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Abstract

The fast cosmic n01se absorptlon (c n a ) pulsatlons
observed with fast response rlometers at Macquarle'I
in the southern auroral zone are dlscussed 1n relatlon toA

the parameters of the lower 1onosphere._The pulsatlons whlch};a
o are'similarAto and assoc1ated w1th pulsatlons 1n auroral '
| luminosity (at »- 4278A)._P12 mlcropulsatlons and fast
bremmstrahlung X ray pulsatlons are unlque 1n that they "
: exhlblt ‘a time asymmetry or relaxatlon t1me whlch fs’bellevedaf
~to be-ad consequence of the relatlvely slow rate of removal of‘

secondary electrons in the 1onosphere.»The relaxatlon tlme.,jhj
T is deflned as T}w7°~ FEEECIE A S Heny P

_ where A is the amplltude of the pulse above‘background “1
~ and (a)max is the max1mum (negatlve) slope of the relaxatlon»4'

_'part of the pulse. Measured values Of T varled between 1 and s

.W30 seconds and scatter dlagrams of T versus A 1ndlcate a a

" strong tendency for T to 1ncrease w1th 1ncrea51ng Pulse ~f}"
amplltude... L ' R " =

The propertles and anomalles of the D reglon of the,,w -
ionosphere are discussed, as is the appllcabllltyfyf-the Batesf
and Massey rate equatlons to fluctuatlons 1n electro”;, i

density in this region. A computer model was constructed,_v.af
.~ which the rate equatlons were numerlcally 1ntegrated uSLng ‘a
e o varlety of values of the parameters 1nvolved and for ‘a’ varlety_'

- . of primary spectrum e- foldlng energles in an attempt to

simulate the observed pulsatlons.vRelaxatlon t1mes as small a83?
- some of those observed were not obtalned from the model A new:'
approxxmatlon formula for relaxatlon tlme ‘as a functlon of -

-

'~ height was derived.

, The possxblllty that the observed p031t1ve relatlonshlp
between relaxation time and pulse amplitude is ‘due, to the :j.;{,
"chemlcal dynamlcs of a 31tuat10n 1n whlch electrons IR




recombine w1th p051t1ve 1ons of w1de1y dlfferlng reactlon

rates is discussed and dlsmlssed. : S ”2
It is concluded that the observed c.vn. a. pulsatlons

are an E-region phenomenon a58001ated w1th quasi: mono-- :
energetic peaks in. the background prlmary flux thh energlesf'

- somewhere in the range of from &4 to 10 keV. The pulsatlonsf;H
are believed to be due" to fluctuatlons in the energy of thlsf
peak or to pulsatlons 1n prlmary partlcle flux on the hlgh <fi
energy side of the peak. o e w : .
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”'gﬁto the same COﬂClUSlOn.V7“

Qﬁgargument accompanled by four appendlces. The latter. taken‘

”fg~for this format are twofold:

W“Qof this material as a series of, separate papers and then

Thls work was commenced from'the standp01nt;that theay:f
bulk of cosmic n01se absorptlon occurs below 100 km 1n '
helght.'that 1s. 1n the D= reglon of the atmosphere.;“
" This was no doubt a natural assumptlon and one whlch is. ...
‘deeply embedded in the 11terature of" rlometry, The con -AI;
“clusion of Sectlon 5, that c: n. a pulsatlons and ‘the o
background absorptlon accompany1ng them are an E - reglonﬁtg
phenomenon dld not become apparent. to the author unt11 the ;l
thesis was three - _quarters written. Consequently much of : i
the early materlal 1s concerned with D - reglon processeS'
and the reader may perhaps galn an lmpre531on 3 .Nncon: ¥
tency. as, 'if the’ author f‘could not make up hls\mlnd.”

It should be emphaslsed that such dlscus310nﬂof?
‘D - reglon pr6cesses is essent1a1 1n order to ellmlnate :
“this part of the atmosphere as’ the 1ocat1on of the puls-"'
ations. Indeed the fallure of the D 4 reglon model ‘to- :

f:adequately predlct sufflclently short relaxatlon tlmesv
: forced the author to the conclus1on which was f1na11y .
o reached. Thls thesis" thus has a chron010g1ca1 as well as'’’
"f'a loglcal development and. one hopes, w111 lead the readerhv,

NARE

The - the51s is structured as a falrly short central

-together constitute almost half the wordage. The reasons jﬂtﬂ

(1) . It was orlglnally Lntended to publlsh much

.to combine these to form a the51s. Ow1ng to lack of time.

"fthls idea was abandoned and only Appendlx I has reCElved

i-dprlor publlcatlon. Appendlx II 1s ready to be- submltted




¢

-on the way.

for publlcatlon almost as 1t stands and 1t 18 1ntended’:

‘that the body of the the31s be submltted for publlcatlon}fjt;

in an abridged form.

