers as a metalli c (pr i marily Fe~
’ and

Mg~~) with a very small radiative recombinatiou rate. ~~

3(l0 1
~ ) cm~sec

1 (Biondi . 1972).

If only molecular ions are prese nt Eq. (12) becomes
2 51

~kT’ 
— 

I 
ki

— 

2 e I 
, 

J 
. ( 14)

1 — 1  — 

* —n L (aN 3 ) I (N /N 0( I I  C

Figure 5 presents t h e  solutions to Eq. (14) for

alt itudes 100, 115 , and 130 kin , ‘I’ 200°K and 400°K .

aN0 3( 10 ~ See 1 and (3 2)kT’ leV .
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‘ t a t t l e  I . A l I t  U i ! ,  I ) 1~’HWtt l 1~~~~ 0) ‘ 1 O 1 , t , ( ’ t ’ l , . ’~it Nl ’ l ’I tOGE N
— - 

~~., y ~cm
’ 
~

A l t  i l t I ( 1 t ’  ~~~~~ I J I I I I

1( iO  2 ( I t ) ’ ) 2 . 1 ( 1 0 ’  ) �2 . 5( 101 )

iLt  

- 

1 . 1( l u~~ 1 4 . 2 ( l 0 1~ ) * 
~ 3 .4 ( 1 O 12 )

130 9 . 5 ( b 10 ) i . ) ( l ( t h l ) 9 . 4( 1 0 10 )

flie calculations assume t h e  m o l e c u l a r  n i t r o g e n  densities

shown in column I of Table 1: these densities result from

a lit to the original solutions 0)  Gleeson and Axford (1967)

at the same alt itudes . For comparison , the Table shows

t wo o t h e r  N2 distributions . The entries in column 11 have

been taken from [)algarno , et al (1967): they represent a

m o d i f i e d  J a c c h i a  1964 model fo r  quiet , und is tu rbed , m id—

la ti tude cond iti ons dur ing July 1963 at 1900 EST . (When

measured in terms of’ diurnal, seasonal and solar—cycle

in f luenc es , these con diti ons ident ify reasonably well with

the period of our launch.) In column III are the rocket—

borne  obse rva t ions of Hed in , e t al (1964) at Wh i te Sands

Missile Range on 6 June 1963 at 0730 MST. (The asterisk

in co lumns  I I  ami d III identify extrapolated values.)

At the al ti tudes in question we have neglec ted the

electron energy losses to molecular oxygen. W ith

N(O~ )~~0.2N (N2 ) and Te~
5O0°K

~ 
Eq. (13) shows this to be a

reasonable  a s s u m p t i o n  f o r  s i m p l i f y i n g  the c a l c u la t i o n s  and

18



subsequent discussions .

The m i n i m a  in the f a m i l y  o cu rves  shown in F ig .  5

and der ived from Eq. (14) occur at a critical density

r a t io (N e N
~~ c 

given approximately by

(
~

)
~=J~’ . (15)

The p r ed i c t i on  f o r  t h e  e x i s t e n c e  of a t e m p e r a t u r e  min imum

w i t h i n  an E — l a y e r  of  m o l e c u l a r  ions means tha t as one

moves i n t o  :i~ E
~~

— 1a y e r  f r o m  the  d e p l e t e d  regions ou t s ide

(T e
_ T

~~ 
should  decrease as Ne/N o increases .  If  the l ayer

were s u f f i c i e n t l y  i n t e n s e  so t h a t  (N N ) > (N /Ne o peak e o c

the difference (T —T ) would achieve a minimum at thee n
c r i t i c a l  d e n s i t y  ra t io and then b e g in  to increase as Ne/N o
increased toward t he  peak of the  layer. Care must be

exercised in e v a l u a t i n g  t h e  s i g n i f i c a n c e  of ’ t h i s  p r e d i c t i o n ,

particularly since high recombination losses may p r e v e n t

the  deve lopment  of ’ a p u r e ly  m o l e c u l a r  ion E5— l a y e r  w i t h

(N /N ) > 7 . A more realistic approach includese o peak
m e t a l l i c  ions w i t h i n  the  l a y e r .

To d e m o n s t r a t e  t he  effects of metallic ions on

E5— l a y e r  tempera t u r e s  we assume a n  ion d i s t r i b u t i o n  t h a t

conforms to

= N~ 6 ( N —N ) (16)

and
N = n 1 +- i1~ (17)
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where  appropriate selection of 6 will allow either an

enhancement (ö> o ) or d e p l e t i o n  (6< o)  of the  molecular

species w i t h  t h e  l a y e r .  W i t h  these assumpt ions  Eq.  (12)

bee omes

kT ’ x ( ~~ 1) e 
- kTe ( 18)

T - T  = J
e ri

L (a1 N~, ) 1 (N
e/N o

)

a
where A 6 ( 1 — ~z~- )  . ( 19)

So lu t ions  to Eq.  (18) a re  shown fo r  fou r  cases In Fig.  6

where the r u n n i ng  pa r ame te r  A demonstrates the effects of

ion d i s t r i b u t io n  (A ~ ô fo r  r e a l i s t i c  values of a2 /a1

(~~10’
~ ) ) .

