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The 12 November 1966 solar eclipse has been modeled by a large multi—
species chemistry code and the results compared with the numerous cx—
periinental measurements which were made at that time. Good agreement
between measured preeclipse values of electron density and code—
pred icted values i. obtained when ionization ‘~y precipitating electrons
from the radiation belts is included . The current gas—phase ion chem-
istry does not predict the rapid decrease and subsequent reconstitution
of the electron density about totality in the 65 to 85 km region 1 nor
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does it  produce the large amounts of negative ionsi about 70 km which
can be inferred from the experimental data. While basic Constraints
can be placid on the electron attachment processes because of the ex-
perimental data , an entirely new class of physical processes may
possibly need to be included to explain this phase of D—region behavior.

Comparison with experimental data provides a means of validating the
basic atmospheric modeling computer codes which are used a. input for
Army communication system. and in the Army nuclear weapon, effect
community .
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INTRODUCTION

Theorcttcal models ot the D—region have increasing ly relied upon com-
pli cated computer code simulations of the chemical kinetics and photo—
chemistry of  the region. Recent progress in develop ing fl—region models
and some of the problems inherent in verifica tion of the existing
models have been outlin ed by Sechr ist [1~ and A i k i n  [2). As both
authors point out, progression of the’ complexity of  fl—region models
from the traditi ona l lumped I)ar~~ I’ter models (which require only single
positive and negativ e ionic species pius electrons) to the multispecies
codes place s an almost impossible task upon the experimenter who seeks
to verif y su& h codes. Nevertheless , t he fa ilure of lumped parameter
models to adeq~ atol v describe the behavior of the D—reg ion under even
the most controll ed conditi ons imposes the requirement for development
and vet iticat io n of more ph ysic ally realistic kinetic chemistry models.

T h i s  r e por t  p r e s e nt s  the  results of a study wh i c h  was under t aken  to
pa rt ia ~v ‘.er it y the 1)—region che’nistrv code known as I)A IRCHEM (acronym
f~’r fl—re gion air che’rtst r~ ) which models the’ effects of t i m e — v a r y i n g ,
n.itur .il y oc curring icnl.atlon sources on the chemistry of a parcel of
s i t  in the middi , atmosphere . The emphasis is on the ion chemistry

~ t th sutti . rent neutral chemistry to stake a self—consistent model.

Aik in 12 1 has pointed out that verification of 1)—region models requires
data on not only the’ spatial and temporal distributions of the ambient
ion and neutral species , hut .ilso on the ionizing source f u n c t i o n s  as
well. The’ data base used In this studs’ consists of an assembly of
ion i:ing source data and models and It—region data obtained from a wide
variet y of xperimcntal measurements mad e during the 12 November 1966
ceJ ip se .  A p relim inar y study which gathered these data , placed them
in .i corw~on coordinate system , and defined the ionizing source func-
tions , was c onduc ted by Sears I 11.

Lempa r isons with experimental data provide a means of validating the
b .islc modeling computer codes which are used as input for Army communt—
cation svstt’ms and in the Army nuclear weapons effect community . In
addi t ion, such comparisons are a means of assessing what fur ther ex-
periment al measutements must be made to provide data to improve already
e x is t i n g  computer  codes.

The organt~ atien of this report Is as follows : “Ionospheric Measure-
ments” desc r ibes  in detail the 1966 solar eclipse experimental measure-
ments  of p o s i t i v e  and n e g a t i v e  ion dens i t i es  versus a l t i t u d e  and t ime .
“fl-Region 1oni .~ing Sources” defines the ionizing source func t ions
appropriate to the circumstances of the ecli pse , and “Description of
the DAIRCHEM Computer  Code ” b r i e f l y  descr ibes  the DAIRCHEM computer
code. Under  “Comparisons of DAIRCH EM w i t h  the 1966 Eclipse Data
Base...,” tue ionizing source functions are incorporated into the
I)AIRCIIEfl code and the predicted ion and electron densities are com-
pared with the experimental data.
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Dat ~i Sou t  es

~‘tany ionosphe rio measurements were made i n  l3r~u ii m d  in ot h e r ~out h

~m er i c an  countries on t l i t  path i tot a l it v ~t th e ’ l9 t~t c I i j s e ’ . l i ~
large r por t  ion o t t hese  measu r ornen t s • h.’we’v~ r , w~’ r 1  mad~’ 1 ti d I v d ua I I v
and not in coord m a t  ion w i Ii o t lie r ground , a i r o rat t , ‘r i ’  k e t
launched e x p er i m e n t s , and hence  a re ’ 0 t on I V t iom i n.i I v i i  Ut ’ t t ho i —

ent  a n a ly s i s .  The I )e fense  Nu .  l e ar  Agene v ( l ) N A )  t rme r  l v  [~~~ i en s o
A t o m i c  S u p p o r t  A g e n c y )  s u p p o r t e d  exper  lit ton t s , p 1 us t I io ’.~ ‘I N i t  I .n a  I
Aeronau t  lo s  and Space Adm in  I st  r at  ion  ( N .-\S.\~ • e t td  I a I l i t  a .  i i  I an  .~~ j .  r I —

men t ers wit Ic it We’ r e’ ca r  r i ed ou t  in  t h , V i t . in  i t  V ~ I he R i o C r  e t o
launch compl ex , were c lOSt ’ lv coordinated w i t  ii c i t e .tno t h e r  ~t t t d  i t t !  I p r o—
vide  the major t r a c t  ion t t t  t h e  d a t a  w h i . I t  w i l l  h~’ . I o s c t  i h e d  . tu ~i
summar ized  in t i t i s ~ie c t  ion. I’lte’ e xp e r  i m . n t  s w h i c h  i r e  .‘n s i I . ’r . J  i i i
detail here are summ a r i .~e’.I in ab lo s  I ~i i t d  2 .