(ii) ; ertten 1n thls format it is poss1b1e fOr
the reader to more read11y percelve the ma1n thread of

the argument w1thout be1ng d1verted by varlous dLgre531ons
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INTRODUCTION -

- The rlometer is an 1nstrument dev1sed by C. G thtle
and N. Leinbach in 1958 to prov1de 1nformat10n about the
electron content ‘of the 1onosphere by monltorlng the . :
lonospherlc absorption of cosmic radio n01se. It con31sts ofﬂ;n
a broad beam antenna, a low noise recelver at about 30 MHz J:”'
and some sort of reference device such as a low n01se dlode ﬁ'“
which is often 1ncorporated in a- feedback loop w1th the . '
, T?recelver to give exceptlonal long term Stablllty..Radlatlon {f
’..: from the Galaxy and from discrete radio’ sources 1s absorbedv
R _'1n the upper atmosphere by free electrons. The degree of e
'-";_'absorptlon depends upon. the density of: the electrons and the:Vf
‘rate at which they lose energy by 0011151ons w1th heav1er f :;.
'partloles. Thus the degree of cosmlc n01se absorptlon (c n.a.)e
?,mean of the electron den31ty 1n the upper atmosphere thhln‘ r@
. the beam of its, antenna.. | SR : K

Lo The resolutlon of the 1nstrument 1s 11m1ted by the _
hfstatlstlcal nature of ‘the cosmlc radio n01se detected and
:;thls in turn depends upon the bandw1dth of the recelver.,;hﬂ.
. In order to 1mprove the resolutlon wh11e sacr1f1c1ng such

o things . as stab111ty and freedom from man made and solar .
:; interference, the bandw1dth was w1dened from 20. KHz to 1. 4 i
" 'MHz thus 1ncrea51ng the time resolutlon by a factor of 7O

~ for the same amplltude sen31t1v1ty..4,k*““v‘m‘

L ~ This mod1f1ed lnstrument., "fast résponse‘r ometerdr
”‘ijwas first operated in the. auroral zone'in Decembe,{;f°

‘Within the first- few days of., operation a new- phenomenon
S ne i was observed fast cosmlc n01se abSOrptlon PUlsatlonS
feQ&%ﬂ@}fff'(Reld. 1967). These" pulsatlons occurred in trains of’from
] R ~a'few minutes to. an Hour orso in duratlon. They were" L
generally sporadlc ‘although perxod1c1t1es were: also observedf@fa
_ on occaslon. The duratlon of*an 1nd1v1dua1 pulse wasfln g




the range of from 2 to 30 seconds. Thelr amplltudes ranged:‘
from about 0.3 dB down to the .02 dB’ amplltude resolutlon Jﬁ':
of the 1nstrument. Thelr most Strlklng characterlstlc was -
a tendency to be" asymmetrlc 1n tlme with rapld onsets EREE
(1 to 4 seconds) and slower decay times (up to 30 seconds)
Some examples of fast c. n.a. pulsatlons can be seen in _'
Figs. 4.1, 4 2, 4 3. R , o /
5 This thesis is- concerned with these fast c.n'a,u ‘ ‘i
'5pulsatlons. their orlgln and their pos31b1e use as ‘a dlag~557
-nostic tool in 1nvest1gat1ng the 1onosphere and the magnet-r.
,osphere. The pulsatlons were oObserved from Mvauarle Island
(34. 5%, 158.9°E Geographlc, Invariant Latltude 64.5. °s) - E
during the Summer months of 1967, 1968 and 1969 Appendlx III}‘
 *prov1des a techn1ca1 descrlptlon of the fast response S
P _d;rlometers used. The relatlonshlps observed at thlS tlme o
'ﬂl¢fffjbetween fast c.n.a..pulsatlons and other pulsatlng phenomena‘]
v_f‘_has already been descrlbed 1n the 11terature (Reld_& Ph1111ps,=
15'1971 Appendlx 1) , L AR o '




- SECTION I

The D-region -

1.1. The assoclatlon of fast c n.a. pulsations and fast t- L '
bremmstrahlung X- ray pulsat1ons (Append1x I) 1nd1cates that ; /
they are caused by pulses of.electrons in the. energy range of tens
of KeV prec1p1tat1ng from the magnetosphere into’ the 1onosphere -

- Such high energy,. "pr1mary", electrons w111 create many times " ;
their number of free low- energy ”secondary" ’electrons and p051t1ve
ions by collision w1th air molecules It 1s these secondary electrons

which are observed by the riometer. After the pr1rnary pulse has

_ceased many secondary electrons w1ll remaln, be1ng removed
. relatively slow 1y/ by mutual neutrahzatmn w1th pos1t1ve 1ons and |
and by attachment to neutral molecules to form negatlve 1ons.

The slow decay of the fast c na. pulsatlons 1s then, anl- |
. atmospherlc process dependant on ‘the chem1stry of the at

at heights over wh1ch the absorpt1on of cosm1c no1se 1s takmg.place.