The case X= 1 represents a purely molecular ion layer

where a temperature minimum occurs at modest values of

N / N . As A decreases , the contribu t ion of metallic ions

to the  to t a l  plasma de ns i t y  increases , and the locat ion of

the  t e m p e r a t u r e  m i n i m u m  s h i ft s  to higher values of Ne/No

according to the approximate relationship

p

/ N  ‘~ ‘T~~~ i~) =, Jx e (20)
o c

E q u a t i o n  ( 2 t ) )  a p p l i e s  f o r  a l l  X> o . For  A �o t h e re  is no

m i n i m u m .

The case X’—o r epresents the transition between

molecu la r  e n h a n c e m e n t  (A> o) and molecular depletion

20
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(X<o) within the layer. The l a t t e r  case is perhaps  more

representative of an actua l F condition , being in agree-

ment for example with Young, et al (1967) who found

molecular ion concentrations greatly reduced within the

l ayer .  In  c o n t r a s t  to the  case of t h e  pure  molecu la r—

ion layer , t h i s  s u g g e s t s  that predominately metallic layers

w i t h  molecu la r  species dep l e t ed  by enhanced  e l ec t ron

r e c o m b i n a t i o n  shou ld  h a v e  t h e  t e m p e r a t u r e  m i n i m u m  i d e n t if i e d

with the layer peak.

To compare the pred ictions of t h e o r y  w i t h  our results ,

the upleg—E profile has been smoothed and presented at

the bottom of Fig. 7 in t h e  N ~N vs Z forma t . N has
0 0 0

been defined by t he l B_ l e v e l  in Fig. ~ in the  region

107 .5�Z�107 .7. This  d e f i n i t i o n  and the  a n a l y s i s  procedure

detailed in Section 2 yields N- =2 . 2 ( l0~ ) cm ’

The d i f f e r e n c e  be tween  measured  va lue s  o f T  and ane
assumed n e u t r a l t e m p e r a t u r e  of 30)) K is p l o t t e d  a t  the top

of F ig .  7 , w i t h  open c i r c l e s  r e p r e s e n t i n g  upleg  d a t a  and

solid circles r e p r e s e n t i n g  downleg va lues  norma lized

a p p r o p r i a t e l y  to Ne/N o~ The error  bars i n d i c a t e  bes t

estimates of Inaccuracy in the ‘1’ values . ‘I’he estimate
e

stems f rom c a r e f u l  s c r u t i n y  of M a x w el l i an  f i t s  to re tarded

electron curren ts in the reg ion (~ — l ) < \ �( \ ~. + 4 ) .  The

subscript “f” identifies the floa t ing potential. The

lowest measured value of  ‘F was 340°K and (lie largest

estimated error was ± 152 K .  W i t h  the  P3 procedure

21



ab i h u n g  p ro be  s u r fa c e  c o n d i t i o n s  no error  was

i d t n t i f  i i - ~ w i t h  poss ible  m e as u r e m e n t  d i s t o r t i o n  by con—

t amin ~i t  i o n  t ’ f  f e e t s . The select ion T
n
=300°K is arb itrary ,

‘~u t ( ( y e ! ’  t h e  a l t  itude tange 106 to 108 Km it is consistent

‘~ i~~h t I e  lo w er  t l i er m o s ph er i c  t e m p e r a t u r e  r e s u l t s  repor ted

b\ -~a lah  and  ~%aud (1974).

(tie t op  of F i g .  7 includes the predictions of Eq. (18)

t o e  tie patainetric cases detailed in Table 2. Curve “a”

is t h e  result 4) applying t h e  p a r a m e t e r s  and loss terms

~sud by Gleeson and Axford (1967). The G—A entry in

a t I e  2 id e ntities tile extrapolated density distribution

w h i c h  t o l .l o ws f rom ‘I’able  1, c o l u m n  I .