Three  c lasses ot data exist: g t o u n d — b . e s d and i r c r a t t  — b a s e d  ~~
-

men ts o 1 ~ l c c t  ron dens it v ver ~us .~ i t  i t ude w h i c h  .i t ’  t ie ri v.d t I rn
ana ly ses  of propag ation c i t  ‘cts; i t t — s i  t c i  Iue~tsureme ’tlt s ot  e l o t  r o t i
d e n s i ty , p o s i t  iv,.’ ion  dens it v and sp .cics comp .~ i t  io n , .11 1.! ci oc t  i o n
t e m p e r a t u r e  wh b i t  were c~l r r ied on rocket — I .iunc hod p robes; . itt .!  t o k o t  —

t o — g r o u n d  propiig.iI ion t’xper intents whi - it v i .  1d~ d a t  t i tude pr ’t i los
electron density, in thi s port i o n , t h e  auth ors tak~’ ~t d v a n t a . .  ‘t  t h e
redundancy ~t~’ .c i  labi e ’ in t he ’ e’Ie.tr ott densi t v  d a t  .i t o  i t  t e m p t  t o  pr o~ id~
a best—fit to t h e  t ime and altitud e’ . a t i . i t  ions  ot . h t ’. t r o t t  d e n s i ty
dc’ ring the cc 1 ipse. Because’ di I e t  ott t rno.is utemc tt t t 0. h U t  i q u~’s h av t
d i t f e r e n t  an a l vt  i cal  and emp iri ca l s o u r ce s  ot . r r o r , .i .onihiitat i on  ~~I
two or more sources of data should in r r  in c  ip le v i e  Id  t e s u l  t s wit i . ! t
ar e more t ru l  v r ep resen t  .i t i ye o the I)— rt’g ion dci r I ng t lie cc I i pse ’

E e l  i pso Coordinate System

The p r i n c i p a l  d 1f f  icu l t v in combining data f ron ground , .t i t _ c r a t  r , and
r o c k e t — b a s e d  measurement  p l at  f o r m s  is t h e ’ a c c u ra t e ’ spec  it i cat ion 01
t he i r  locat  ion w i t h  respect  to a common e’c i i  pse or i ente’d coord i n t  to
s vs tem . To p roy ide the commo n coord b ut I . ’ s vs tern roqu i red , a s vs em
u t i l i z i n g  the fewes t  number  ot independent var jab les  poss ibi e was
chosen . The s i g n i f i ca n t  v a r i a b l e s  a r e  a i t  i t  ude 

* 
e ’C i i  pse t ime , , i t t t l  t h t t ’

d u r a t i o n  of t o t a l  i t v  .it the  chosen ~i It  i t u d e .  h o  I Ip S e  t blu e’ is spec i t  it ~.1
as seconds b e f o r e  second c o n t a c t  or seconds after third .‘ont act t or
measurement s  out side totalit y , or as seconds a t  t or second con tact , l f le 1

d u rat  ion of t o t a l i t y  fo r  mea surement s  w i t h i n  lot .t i  i t  v

The locat  ions of the t r aj e c t or i es  of several  DNA and NASA sponsored
rockets  w i t h i n  the  a l t i t u d e — t i m e  c oo r d i nat e  sy s tem ‘ire plot ted in
fig. 1. T r a j e c t o r y  i n f o r mat i on  f or  the  NA SA r o c k e t s  in t h is coordi-
nate system was taken from Mecht Iv et ~il. [4] . This coord inate system
. t l I  OWS Oflt ’ I t )  . iV~ ’ I d t h e ’ p r ob l e m  of  b c  it  i on .‘ I the tia t a i it to I i i t t  a 1
coordinates at a given altitude within the eclipse tot alit y because the
pertinen t coord inates are time after second contact and the duration 01

— -  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ,, ... ~~~~~
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f r em re’....t’ v ’h i u ur  i n g  t i ~ *‘C I i m ’ .~.e inc iud~ : L~in g mu i r  p r obes
sub so n i C ’ b Un p ~‘i ’ ~’ , d i m a  r k ’’. — ‘.- — at e n d  p rcpaga t i en in’.’ a su re n’ent s
to  :a I ib r~ i t e t lie I ~u : ’mu L r a r o b e  n.~ i s ur e r t ’n t. s [

~ I . C t  her e x p e r i m e n t  ir s
sed a b s . ’l ur _ e ’ i b e r a t e r v  c a l  ~b r a t  ions for probe 1~easu:c r.~ents I ~~~ - In

eac h case ’ , c~’n~: I t  t ’ . f l~.. r a ’ .  x~~st  ~a ’c r e i xu :h e ’ ‘.‘a i br a t i c ’n s  adopted f or
the L~uitgr u i r a t  ch t ’ ~. dii r i n~ t hi’ cc i p se nay he’ ‘ r r cnc’.’us . In  add it ten 

*

prcpa~ at  j O t )  e’X~)e’I i n ~~n : s  whi ch ~ite analv :’ed on the basis ‘.- t  a str i ctl y
her i .- ‘.~~~t ~ ~v St r a t  t e d  o n e s m ’h e ’ r e , i~nc r i n~ h ot  j  zen .  t a I ‘.‘r teii tp ora 1
v a r : a t~~ens  in  e l e c t r o n  ~~t’ f l S 1 t V , r.auV ~u l s c  be in error. In t h e L’dSt

notice ii pse ‘.end it Lens 
* 

n a - s t  o f t h e  t.t’~l surcm’.’n I techni ques p r od u c e d
C I ’ .’sc ’.’ 5 1 _ m i  I d !  ne~iSuN’r1Cnts ‘. ‘t  e l e c t r on  dens ity versus alt i t u d e  w i t h —
in the pr ob ab le errors ii: tlmetr rL ’s t - e c t  l V e ~ calib rati ons . Figure ~