. The he1ght d1str1but1on of the free absorbmg secondary elect‘ s

will in turn be dependant upon the energy spectrum of the pr1ma

wh1ch give r1se to them The tmospherlc nature of the aSymmetry L

of the pulsat1ons is. borne out by the fact that ne1ther the fast

. lum1n051ty pulsat1ons w1th wh1ch they have been observed show T

any asymmetry themselves e

- It is the purPOSe of th1s work to examme 1n deta1l the
: relatlonsh1p between the observed decay t1mes of the pulsat1 ns
‘and decay times deduced from var1ous models of the atmosphere
and primary part1cle spectra If we can rellably relate the decay

times to the character1st1cs of prlmary part1cle spectra, then the




.. the lower 1on05phere.

s zone act1v1ty, ‘is perhaps the most complex reg1on of the

. fast response riometer becomes a powerful 1nstrument

for probing the magnetosphere since each pulsat1on would be )
V effectively "tagged" with 1nformat1on about the pr1mary pulse Tl - :
which created it It n‘ught, for example, be possible usmg a R

series of r1ometers with narrow beam antennas, to’ obtaln an .'_"'-,_-’

energy or pitch angle cross section of a s1ng1e pulse of_ :

precipitating ele ctrons.

On the other hand if ‘we have. some idea of the. "
- characteristics of the pr1mary particle spectrum ‘and hence of the
height distribution in ion pair production rate, it would be poss1ble

to verify or d1sprove some of the currently accepted values of

the various parameters of 1onospher1c processes
In order' to fulﬁll th1s purpose it w1ll be necessary to

'.‘construct a mathemat1cal model of the electrlcal behavmur of R Vr_

" D-region ‘Problems".

1 2. The region of the atmosphere between 60 and 100 Km ,1.n

'whlch the bulk of cosm1c no1se absorptmn occurs durmg aurmal

- atmosphere. It is the reglon in which most of the 1on1z1ng

" radiation imp1ng1ng upon the ‘earth is absorbed De8p1te the :r.'/-'_

! t PR S

fact that a variety of techmques have been used for a number of

~ years in probing th1s reg1on, 1ts behavmur both electr1cally and

* chemically is Stlll by no ‘means fully understood a number of

anomalies remaln. _ Indeed the more 1nformat1on that becomes

: ava1lable the more. complex the reglon appears to 'be.

SEiia v Ty
IR MAAREEMAE A

Most of the problems h1nge upon the chem1ca1 compos1t1on

~ of the D- reg1on atmosphere since this must determme 1ts electncal»'f' b

" behaviour; the rate at wh1ch free electrons are created and

FIRRU T

removed depends upon the’ chemzcal compos1t1on..i The fluxes of

4 . . e




- lost in an 1on1zed gas They are-

"“ionizing radiation ix}hich' includes energetic'particles x-= rays s
and hard and soft ultravmlet rad1at10n from the sun, from ‘
stellar and galactlc sources and from the env1rons of the earth o -

" itself 'can now. be experlmentally measured outs1de the

.-'“_atrnosphere- _Their effects on the atmosphere can be computed .

" Electron density profiles. of the upper atmosphere can be _
" obtained with a high degree of accuracy by means of rockets and;:"
in recent years the concentratlons of the: varlous pos1t1ve and |
negative ion specles present have been measured w1th rocket

' borne instruments.

The problems concern these obse'rVed'"electr'on densities

: ~and the1r relatlonshlp to the computed productlon and lo s's' rates.f.f

» 1 3. The Ionospherlc Rate Equatmns 5

The 1onospher1c rate equatlons (Bates and Massey,_ 1940)

L descrlbe the rates at wh1ch electrons and ions are produced and FERRA

PRI

ST = ""v-aN'N*’_- BN+6N+ o
~and. | |
L e
dt - 8N - YN

‘where q is the ion pair product1on rate,

o is the electron - 1on recombmat1on coeff1c1ent, i

B is the attachment rate of electrons

L to neutral molecules to form negatlve ions ') L Ll
Y is the ion-ion recomblnatlon coefflclent v'
g is the detachment coeff1c1ent for negatwe 1ons, and REREEP

N N~ and N'i~ and the number den51t1es of electrons

negative ions and p051t1ve 10ns respect1ve1y




Diffusion terms and thermodynamlc terms have been omltted . ‘__'l.'i'_,' j
from (1 1). The om1ss1on of diffusion terms may not be . R
" justified in the VLc1n1ty of large height grad1ents Such as those K
‘mentioned below.= Nevertheless these equatxons descnbe the gross '

ifeatures of the 1onosphere Numerous complex chemlcal

‘reaction schemes have been put forward to explaln and predlct the
concentration of varlous ion spec1es and neutral reactants It

.' should be noted that the form of (111) is 1ndependant of such '- :
- reaction schemes wh11e the values of the parameters q_ ,3, R4 '..",":: 5

depend on the ionic comp051t10n of the atrnosphere at. the glven !

 height and are welghted means of perhaps a number of reactlon
rates. For example ' ' : N

| +

W =En ng NyT O/ N+

“where q, ", is the reactlon rate of electrons W1th thelth sPec1es

. of p031t1ve 1on w1th number dens1ty N . The term ”macrOSCOPlC”