Tn Ii Ic’ 7 P ,\L’ “u:TF :R S ~ThLI-T~1’ED FOR TWO—SPECIES PREDICTIONS
W I T H  A 0 A N D  T =300° K

11

— __________________________

CU 1~.”~E 
___________Pa en a’ t i i ’  ~~

“‘ “ “

~~~ 
-
~~~~~~~~~~ 

__________________________

c~ N - [see 1 i 3( 10 2 ) 1 2 ( l 0 2 ) (300/T )

-. —~~~ p E N 2 ’J G— A 0 . 2 G—A

L Eq .(l3) Eq . (21)

~k’l” [eV 1 2.02 c’
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Curve  “h”  represents ad ju stm en t s in t h e  p a r a m e te r s  in “a ”

As de tailed in ‘fa ble 2 . ti le ad ,jus t unen ts include:

i ) The use o f a more r ecen t  a n a l y t i c  r e p r e s e n t a t i o n

for electron neu tra l losses (Ban ks and K o c h a r t s , 1973;

Da lgarno , 1969) t h r o u g h  N 2 r o t a t i o n a l e x c i t a t i o n .  This

new loss term is g i v e n  by

L E 2 . 0 ( l 0 1
~~ ) N ( N 2 ) , /~~Pi~~ (21)

with an uncertainitv of a factor of 2.

ii , The increase of the elec t ron injection energy

~kT
’ from 1eV to 2ev . This allows the upper bound on T’

to extend beyond the l.5e~
’ cut—off ’ identified with vibra-

tional excitation of’ N2 in t h e  energy  cascad ing  process of

photoelectrons (I)algarno . et al , 1963 : I)algarno , e t al ,

1967 : T i m o t hy , et a l , 1972). When one includes energy

transfer to therma l electrons from vibrationally excited

N2 , the greatest uppe r bound ~ n ‘I ” ex t ends  as h igh  as

5eV (D a l gar n o . et  al , 1963).

l i i)  A redtic t i ot~ i l l  (i~ N - I ’ r um 3 ( l0~~’ ) sec 1 
~

1. 2 ( 10 ’ )s€’c ’ in ‘)rch’r to ret lee t a v a l u e  more in keeping
p —7 ~- — 1

with exper i men I a 1 c’omici i I i o n s  ( i . e . , ~~ =5 .  5 ( 10 ) em sec

N~ =2.2 (l0~ )cm
’ ) .  (‘ase “0” a lso reflects temperature

dependence in the i ’eae t i on  ra t o  cue  f t  j  c (‘li t ~~ , in

accordance with Biondi 19721 , ‘l’orr , ci a l  r 1976 , and

Oppenheimer l970 .
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j y ) A it  a d ,j us t une !! t in m o  lt.~c u Ia r Ii i t  rogen den s i t  i es

w(~ i (‘ii I ! ’ I H i~ S m o d e l  p i ’ t ’ u I  j e t  ionS w i t  ii i n  t lie r a n g e  of our

‘~~~ a sur e !u ( ’u l  t S

i n  eva Iua 1 i ng  t he t i t e o r e t  ica 1 curves , we note that

ear  (‘. eou Id ha~ e’ been genera ted I rum an tin I i  m i ted number

ci I pa ra Ik ‘ t i (‘ counbi iia t i oils . ‘(‘ii is l ack  of U n i q u e n e s s  ill

I e fl ’O( iP 1 p mcd 1(’ t ions imposes some cons t ra i n i t  S Ofl

( ‘O n C  1 ns I S  d r a w n  1 r um  compa r i s o n i  w i t  ii e x p e r i m e n t a l  r e s u l  t.s