I lu s t  rate’s t he h a c k c~r o i i i i t i  01 cot  I’ ’.’!) d e n s  Iv  ‘. etSt S a I t i t u d e’ curves
ob t a i n e d  by t me ’ var i1’ t v o f r eck ’.’ th ’orne ’ p r ‘.‘.l ’.o seinrza r i a C I a tab Ic I
As s ewn t~ t hi ’ 1 i gur e  , ire’s t nods u r e n e’n t s ~it ’ ’.’vt  about C km agree
w i t h i n  2C p e r c e n t  or se t o t  t h e’ b a c k t ~r ’.- u n C  c c n d i t  l e n s .  Bel ow 7C km ,
b urm t p r ob e - d at a  a p j ’e a r  t a  d i v e i g e ’ t rcr- the 4’thcr results. flui~ dt s—
c r epanc v  has n o t  b e e n  Invest i aated in  d et a il . To emph as  I ‘e the pos 1—
t iv e ’ a sp e c t s  et  t h i s  coiap ~4 t i s e n  .a~ v a t  i .’us experimental t e c h n i ques ,
th e’ NASA L a n g nu i r  p r ob e  d a t a  ~c a i  i b r a t ’ .’d 1-v p r o p a g a t i o n  d a t a ) , the
B a l l  i s t  Ic  R e s e a r c h  1 . a h o r at o r  j e ’s ~l R L ’~ i c~ I rc ’ .~u e n c v  t L F ’t p r op a gat i on
e x p e r i m en t , and t he ’ B R I  L a r . g t n u i r  p r obe  r ’easur ements  of e l e c t r o n  den—
si t s ’  a l l  ag re e ’ ~ t ’evc a b o ut  m ’ ’  kin w i t h i n  t h i ’ir  e’ xp e r i r i en t a l  e r ror s .
Be I C’U t’ S kin , wher e ’ t he t ’I e ’ ’.’ t ron C ens i t  v is  siva 11cr than  1CC crc’ -‘ , the
i n d i v i d u a l  e x p e r i m e n t a l  e i r o r s  ar e  as l a r g e  as a f a c t o r  of  3 or so ,
t h u s  e st  it na tcs  ‘.‘t  the 4ihs ’.’ lu t e ’ 0 1 e ct r on  dens it \ ’  c u r v es  below this
level may poss ess relat  ive ’l v  large ext’er i n m e ’ l ’ t a i  e r r o r .

The most significant data which were derived by this studs’ , a f te r
p u t t i n g  all et the rocket probe ’ data on a cotinnon e c l i pse coordinate
sys t em , are Illustrated In fig. 3. The electron density versus tine
measuremen ts at selected altitudes between ~0 and 90 kn~ are depic ted ,
u tilizing all of the available rocket probe and rocket—to—ground
propaga tion data. Three signi ticant features are to he noted in this
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hen ce their ionization pro file is proportional to atmosp heric neutral
particle densit y at higher alt i tudes. Heaps [13] outlines the deriva—
tion of the ionospheric ionization rate due to GCR and presents an
empirical formula which describes the geomagnetic latitude and altitude
variation of the ionization source strength.

The CCR ionization source intensities below 60 degrees magnetic lati—
tude at solar maximum and at solar minimum are deacribed l’v:

Q(GCR : S.MAX) — (174 + 1930 sin4 t~ x j o_20 
N

Q(GCR : S.MIN) — (174 + 2840 sin4 A) x io
_20 

N

where A is the geomagnetic latitude , amid N is the number density (cm 3)
of neutral particles in the atmosphere. To find the GCR ionization
source for the circumstances of the 1966 solar eclipse , an interpola—
tion between these hounding values was made as described in Heaps [13] .
For 1966 , at a geomagnetic latitude of 24 degrees ,

Q (GCR) - K N

— 18 —lwhere ~ — .~.3 2 x 10 ions s . The altitude profile of the cosmic
ray ionization source is illustrated in fig. 7.

Precipitating Electrons

A number of experimental observations and theoretical factors suggest
that precipitating electrons introduced a temporally constant source of
ionization in the fl—region during the eclipse . Evidence of trapped or
precipitating electrons was obtained by rocketborne x—ray counters
which observed anomalously high counting rates from about 160 km alti-
tude to near apogee both before and during the eclipse [14]. Absorp-
tion measurements made during totality suggest that the D—region elec-
tron density is anomalously high at this time , which could only result
from either an unknown source of detachment of electrons from negative
ions or from an added ionization source [15]. Balloonborne x—ray de-
tectors flown in this region have detected breutsstrahlung from pre-
cipitated energetic electrons (161. In addition , Potenira and Zniuda
[1 / ] Sltt iW e ’t I t It.i t c i  e’t ’ I r e in  p t’ e’i ’ ip  i t . i  t i t ’i’, ,l I mit t e l l .i t I t  utica e’t ’U Id e’Otlt rih

tt tt ’ .1 S I g~t i t  i e’.tll t It i e,im I t  I t’le’ I tilt t ~~~~ t ion St ’Ll r~’ c to t ho I)—”rcg ton • in
view of the eclipse experiment location on the western portion of the
South Atlantic geomagnetic anomaly , the possibility of electron pre-
cipitation from the lower trapped radiation belt must be accounted for.