" or ”effectlve” 1s used to d1st1ngu1sh the mean param‘"ter

] reactlons

It is 1mmed1ate1y obv1ous that the macroscoplc parameters

n,B , ¥ ',5 : are llkely to_,b'e not only funct1ons of helght 1n
the atmosphere but also of- t1me the atmosphere may well behave

d1fferent1y to sudden changes in. 1on pa1r productlon rate from

cases, For the same reason the rate equatmn parameters may

‘ 'that are produced by the 1on1z1ng source. :

There is a- th1rd equat1on that requ1red by electr1cal‘

neutrahty




whlch ylelds the contlnulty equatlon for p031t1ve 10ns)l:¥fnl§f
Addlng (l la) and (l lb) e e '

gﬁ q - aN N :;;YN’Nf;%**“ e € T ) R

For'simplicityulét:us'iﬁ;rbduéé a fﬁrtﬁétjvafiéble“ﬂ“““:’"

JORN
n

lhen" o

N =N

v ., and . o
e i__ Nt (1 + x) N
: 'fw?"_;‘,ﬁﬁThen (1 l) becomes G
s E “ T Cq. R N e 'X |

dN.-_ L i

'The assumptlon 1s frequently made that ,;VTf“efgjgflj;éfﬁe

e T Ca Ll ff‘f'fﬁ’aj‘

whence’

.1+ = (e ay ) NT

‘elg
calz
noo

ie€e - N l; a:ff‘“ -t | - i f.Jl »H1»~jﬁ?€;;»‘v;':j}

D1Q<
r'z.
g

T o ters N UL U(e)
ﬁhere A ‘

eff q * xy 1s called the "effectlve recomblnatlon

- coefficient"” (see. for example, Whltten & Poppoff, 1965 page ”?%

' 143). The assumption (1.5) is not justified and- w111 be 'ui~Alé
discussed again in a later sectlon. Equatlon (1. 6) ls not L
a valid approx1mat10n to equatlons (l l) '

ot rrar N e vy FI.

~ For~ steady state condltlons. all the derlvatlves are ﬁff.f;
.zero and we' have : o UL ST :

(1 + x) (a + xy) N2 S




v den51ty at any helght 1n terms of the 1on palr productlon ?ﬂ

s rate. When

. have

“from (1. 7) and (1 8)

“‘r{ :”j’:. A ?”ts }?—44 ;_f" .
Jhtﬂwhere d) ' +X)/(a /y + k) is a slowly varylng'functlorﬁ
’ r. of k. lylng between 1 and Y/a- .~~ ~ S SR,

'fiu;of-negatlve 1ons from electrons:"

 (Chanin et al, 1959 Pack and Phelps, 1966) We w111 use’: the
. value ' L B

ie.q= Y N2

Where 1” (1 + x) (a + xy) 1s termed the electron
‘loss rate. Its. value determlnes the steady state electron

A <<1. then Tﬁ_ ”ﬁfm»

From equatlon (1 lb) for steady state condltlons we

(s - xa )/y x(l + x)

(B - k&)(a + XY)
yz xz (1+x)

from‘which

gfl 4> The Rate Equatlon Parameters -
1. 4 1. Attatchment Processes |
One process is thought to. predomlnate 1n the formatlon

0, + 02 + e }—> 0" 5 }+ 0, ;Tl,,?"~sjf;fe}; (1 11)

There ls llttle dlsagreement over the rate coeff1c1ent g

‘for this process. Laboratory measurements have conSLStently

yielded a value of between 10~ =30~ and 3 x 10 30 6 sec._ll-

5 -




"ions of less than 6 x lO13 cm.

yoxygen.; _

j"vl;l 4 2 Detachment Processes'

%nﬁfdaytlme has been known since the days ‘of the flrst radlo

i_f.compared with 9 dB or_so durlng the day.

Another pOsslblllty for electron attachment is-

e+0

-17

.whlch has a reactlon rate coeff1c1ent of 9 X 10 t. o
'375°K (Pack and Phelps,A1966) Assumlng that nelther rate

coefficient is a. strong functlon of temperature..the process
(1.12) will predominate over (1.11) only for 02 concentrat- {A
-3 i.e. above 82 Km. At such [yﬂ]
helghts A is l1kely to be much less than. unlty.‘there are

Mfew negatlve 1ons and attachment -~ detatchment processes '
‘are of 11tt1e lmportance. We can therefore neglect process;ﬂflf
' (l 12) and wr1te L T i '

‘b 1 6 x 10_30 2 3_{4f". :

‘where?m.is'the-concentrationfOfﬂmolecular{

BN

b

That radlo-wave absorptlon 1ncreases durlng the

_"f:transm1351ons. A Strlklng example of such daytlme enhance-fu?l
vﬁé_ment of absorptlon is demonstrated by rlometer observatlons,fﬁ;
- ef polar cap absorptlon (PCA). events. Durlng these events Sl
. cosmic noise absorptlon at polar .cap’ statlons at 30MHz ‘
.ngiylncreases markedly for perlods of up . to two or three days

due to the bombardment of the polar cap lonosphere by solar_h:;
protons. The absorptlon 1s typlcally about 3 dB at nlght Q'7'