For  • ~‘a ‘up I c  , I t i ’  ( ‘ ( 1 0 1( O S  for T and N2 in  Case “b” we re

si lee ed t o  i m p r o v e  t h e  fit between t h e o r y  and  experiment

~~~S ’  same  p ar ar n e t i’m’ s could be just ifiab ly altered to

produce  s o l , u I  i ons t h a t  a re  i n  lesser ag reemen t  w i t h  our

m ’ u’sul t s . ( l V e  n o t e  t h a t  the N2 densi t v  of ’ Case “0” r ep re—

s i ’n t s  art (‘x (’ursjon wit i (’h goes beyond exist jug information

on t e a t  m’ a  I den s  i I v yn i’ ia t i oti s a I 105 km (See e . g . Faucher

a u l  M orr  i ss i ’v  . 1971) . The quat i  I i t  a t i ye agreement is

I ( - l i t o r e  qua  l i t  ii-d l)ecaUsc of a n  i n c o m p l e t e  d e t e r m i n a t ion

ol a l l  • ‘ X i s t  m u i ’ .~ eoni d i I ion s .

t~ i h o t  I iO ’A ’ l ’ , ( ’ l ’  . t ita t l i i i ’  mos t s i g n  i f i c a n t  f e a t u r e

o f  I t ’’ d a t a  i s  t h e  5 1 ( 4 ’ ) )  gradient in (‘l(’(’troil t emperature.

‘l ’h ’ -  m e a su r e d  t i ’ m p i ’ r a t u t ’ .’ gradient is rea l , an d  i t s  r e l a t i o n —

s ) i i ~ t o  a ( , l e , ’ s o u i —  \xford mo del is the substance of F igure

7 ,
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Si

The first icinospher i c a p p  i i  ca I ion of a new 1 y—deve loped

pu lsed—pla sma—p rolo ’ 1.5 d e scr i b e d  in a i t  e lee Ir o n  tempera ture

S t u d v  of mid—la l it ude sporadic— F . ‘flue major new result

was the def m l  t j  V i ’  (u i ) s (  - m ’ Va t ion of  aim e lee t ron t e m p e r a t u r e

gradient across the la’;ei’s . Laveu ’—peah a n d  b o t t o m — s i d e

valu es o f T  were  ap pm’ ox ima 1 el y * ‘qtia 1 a t  340 K b u t  t h e

tops ide  of each la v e m ’  s howed  t em p e r a  lur e i n c r e a s i n g  to

515~ K as t he e it’d i on  del is  i t  V d e t ’ r~ ’ased w i t h  a l t  it u d e  to

the u n d i s t u r b e d  auth i c ut  t . — u’ i ’g ion Va lute .

The (‘ Ice I r o lm  I ‘ u u p i ’ i a  I 1 !i’ i ’  o t t s i ’ i ’v a  I ions were ( ‘ompared

w i t h  t i t ( ’  I h e o i ’ e t  H a l  p t ’ e ( h i ( t  l o u t s  o f  ~ra ’~ l i v  w a v e  t e a t i n g

as w e l l  as w i t h  pr~’d H’ I ( ‘ ( 1  ‘ t  l i i  I s  o f  v a r i a  t j o lt s  l i t  b u t  ii

e l ect  ron densit y a n d  i o n  compos  i t  i i i  W i  iii I i i  I lie sporad i( ’ —

F l ay er  i t s e l f . W i t h i n  i to ’ framework u f  p l a u s i b l e  a t m o -

s p h e r i c  v a r i a t i o n s  U I ’ !  I n i ’  u u & ’ r l u a i t i s m  con  1( 1 he nit iouely

ide n t i f i e d  w i t h  t h u  o i ) s e rVa I i ~n S .  i ’ i n a l  a n d  ( ‘Ohi ( ’lI , l S iV e

a n a l y s e s  r e q u i r e  s i m u l t a u t e i t  y i n  t i m e  m e a s u r e m e n t s  of  N e
T , ‘I’., ‘1. , a n d  ‘I ’ w i t  ii spa t j a I ri ’solui lout mul (’h greater
e 1 1 It

than currentl y availab le.
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I”it i -  2 - - (‘c. tntj nuous and niodulat.’d sw ’s’~ modes of i t r u I ~~’ opera t ion,  The continuous ,
linear sweep represents the conv ent ional  approach whil e  I i i . ’  rn o d cmla t n ’d sweep schemati-
cally presents the pro -s ’dure of th . ’  I t t I s n ’ I p l a s u m i a  probe p t j t ec h i im t u m e .  The Pulses
were applied at a 512 set’ - ru in - , a l l ow ing  for I ¶ 13 i nhI ~~’s d u r m n ~z the v o l t  a~s’ sweep he—
twn ’e n \‘ - and \‘~ ‘I’h s’ ins et  is an - \p anc i s ’d  scale of l w  td jac. ’nt  pulses

p
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downleg F5 -layer. ‘I’he values ‘I’,. shown in I ar. ‘ m i t  hi,’sn’s were (lets’rrnimln’ (l in II..
upleg layer and superimposed on the down ln ’g profi l e  l v  m d e nt  if ica l  ion wIt  Ii iden-
t eal ratios of N ,, / N,, P 5 ’mlk 

- Values of I~ ~ ‘F sr est ’n t thin’ density profil e wi th in  t lie
laye r.
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For ~‘< 1 , ~s + I td en lt Its’s a pur.’Iv mol ecular  ion la er ,-\s X becomes

— less t h a n  + I l i t ’ con t r ibut ion  of r n , ’ l a l h t s ’s becomes t m n r . ’ as mm igl v  more im np o r—
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panied Is v mo l s ’, ’u l ar  ( l s ’ l ) I . ’ I  oi l -

37



p 
- ‘ ‘ ‘ ‘

~~~~~~~~~~~~~

106 0 065 07 ,0 07 .5 08

ALT ITUD E 1K M )

Fig. 7 Comparison between experiment and theory , The N ,, - N profile is
s ’xper inwnt a l - i ii. ’ open—circle and solid-circle data present Iii .’ UI) - and
dow nleg ‘I ’ , , measurements , respectively . The (hi ff er en ( ’ . ’  ‘l’ ,, 

~~

- ‘I’ ,~ ) assumes
= 300 K across the layer, (‘ond 1tio ns for theoretical curves a . and h , are

p presented in Table 2.
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