Es ther and O’Brien [18) attempted to detect electron precipitation in
this geographical region in 1967 by photometric methods hut did not
detect any 4278—angstrom hand emission enhancements caused by electron

ionization and excitation, N, + e -
~~ 4* + 2e , within their instrumen—

tation sensitivity limits of 0.2 Ravleighs. From these observations ,
they concluded that the particle precipitation over the region
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accessible to their view was less than 7 x l0~~ ergs cm~~~
4, or about 

-

‘

electrons cm 2 s~~ of 50 keV energy. As Potenra and Zmud a point cut ,
electron fluxes much lower than this energy limit are capable ot
creating D— region ionization which is measurable in the absence t n t

normal daytime ionization processes .

In the absence of any evidence of a temporall y unique particle preci p i-
tation event occurring during the eclipse period , the precipitat ing
electron flux was computed front the measured trapped electron population
on the L—shell which intersects the 100 km altitude level in the geo-
graphical location of the eclipse measurements . The L—value at this
location is about 1.2 which corresponds to an invariant geomagnetic
latitude of 24 degrees. The average electron lifetime for this L-’shell ,
which is independent of energy , Is 250 days (191.

The trapped electron flux in several energy ranges from 50 keV to 1.7
MeV was measured by Pfitzer  and Winckler [20]  on 30 September 1966.
Given the average loss m ate  from this time to the eclipse date , with no
additional replenishment , about 88 percent of the observed flux would
remain and about 4.1 x io 8 of this flux would be lost eac h second .
This f ract ion represents the minimum average precipitated flux over the
entire longitude range of the 1,—shell and hence represents a minimum
value for the S o u t h  At lant ic  anomaly region .

Gassuman and Pike [21] showed that the eclipse location, on the westward
side of the anomaly, can receive preci pitating electrons from over 300
longitudinal degrees of the trapping volume . Because the mirror point
altitudes for a given magnetic moment of the trapped electrons are
lo~.’est and are descending in altitude in the western portion of the
anomaly, the entire average electron loss rate may be attributable to
loss in this region In the southern hemisphere; hence , the precipitating
particle fluxes may he an order of magnitude greater than the average
value would indicate . The measured trapped fluxes and the two limiting
cases for precipitating fluxes are summarized in table 4.

The altitude distribution of the ionization depends to a large extent
upon the energy spectrum of the preci p itating particles. The energy
spectrum as measured by Pfltzer and Winckler is considerably harder
than those sample spectra adopted by Potemra and Zmuda for midlatitudes.
For example , the integral energy spectrum derived from the measurements

is approximatel y F - E0 E~~; whereas Potemnra and Zmuda adopt energy
dependences of and E”~

5. However , the trapped radiation belts do
exhibit harder spectra for the electron flux at lower L values [22];
therefore , the measured spectrum is used to compute the ionization
profile.

Ionization profiles for both cases, uniform loss averaged over longi-
tude and loss averaged within the westernmost 60 degrees of the South
Atlantic anomaly, are presented in fig. 7. These curves were computed
following the method ci Rees [23].
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I~’,~’~,t l I — i’ ,’( .1 , 1 li*~’ .- otm t  Iuutiiil U,’ , it  t iit ’ 1 I I I . ’ ,t  Is.’ pm ’cdtt. ’ t ’s .1 5111.11 1 .l,,’ i .’s ct
t . ’ mm i ‘ i t  C c i i .  I ’im ,,’r , ’ t . ’ m , ’ , t ii.~ t ’ t i u j ~ -~i I . ’tl ( I \ Ifl,Ii1—i’t’t,t I l t t x  i s  t . t k t ’i~ ,ts

( .0 x I )~ i~ h m . n t  .‘I1’; smn -

I i i . ’ i oil i . , t~ iou ; n m . ’.iti.’ ,’,l isv ~~~~ I , t m  I ~-un ,tn—a I pha .tt’,.i 1.vmimati — bt t a t ad  i at  ion

~~‘i ’ ’n ~~~ t t ; s c i i  t he . m I t  i tude .1 i—i t r ilsut j on ci t ii,- NO .tim.i 0 -, w i m i  .‘ii ,u’e t he
t o ni  ,‘.‘d Sp. ’ . i.’s , r.’5p ’ ’~t i~ ’ ,’ i \ .  I.vnm. tn—ai p h_ t  i s  s t  t’c u g l v  . ihsorl’.’J l’v 0 ,;

c,  t Ii, ’ .1 i st  m- i h t m l  i .‘ns .‘t  ho t i i  no it t i’, I spot i.’s ,i I I s. t t lie l on i i ng
scut .’ t’ S t  I . ’im s t Ii 1 c m  I.~’ mami— ,t1 ph.t.

~ and t lmoot ’.’t i.- ,il est itti ,tt OS ci NO dons it \‘ \‘.‘t’sUS .tI t i t udo
i m . i v , ,’ var i e,i isv 1110 Fo t han a I i. c c t  .‘ 1 10 . Ot’ i .~ i mia 1 .‘onm pu t ,i t (otis ci the
i .‘n c s p i m . ’i’ i.- i’ espcns. ’ 1.~ I lie I ~)i~ t~ sol .ti’ o.’ ii pso I I] Ut iii .•ed NO prof ( los
d.~ r iv ,‘d rom I,’ i i- a . Me.t s u rt ’men t s b’s ’ B.t k or 0 t .1 1 . (0 j mad,,’ at
W h i t e  ~‘.tnJs . w h ic h  is .u a .- c m m . ’spondinc, 1,t t i tudo in t he nomt ho ru  homi—
s ph e i .’ • t mmd is .t t 0 an .‘v.’ m .  t 1 1 1 owe t’ NO dens i t V pi’Ot  i to w i t  ii .i tilt’ 1’ 0 P i’O —

mmcmiii ,’ ed ni i Ui nitni in dens it v near S ~ km. :~ .‘ompar (son ci t li. ’ i on i .~ i ug
s o ur , ’e st  rengi It u t i i i.’ i ii- , I hoso two Nt) r i d  l it’S ~~ prosent od in t 1g. 7
t or pr .’.’.’ I ipso ,‘ond i t ions. i’im.’ I i ~u i. shows t hat tom’  t he I irst sour,’,,’
s t  m , , ’tmc t Ii pro I ii,,’ (ii i c,im NO ,‘ cmmt out ‘I t ho l,vmima n—a 1 pha t o r i  i :.t t ion prodom i —

U , ’ t .‘ s dV,,’ t
. .m mush 1,1 rge r .m t I t tide r ,t t tg. ’ t han I or t lie I ow NO son tent

somput .1 ’ ion.