Molecular oxygen 1ons. 02 y  are readlly dlSSOClated

“‘into molecular oxygen and free electrons by the actlon of

|

L3N . )
~“visible llght and’ for many years. thls process was’ 1nvoked }3-f

; i

l

1

: to explain day-nlght dlfferences in D-reglon absorptlon. ﬂme a
parameter § was wrltten E ‘ ' DL

LA AT

r

A N Lo
4 . e . it




‘Here n is the nurnber den51ty of neutral specles at the glven

v value of/o durlng the day/o w1ll be the- domlnant term whlle

 That is, photo detatchment of 0.

—h e ——

Where 0 1s the photodetatchment rate for molecular L

oxygen ions with a value of .3 to 4 sec: -1 and Y 1s the
collisional detatchment rate for these 1ons and ‘was beheved

' 20 R IS B
to have a value as small as 10 16 10 cm sec S

(Balley, 1959 Phelps and Pack '1961; Whltten et al 1965)

height. In equatlon (1. 10) ). will be strongly dependant on t]

at night falls to zero with a consequent 1ncrease in )v. for
g /° q

51m1lar values of q. ThlS w111 result in an. 1ncrease 1n V

and decrease in N the electron dens1ty and hence in absorptlon

2

'den51ty hlgh wh1le at mght electrons are removed by attachment

The 1nadequacy of th1s p1cture was demonstrated by

- G. C. Reid (1961) who exam1ned changes in ¢.n.a. occurmg at

dawn at Fort Church111 dur1ng a PCA event CA'fairly sudden

- 'change would be expected as the v1S1ble hght shadow of the

earth crosses the absorblng reglon and photod1ssoc1at10n of O2

'~ ions commences. Instead the observed change was slower and
later than predlcted (or earher in the case of the sunset effect):' R
. 1nd1cat1ng that the. shadow of the ozone layer was the 1mportant: :

factor not the v151ble llght terrrnnator ‘This implies- that ultra-‘ [

~ violet radiation rather than v151b1e llght is necessary to dlSSOClate T

whatever negatlve ions are present

More recent work has changed the’ s1mple photodetatchment

. model completely ‘As soc1at1ve detatchment of negatlve 1ons 1n

the presence of atomlc oxygen has been found to be a. fast process

~

TP TS

durlng the day keepsthe electron R




by Fehsenfeid'et7a1'(i966 1967) and by‘MdfﬁZzi and Phelps . -
(1966). These experlments showed that the rate: ls 50 fast
that with more. than 1010 oxygen atoms per- cm.3 above 40 Km
durlng the daytlme. the O2 destructlon rate. by aSSOClatlve
: déetachment 1is ten times- faster ‘than by photodetachment._;jy
- Various reaction schemes (Le.Levier and Branscomb -19683 |
“. " G.C.Reid 1970; Arnold and Krankowski, 19713 Ferguson 1971)
indicate that O is not the domlnant negatlve 1on but that
it should react rap;dly to form c037, 1\03 ~and CoéF thch
‘are much’ more stable, 'Furthermore direct. rocket’ measurements Fj
. of negative 1ons den31t1es have shown that 1ons as heavy as | f
these do indeed make up. the bulk of negatlve 1ons 1n the'ﬁYﬁffﬂ

o lower ionosphere (Nar01sl et al, 1971 Arnold et al 1971)

- The strong day nlght Varlatlon in absorptlon durlng PCA*7.

'_events now becomes expllcable in terms of - the day nlght i
" variation in molecular oxygen concentration.’ Thls is. :" o
,’3Ccontrolled by the photo- dlssoc1at10n of 0, and 03 durlng the e

-iQday and the reactlon of atomlc oxygen back to ozone at nlght.ﬁf
i o o e
Negatlve ions. other than 0~ 02 zand 03 are belleved to}

“. " 'be stable with regard to photodetachment and °°11131°“a1 a“d’é
fﬁZ\Q'assoc1at1ve detachment and are. removed only by mutual S

vneutrallzatlon w1th p051t1ve 1ons.}Therefore the removal

' ‘:,rate of negatlve 1ons w111 depend largely on’ the concentratrﬂ
'”f;flons of these three 1ons and on- the concentratlon of atomlc

S oxygen 1. e.,rb - ' ,;[ - -f‘ - :, S
S Z %3 o ['o-,l';s?if.-oi )
T e T ”l'q ' =1 - A PR

f\fwhere ';i is the photodetachment rate and k the colllslonal

' or aSSOCIatlve detachment*rate of the spec1es 01 : Thus

S

.o.'
o

'AE:fLQ;(/°£}+fk [O ] ) ;f f;i i (1 15)

i-,:
i
>
e
i
=
L E
W
3
{.
;
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.l.‘rate equations (1. 1) The reasons for thls are dls hgse
.Le Levier and. Branscomb (1968) PP

3ahand is perhaps the most lmportant srngle parameter of the

,Hﬂ,atlon f»'

'”?ﬂ}fiproceeded much faster than other el”ctron-lon recomblnatlonjﬁ?

_izprocesses and:so it. 1s frequently called the "dlSSOCIatlve:dz“
':7v,recomb1natlon coefflclent"‘ Slnce the dlscovery that heavy'
‘~’“vp031t1ve ions; predomlnate below 90 Km thls term may prove N

- to be a mlsnomer., j _‘f» o o o :

ﬂqtln the 11terature. as. a. in 1b' and 1n aeff’“w eff has’ beengﬂa
'estlmated from the tlme varylng behav1our of the 1onosphere7“’

by Jacobs et a1 (1969)

'altltude trend of ‘their flgures. They Vary over a range of

where

[o .__\"- ‘f/ﬁ',-.‘

"and & is dependant on the proportlon of negatlve 1ons whlch ff

are 07, 0,7, and. 03 and on. the neutral molecular oxygen

concentratlon.' e

1.4.3 Recomblnatlon Processes

The lon 1on recomblnatlon coeff101ent. y. ls*generailyr

3

assumed to have a value of about 10 7 .sec.~} The,value"
chosen was found to. have little effect on: the behav57ur*“f'

The electron-lon recomblnatlon coeff1c1ent on the_,thermﬁi

rate equatlons.;It was bel'eved that d155001ative recombxn-*”'

I R e e LT RS SRR U s S N

The recomblnatlon coeff1c1ent occurs 1n three forms.?WrV

R e e

and 2ﬁ from steady state condltlons. Estlmates of ‘these f e
Parameters are summarlsed graphlcally by Mltra (1968) and' ,

Estlmates of 4 can be made by examlnlng the'hlgh

two orders at magnltude. from 10 -8, cm.3_sec. l to 7,x 10'7%.~
Cmo.3- seCo 1. ' L '




~are solar x- rays.'solar ultrav101et radiation- and. at hlgher -

'7wj'hydrogen. The* flux contalned in the Lyman -a llne 1s L K
"‘comparable with the 1ntegrated flux of the remalnder of theff*~
~~solar ultravxolet spectrum. The absorptlon cross section ofj&f
| }{:Nz in the u.v. region is very small and so 02 ls the maln :7'

u:"absorber of solar u. v._1n the earth S, atmosphere.‘By 001nc-;.
'“‘1dence. 02 has an’ exceptlonally sma11 cross sect1on at ]
h; almost exactly the frequency of Lyman -a formlng a "w1ndow";
"vwhlch allows Lyman -a radlatlon to penetrate deep 1nto the

" and has a hlgh lonlzatlon cross sectlon at. l1215 7 CA Thus'

.7 “large numbers of electrons and NO' ions, The altltude profile
jrk of NO between - 70 and 80 Km and the flux of . Lyman -a radlatlonfj-
7are crucial in determlnlng the 1on palr productlon'rate ln T
_ thlS region of the m1d latltude daytlme 1onosphere.

'thetlcal D- reglon reactlon schemes u31ng laboratory measure-'ﬂf5

'More recent estlmates have placed a at greater than ;¥-~

10- -6 cm.3 sec. -1 (Gunton and Shaw, 1965).

Thus the controlllng parameter of the lower 1onosphere gy
is among those for which estimates are ‘least rellable.-_1gtﬁ;,f
Estimates of its value are Lntlmately related to estlmates
of ion pair productlon rate and are dlscussed agaln in
section 1.5. 2. , . . o .

1 5 Ion Palr Productlon

1.5.1. The N1trlc Ox1de Problem.:

- The direct sources of 1onlzat10n in the daytlme D- reglon‘

'latitudes. partlcles from the magnetosphere..f

" by

The bulk of the u1trav101et radlatlon from the sun lS
in the form of Lyman - radlatlon (A 1215, 7 A) from solar

atmosphere i. e. down to 70 Km or so.

N1tr1c ox1de is present 1n thls reglon of the gtmospheref

trace quantltles of thls molecule can glve rlse to relatlvelyﬁ“

i

Early estlmates of NO concentratlon derlved from hypo—b.ﬂ.

ments of

. T, - Lo P . “ta
i S T pe I:




: h1gher NO concentratmns

. 1.5.2. . The 90 Km Ledge and Water Cluster Ions "

"in rocket electron dens1ty proﬁles of a ny edge" between 80 and iy
”t-90 Km in alt1tude The ledge consists of an 1ncrease in electron
_'dens1ty by about an order of magmtude thh changes 1n helght of
“one or two kilometres.. Such a sharp grad1ent is: d1ff1cu1t to :

g explam in terms. of 1onlz1ng electromagnetlc radlatlon S1nce the
-a rate determmed solely by the scale heights of the 1on1z1ng

-preclude such large gradlents

. : , 5 6 SR
rate coeff1c1ents 1mpl1ed concentratlons -of 10 to- 10 m_

which in turn 1mp11ed ion pa1r productlon rates of the order of;

ion pair cm. 3 (Mltra, 1968) , However rocket measure- e

| ments at NO dayglow by Barth (1966) and Pearce (1969) gave el

-3 L -*'3'?:
much higher values ranglng from 4 x 107 cm to 1 7 x 10 .