Be .-a its.’ ci 1_lie w i,1.’ d i i  I .‘ t . ’ t m , ’ es ( m m  emn p i r i ,‘a 1 ,in d lit— or e t is a I NO pt’ .s—
I ii os , and ( h e l m - pot e’n t .iI o I I e.’ I S itp.’n i~— t ,’~ ion ion I .‘.i I ion prot l ies ,
t ho s I ng Ic ‘‘p rope i ’ or opt I mum pro I it o  as an .m p r io t  i input to  our

~ tu dv  .‘ ,tnnot he .i m’i’ it t’ , mm ’ 11 v s.’ 1.’,’ teui . Rat her • ( ho .mva i I .ib 1,’ dat.t on
o I.’.’ t ron ,mmid I on dons It v p rot i 1,-s li.m~’.’ beoti usod and an at tempt has
boon mado to set c. I the opt (mum NO pic i  ii os bas.’d upon an empi lsa l
best t i t  to  t im.’ i.n m m t , ’ ,it ton d o t _ i .  i h is procedure Is ou t  I (nod In the
sec t i o n  on compar ison ci  the DA1RC1*~ .‘ode with the l9tmh e.’iipsc data base.
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not justified in detail , the soft x—ray obscuration function derived
from the 27— to 40—angstrom photograph is used for the entire soft
x—ray flux.

Measurements of solar x—rays during the 1970 eclipse by Accardo et al.
[351 give residual values of 16 percent during totality for the x—ray
band from 44 to 60 angstroms , which is in very good agreement with the
obscuration function used here. Measurements in the 2— to 8—angstrom
band showed a residual value of 5 percent during totalIty. Subse-
quently , the hard x—ray obscuration function used here follows the
soft x—ray function down to about  5 minutes before totality and then
descends to the lower 5 percent value during totality.

Sunmiary of Ionizing Source Strength and
Obscuration Function Calculations

One may conclude from the results of the definition of the ionizing
sources, their altitude variations , and eclipse obscuration functions
that an adequate description of the ionizing source input to the D—
region under eclIpse conditions entails a complicated superposition of
time and altitude—vary ing functions . It  is instructive to compare the
altitude profiles of ionizing source strength during totality fri a for-
mat equivalent to that used in fig. 7 for preeclipse conditions.
Figure 10 Illustrates these results. The figure illustrates the fun—
por tance of the preci pitating electron flux over the entire lover l)-~
region compared with the eclipsed solar ionizing sources such as Ln
and x—rays. As will be shown later , a significant precipitating elec-
tron flux is required to model the ionization profile in preeclipse
conditions . As in the preeclipse condition , the galactic cosmic ray
Ionization is negligible over the altitude range of interest to this
study.

DESCRIPTION OF THE DA1RCEEM COMPUTER CODE

DAIRCHEM determines the number density as a function of time at a
specified altitude for each of several charged and neutral species. A
large set of time—dependent , coup led chemical reaction equations Is
solved , of the form

dy
= + ~ (rates forming y1) 

— ~ (rates  removing y 1)
dt

where y 1 is the time—dependent number density of the 1th species; q1
is the nonchemical, nonphoton source term ; and the last two terms
represent formation and removal terms due to chemical and photon re-
actions. The current reaction set contains 493 reactions , involving
64 neutral , positive , and negative species.

Basic rou tines for solving these stiff , coupled differential equations
have been taken from the existing AIRCHEM atmospheric chemistry code
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[3 61 . ‘l’he lat e st  ver s i o n  ol time numerie’al Integrat ion rout Inc is based
on a prod Ic  t o t—co r rec to r  al gor I thin e- .i l led t ime K — m e t  hod [1 7 , 1~ 1 . it s
impr oveel  sp e ed  t ail now s m mii Ia te a 2 4 — h m o u r  p e r I o d  at arm y rflesei8phme n c
a l t i t u d e  iii I e~,s t ban 2 ml  nut  c’s CPU t line on a Ci)C 7 t’sOO conmpu I or

‘~h~ so! ar I l u x  .sm r Iv lu g at time’ alt it ude of interest is det e ’r nmined by
taking lute’ ~ue ’couut absorpt ion by N , , , (~t t .~ , and ~~ . Time column d en—

s it v ot  e~~e’h absorbing spec lea is calculated along time ge’omliet r ic
s tra [gu t— line’ pat im t rays ’  led . Solar z e n i t h  ang les near and g r e a ter  t han
.0 d egi’e’es are read i iv accomnm oehate ’tl. Sca t t e r  inS into t Ime volume ot
imite re s t and away t rout time 1 t ime of si g ut  are not p re sem m t  ly incorporated .
The a bso r p t i o n  e’t ~ o I a t ’ r ad i at  ion and di s soc i  ion of O. in the 175 to

2 10 nm s p ect r a  I r eg ion dominated b y t h e  Schumann—Rung. ’  bands  a re
Imaimd led liv u s i n g  ti me’ Se’m I e’mp I r I cal method of Kockar t s [ 1 9]  . When a
sola L c c l  Ipse is in preigress , the’ Inc ide’nt solar f l u x is t i m  at red uced
b y the app r em p r  l a t e  obscur a  t ion I unC t iomms for  t he  v is 11) 1 e , I V  , l ,vnma n —
alph a , ~simd ~o t  t arid hard x~ r~tv pert ions ot t he spec I runt.