‘which should give rise to ion pair product1on rates q,of the order

of 10 cm 3'sec-1

These more recent estimates of q- place-a further strain

on a . If attachment processes are neglected a is requ1red B

to be as h1gh as 5x 10 5cm3 sec-'1 1n order to explam the

observed electron dens1ty proflles (G. C. Re1d 1970) Even if Lo

these more recent values of NO concentratlon prove to- be 1n

'~ error, our estlmates of the ion- -pair productlon rate proflle o

would be. unllkely to be restored to its old value It has recently

been shown (Hunten and McElroy, 1968) that exc1ted 0 21n the : Ag~

state can be lomzed by Lyman -a Measured concentrat1ons of

02 ( \Ag) 1nd1cate that the productlon rate of electrons from this"

source alone is of the sa.rne order as that der1ved from the

G.C. Reid (1970) has p01nted out the frequent occurrence |

product1on rate prof1le rnust fall off with decreas1ng he1ght at e N

v

and absorblng Spec1es Molecular and eddy d1ffu51on seem to




- rate proflle computed from the hlgh NO f1gures of Barth to

“In'the same he1ght 1nterval Narcisi and Balley uS1ng S

rocket borne mass- sPectrometers found a 51m11ar ledge 1n

the positive ion compo s1t1on of the 1on05phere Slgmflcantﬁn '

~ their findings was the unexpected predomlnance of p081t1ve 1ons :

of hlgh molecular we1ght below’ the ledge belleved to be water

cluster ions, - H. (H O) G C. Reid (1970) explalns the

‘existence of the electron denmty ledge and of the anomolously

low electron concentratlons below the ledge in terms of an

enhanced ab111ty of the more complex water cluster 1ons to

' . recombine with electrons Cons‘equently o w111 be h1gher than A

prev1ously supposed at these levels Re1d uses the: emp1r1cal

compute an helght proflle for . He flnds & to be 5 X 10 7

above 87 Km and about 5x lO -5 m3sec below th1s helght

He excludes the pOSS1b111ty of attatchment proceSSes f_ - sl

: contr1but1ng S1gn1f1cantly to electron loss near 80 Km thlS

assumption is based on a negat1ve ion reactlon model derlved C

from that of LeLev1er and Branscomb (1968) in wh1ch 02 is. the;‘,

" dominant negatwe 1on at thls he1ght and is destroyed by

associative detatchment w1th 0 almost as soon as it-is formed

He does not seek to explam the abrupt change in posmve ion -

~composition at the ledge..

Hunt (1971) has constructed a model based on the reactlon g

scheme of Ferguson and Fehsenfeld (1969) Whlch pred1cts helght

" variations in H 0 and H 0 - 2 s1m1lar to those observed by

3

' | Narc1s1 and Bailey. ' He does not take d1ffus1on into account On"
.the other hand Hesst\(edt (1968) and Bowman et al (1970) u51ng
' H20 and 02 reactlon schemes (they 1gnore ions and NO completely)

have shown that ledges in neutral constituent concentratlon e

profiles predicted by multlple reaction sehemes are altered but

__not smoothed out by molecular and eddy d1ffu=s1on processes h

g g et ey

" rocket data for electron den81ty and an ion pa1r productmn_'?" AR |




~ . with e- foldlng energy of 15 KeV and partlcle fluxes of the

1.5. 3Ion1zat1on by Partlclw Prec1p1tat1on -

There 1s a grow1ng body of ev1dence that electrons

preclpltated from the magnetosphere prov1de a S1gn1f1cant g
~source of 1on1zat10n 1n the qu:.et m1d lat1tude D reg1on Tl
(O'Br1en, 1962 1964 O'Br1en and Laughhn, 1963
'4 ‘Hultquist, 1964 O'Brlen et al 1965 Paullkas et al 1966

‘Tulinov 1967' Frltz 1968 Tulmov et al 1969 Potemra .nd .
Zmuda, 1970; Manson and Merry,v 1970) F1gures are L
available for total partlcle fluxes at energles above 40 KeV
and upper 11m1ts can-be placed on the. 1on1zat10n rates from
this source from N + nlght alrglow measurements L

2

However the Spectra of the prec1p1tat1ng electrons are RIS
"more uncertam ' Manson and Merry (1970) consuier a Spectrurn e

order of 5x 103 crn-‘2 (for E > 40 KeV) Such a _svpe_ctrum:--

would create a peak in. the 1on1zat1on rate near 90 Km and
ledge near 80. Km. Potemra and Zmuda on the other hand
" consider power law spectra with exponents around 3 3 Such
'p‘artlcles would penetrate deep 1nto the 'D- reglon, down to 60 Km
.. without creatmg any ledges in the productlon rate proflle o

Prec1p1tat1ng electrons with spectra sl1ghtly softer than .

that used by Manson and Merry, i.e. with about 5 to 10 KeV
e- fold1ng energy, would be capable of giving r1se to a ledge in - : L
" ion pair productlon rate at sun1lar helghts to the one d1scussed

. above.