Pho lode’ t achme’ mm t ol e 1 ec Irons f r o m  neg~t I_ I  ye’ ions , and .il so p h o t o —
di  ssoc I at  ion ol (t i ns  and n eu t r a l s  ,si ’e coils ieiorc ’d , and time ’ ap pro pr  l a t e
cross sect  I omis have beemi taken t ro ut  the l i t e r a t u r e  and spon semied r e ’—
search work  (e ’ . g. , V a n d e rh o t  t [4 0 )  , Vander hof I am md Bever  141 , (‘osby et
al. 142 1 and re ’ f t ’ r e m m t -es conta ined therein) . In pt’ i m c t l c e ’ , c i mem isa l
means of detaching e lect rons t~ r om nega t Ive  ions are tound tel de mmn i nate ’
t he photodetachme ’nt prose’sses [41 1 .

A more di’ ta i i  0th dose r I pt ion of t he l’)Al RUHEM e’onmpu t e’ r code’ as it is used
In the cu m u  en t set of runs  may be found In Iloock and h eaps [ 44 1

COMI’AR ISON S OF I)A lh’ClhE~t WITH THE i% 6 i-~ ’i , I PSE
UAIA BASE P REE CL 1 PSE CONI) I’l l ONS

I)AIRCHE!’ l runs were made at a It I tudes be tw eem i 60 and 90 km to develop
profiles of electron anti total posit Ive ~ ion  diMit i l t  it ’s to compare with
exper m cii ta I measurements. To as curs te ly s inmulate the alt itude pro—
f iles of e’ lt~c t ion dens it  ics dum ing uiwc ii psoil cond it ions , the prec I p 1—
t .tt Ing e l e c t  ron ion I ~.it ion source p u ~ ’v iousl v d e s c r i b e d  had to be’ In—
c luded . Ti m e mimagn I tu d c~ of  t i m  I s  source  of I oni ~at  ion was det e’r ni i ned by
compar ing  - e’de resu.I t s  a t  hI )  a nd 66 kin wi t im mmme isureel e le c t ron  d e n s  It  lea
Time resu l t s  o I t i m  Is p r ocedut - e showed tim a t the nmagn I tude  of tIme proc I p 1—
tat lug Cle’s Ir o n  i oil [ f a t  ion source was the  maximum va lue  modeled ( f i g .  1]
Above (mb kin , time so l a r  Lyman—al pha iemni~ ing source becomes Increasing ly
in ipor  t aut , depend lug in magn i tude and p r o f i l e  upon time NO model chosen.
The i ’l l  oc t  s 01 y a m  ~‘ing  t ime NO eieimsi tv profile mode ’s we’re illustrated in
fig. 7. Best fit ot time code’ predictions to the measured electron
demm si t lea over time 70 to 80 knm alt itude range occurred when the Baker
e’t al . [:Q] iro fi it ’ was chosen , a l t hou gh a fairl y wide variation of NO
densities in  this region can be acconumiodated . F I g u r e  11 i l l u s t r a t e s
the simu latt ’d mmsl experimentall y determined electron and total positive
ion alt itude pre it lIes b r  prt’ecl ipso conditions . 
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While  the electron density profiles are in reasonable agreement over the
entire altitude range , the code predicts substantially lower values of
total positive ion density than were observed over the 60 and 85 kin
interval. The figure shows that significant negative ion densities m a y
be inferred as high as 90 km from the data , whereas the code predicts
very low negative ion densities above about 70 km. A somewhat different
picture emerges if the total positive ion density curves of Narcisi et
al. [10] are used (figs. 5a and Sb). The figures show that the
unecli psed posi t ive ion density remains almost constant at about 1 x
cm”3 between 72 and 84 km and follows the electron density curve above
82 km. These data imply a negative ion cutoff at 82 kin ; however , the
accuracy of the total positive ion profile below about 90 1cm, which is
inferred from the ion mass 8pectrometer measurements, is subject to
some uncertainty. Hence , a quantitative discrepancy between code simu-
lation and observational data remains with respect to total positive Ion
density and inferred negative ion density In the 60 to 85 kin region.

I dent i f ica t ion  of Posi t ive Ion Species

The positive ion species measured by umass spectrome ter probes [10] be-
fore and during the eclipse may be compared with DAIRCHEM predictions .
Figures 5a and 5b illustrate the measured positive ion species profiles
for a certification round , several days prior to the eclipse and at
totality . The figures show that, without regard to time magnitude of

the total positive ion density, at higher altitudes the NO~
’ and 02

+

species predominate throughout the eclipse , whereas below about 82 to
84 kin, hydrated species predominate.

DAIRCHEJI simulations of positive ion densities for preeclipse and total-
ity conditions, shown in figs. 12a and 12b , correctly give the observed
NO~

’ and 02
+ predominance at higher altitudes. The simulated 02

+ compo-

nent is somewhat suppressed , indicating that the hard x—ray f lux or
flux of precipitating electrons of approximately 40 keV energy may have
been underestimated . DAIRCHEM predicts that the first hydrate of NO’~

’

is a major ion in the 80 to 86 km region , particularly during totality ,
but N0”

~
’
~H2O was detected on only one flight made at 80 percent obscura-

tion (not shown). Two possibilities for the discrepancy are that the
rate along the hydration chain is too high (temperature and water vapor
content were not measured), and that the hydrated ions were broken up
by passage through the probe shock wave or by wall effects, thus
appearing as N0’~

’. Better qualitative agreement is obtained between
measured and simulated NO+ profiles if the simulated N0+ and N0’

~~H 2O
are add ed together .

At altitudes below the NO’~
’ region , hydron ium hydrates , H30

’
~~(H 20) ,

predominate both bef ore and during the eclipse , The data show that
masses 37 and 55 (n — 1 and 2) predominate , whereas DAIRCHEM predicts

2’)
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that h i g her  h~’drat e ’s  a r e  re ’ i , i t i ve ’ l v  ro te’ impel t a u t .  ~‘ e ! e ’ v ,  , . ‘

ity is approached , the le~-cr h ydrate -s tem m d t o  g m ~~ i n t o  t i ~~- I ~ 1’ , m h~
dr ,mtcs ; t he’ t o t . i  1 ion  c o n e ’e ’n t m  .m t ion m e m . m i n i ~ r e a ~~e~n~m b l ~ c~ m’s~ ~~~ . Ti t

a u t ho r s  P c i  I C V t  I h a t  the’ I)~\ 1 } ( ’I!1~ ! i ’re d i t ’ t I ens .mr e tt ’fl~ - I ~~ t f l t  ~ 1 1 1 ,  t ~~~t

data in s e t  a m ‘~s t h e  r ap i d  l ’~~~~ ’~~’t’ et  the- ion mass s~ e’~ t m ~ ’I” t t i

t h r ou g h  the  lower l t — m  eg ion , a t  s e i p e m  s o n i c  v e ’l o c ’ I t i e s , ~‘i 1! t C I t I  ‘: 1

~o c I z m t e  t he weak  lv  h ound n - L I l t  i i ’ l e - h y d r a t e d  s p e c  ie s . fl c n ct  , I ’~ ~ r , t 1  ~I
I ot i s  0 t ria~~s ‘

~ , 7 1 , ci  gr t ’ .mt  em - m , I V  he e ’hS e’rVe d as lower  hv~ r~ t e •

I ’ , or I~~.

The m.i Jor d i I I ~ cu~’ t - s t h e - t m  l’ i’twe ’eu t h e  s i m u l a  t ed  .mn d me’.mi- ~u r e ’d s i t  iv
i on  demms it i os Sire’ t he  e lu . mnt  i t  a t  i v ’  t a i lum - oI  t i i e ’ c o de -  t o  \ l t ’ ~

‘ he’
large tot .m l posit lye’ it -mm d o n s  i t  i t - s w h i c h  w’e’ m e ’ ln fe ’rred I m or- ret
prob e mre~m sui t’nie’nt S ami d  t i e  t end emi c  v of t h e ’  c o d e  t o  pre’d i C t  h i i ~ he’ i hv -
d rates of Nt~

’ .m mmd II t’ 
$ t h a m i  we to rca sured

‘fe ’mpora  1 Va r t a t i ~‘m ms e I F’ I ec t i en Pens I t  v

One of the’ ma or rca sons for undc r t ak i ng the  do t am it’d conp ar i son ci
D AI RC HEM with the 1t

~t~ solar e c l i pse exper  lr ’ e n t  is  t o  mode-i the’ ~‘er ~
rapid ch a mmg e s of ’ e’le ’c t r e ’n dens i t y  observed to  o c cu l  i mr-’t d i a tc~ v a t
second contac’ t .  Previous g r o u n d — b a s e d  nicasmm r t ’m e ’n t s r e’pe’ r t t’d hr Se’, i  I s
[7,45] had indicated that there were’ rapid and large changes i n  P-
region electron density associated wi th the  t o t a l i t y  r c 1’Ion which,

appeared to be greater in magnitude ’ than could he easily explained by
lumped parameter reaction rate codes.

The temporal changes in electron density treasured hr th~ several rocket
f l i g h t s  w i t h i n  a few hundred seconds of t o t a l i t y  were f l 1 u s t r a t e ’~i In
fig. 3.  The f igure shows a reduction of e l ec t r on  d e n s i t y  ci  a t . i ct or
of 3 to 10 within a few tens of seconds or less at secon d c o n t a c t .  The
f igure also shows ~m clear—cut and rap id decline in electron density ,~t
second contact based not onl y upon the combined dat a but al s o  upon com-
parison of mea8urements made within ind ividua l groups. Further , the
cross—calibration of rocket probe results with each other , and with
ground—based electron density measurements, shows that the observed
density decrease is much greater than the experimental errors inherent
in the individual measurement technique .

The attemp t of the DAIR~HEM code to adequately simulate the rapidity
and magnitude of the electron density decrease at second contact is
illustrated in fig. 13. The inability of the code to produce any rap id
dr op in elec tron dens ity above 70 km during totality is apparent.

To deternine the reason for the computer cod e ’s fa i lu re  to simulate the
rapid changes in electron density about totality , a closer look at the
negative ion chemis try must be taken . A schema ti c char t of the f l ow of
charge between electrons and negative ions is illustrated in fig. 14,
with a more detailed listing of per tinent reactions given in table 6.

The most rapid electron loss process is the three—body attachment to 02.
After 02 is formed , fur the r reactions carry the negative charge down
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TABLE 6. IMPORT ANT ELE CTRON ATTACHMENT/DETACHMENT
AND CHARG E TRANSFE R REACTIONS

Cr itical
Reaction Minor Species Rate Constant

+ e 0 + 02 03 9.0 (_12)(T /300)LS*

02 + 0
2 

+ e 0 + 0
2 

— 1.4 (—29) (T/300)~~
’ exp(— 600/T)

+ N
2 

+ e -
~~ 0,’, + N 2 

— 1.0 (—31)

+ 0 -e O~ + 02 0 1.5 (—10)

0 + 0
3 

-‘ 0
3 

+ 0 0
3 

5.3 (—10)

+ 03 03 
+ °2 0

3 
6.3 (-10)

03 + CO
2 

CO3 + 0
2 

— 5 . 5  (-10)

C03 + 0 + 02 + CO
2 

0 1.1 (—10)

0 + O - e 0
2
+ e  0 20(—l O)

+ ~ (~~ 
) -. 0 + e Q~ (~~ 

) 3.0 (—10)
2 g 3 - g

02 + O
~
e 0

3
+e  0 1.5 (—10)

+ 02 (
l~~) + 20

2 
+ e 0

2 
(lt~

g
) 2 .0  (—10)

*gead as 9.0 x io
_
~
2 (T/300)LS; general form A (T/300)B exp (C/T)

6.



the chain (principally through the inter m ediate ion U to  ~~~~~~ t o  t i l t ’

more stable negative ion N03 ,  its hydrates ammd cluster s . Nt - r api d ,
direc t attachmen t processes of e l e c t r o n s  to the fliOte ’ ~t,ih1e n e g a t iv e ’
ions are currently known .

The rate of electron three—bod y attachment is rap id enougim to e x p la i n
the type of electron density fluctuations shown in f Ig. 13 , but the
rate of electron detachment is equally as fast. The species resp on si b l e
for detaching electrons from 02 and 0~ are 0 and Ø,,(

1~~ ) It t l m e r t ~
were rapid decreases in these l a t t e r  densi t ies  at totalit y , then per-
haps the electrons could stay attached to the 0-~ and 0 , thus accoun t -

ing for the rapid decrease in the free electron density. SimIlar1~’ ,
the crucial minor neutral species responsible for transfer of charge
from 02 to CO3 is 0

3~ 
If 03 were to rap idl y increase during totality ,

then charge could rapidly pass down the negative ion chain and no longer
be affected by the rapid detachment processes. However , the time con-
stants for the minor neutral constituents are generally longer than

those for ionic species , so that the changes in the 0, 02(~~g)~ and 03
densities, shown in fig . 15, are relatively smooth and only a~nount to
factors of 2 or 3. The variations needed to explain the observed elec-
tron density fluctuations would have to be order of magnitude changes
on a time scale of 100 seconds.

Variations in the known reaction ra tes  to simulate a rap id equivalent
two—body attachment process involving known species have also been tried
[46 ] ,  but with unsat is factory  results  in simulating both the rapidity
and magnitude of the electron density decreases.

Therefore, no appeal can be made to the known gas—phase chemistry ,
which controls the electron attachment and detachment processes, to
adequately explain the rapid changes in electron density in the 65 to
85 km region.

SUMMARY AND CONCLU SION

The results of comparing the predictive capabilities of the DAIRCI{EM
code wit h the data obtained on the 1966 solar ecli pse are summari z ed as
follows:

1. The code provides a good fit to the electron densi ty  versus
altitude for preeclipse undisturbed conditions.

2.  The code p r edi c t ion o f th e t ot a l posi t ive ion densi ty  in the
altitude range from about 60 to 85 km at all times is too low by a
factor of 2 to 5.

3. The dynamical reduction of the electron density at second con-
tact at altitudes below about 85 km is not predicted by the code.

Pt
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There are physical l iri it at i en s on adlust lug the reaction rates
and processes w i t h i n  t ime  code such  that the  t , - l i p s e  dat a can he fit ,
especial1~’ near second co n t a c t .  Since the cu r ze ’n t  gas p h a s e  c h e m i s t ry
cannot  model  t he  a c t u a l  even t s , the j’ote’nt iji sun ace c h e m i s t r y  e f f e c t s
of ambient tuesospheric aerosols n~av have t o  be included .

At t h i s  p o i n t  it I ~ net cl ear whether the  d i s c r e pa ncy  between p r e d i c t i o n
and meas ur emi len t  w i t h  t’s}’ect to  p c s it ~~ve ion d e n s i t i e s  or  of  t e mp o r a l
e l e c t r o n  d e n s i ty  b e h a v i o r  in t h e  hO tO t~~~) km a l t  i tu d e  r ange  is a failure
in the  reaction chemistry contained in the code , or is caused by othe r
physical processes in t h e  ionosp here’ w h i c h  are not modeled  at a l l .  The
very  rap id  f a l l  in e l e ct r o n  d e n s i ty  at  second c o n t a c t  cou ld  be exp la i n e d
by at t a ch r ~cnt to 1T~~, but only if the  subsequen t  d e t a c h m e n t  p r o c e s s e s  a r e
ignore~ . Another possibilit y for such r ap id changes is by loss to
ano ther sp ec ies , tor exarple , by surface attachment to an aerosol spe-
cies .  The 1~i m - go d i t f e ’reuce between the  observed e l e c t r o n  and positive
ion den s i ’L v  in t h c  t~0 to 90 km region , coup led w i t h  the  t a c t  t h a t  the
c u r r e n t  gas phase  c h e m i s t ry  p r e d i c t s  ve ry  few negative ions above ~O Nm ,

would Indicate that negativel y charged aerosols are a distinct possibil-

ity.

The inclusion of aerosols  would requirc the  Introducti on ~ t a me.’t’r new
set of phy s i ca l  and c h e m i c a l  p rocesses  i n t o  the  c e n v e ’ n t I ~’n , l ! r io sosp h er i c
physics and chemistry , a nd ve r i f icat ion by both I ield and ~j bt ’ t  atorv
experiments.
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