1. 6 Relevance to High Latltudes
It may be asked : what is the relevance of the dlscuss1on
in this section of mid lat1tude phenomena when hlgh lat1tude |

phenomena are the subJect of thls work? - The answer lles in the .




fact that nearly all that is known about the D-reglon lS

known only for mld and low latltudes and must. be extrapolatedf
to hlgher latltudes. many of the processes must be the same.;i
of greater 31gn1flcance is the p0531b111ty that the sudden ..
decrease 1n cluster ion concentratlon ‘at 88Km - may be broughtAj
babout by an increase in preclpltatlng electron flux above'“”‘f

this altitude and by the 1ncreased proportlon of N2+ 1ons
which would be producede The reactlons whlch+1ead from the
formatlon of simple p031t1ve ions such as: 02' and NO ‘to

‘A water cluster 10nS are - not’ fully understood and the pOSSlbll-L
ity exists that such reactlons mlght be suppressed or bf
'1nh1b1ted 1n the presence of’ hlgher free electron den51t1es

or higher NZ dens1t1es.va thls 1s so. it suggests that the

t water cluster lon-hlgh a- proflle dlscussed above may not be
'approprlate ‘to auroral zone phenomena which are controlled
:by partlcle pre01p1tat10n to a. greater extent.s;V“'

+
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' SECTION 2.
A D—region Model_

N ) I
2.1 Small Perturbatlons

o perturbations 'in q , the ion pa1r productlon rate The var1ous

"asymmetry adds a new dlmensmn a new parameter to our o
.;emp1r1ca1 knowledge of the D- reglon -Here we have small
’ x"perturbatlons in. cosmlc noise absorptlon for wh1ch a relaxat1on L
."vt1me can be' read d1rect1y from a pen recorder chart The c n a.

" pulsations observed with fast response rlometers are fast the1r '

_meaSured amphtudes are less than 4dB. Superlmposed on ,'

backgrounds of greater than .5 dB of absorpt1on

region of the atmosPhere? It is the purpose of th1s theS1s to -

,e L"atternpt to answer these questmns

Hitherto there seems to have been l1ttle d1scuss1on 1n the

" literature of the re8ponse of the 1onosphere to small rap1d R

proposed negatlve 1on reactlon schemes have usually been dealt
with under steady state or quasi steady state condltlons and

time rates of change of 1on den51t1es have been nearly always'

equated to zero,

- The d1s covery of c.n.a. pulsatlons exh1b1t1ng a tlme e

*  rise times vary from 1 to 5 ~seconds They are also small thelr S i

' To what extent are observed c.n.a, pulsatlons COnSlstent S
" with know D- reglon processes? Can they be ut1hsed as a dlagnostlc L

o tool to glean additional 1nformat10n about th1s mo st complex

The obvious way to go about th1s is to construct a:

[%

mathemat1cal model of the relevant part of the atmosPhere and to

compare the sort of pulsatmn Pred1cted by the model w1th those

observed experlmentally Values of parameters used in. the model-»vf v,




which give rlse to unrealistic results can’ then be e11m1nated
.and some of the uncertalntles in our estlmates of D- reglon =

Parameters and processes can perhaps be reduced.

2.2 Complete Reactlon Schemes

Any complete reactlon scheme would lnvolve one | - '
d1fferent1a1 equatlon for each spec1es of pos1t1ve or V-};f:{
' negative ion present. Many of these d. e.S. would be non-'7'“
linear (even for small perturbatlons) and would need to be
solved numerlcally. The number of parameters needlng to’ be
varied in order to galn an insight’ 1nto the dependence of
~thée output pulse on them is likely to be large.;*ﬁg S

For this. reason it seems more reasonable o use a ‘
"simplified model which. lncludes fewer parameters. A model
'was constructed based onthe Bates and Massey equatlons (l 1).
as dlscussed 1n -the prev1ous section. These equatlons were 'L_
solved numerlcally for N as a functlon of t1me for a number ii
. of discrete helghts 1n ‘the atmosphere u31ng a sultable e
udr1v1ng functlon q.= q (h t) Sl ' '

‘rrf. EER

The resultlng absorptlon pulse was then computed from
N(t) u31ng the Sen-Wyller(1960) formula for non dev1at1ve

. the rate parameters. a B y.a can be regarded as constak
durlng the. course of a’ pulsatlon The attachment rate
-coefficient B is'a property*of'the atmosphere and predlcted
absorption pulses are almost completely 1ndependant of - thefﬁQf
‘'value of y used.’ ln the model The electron 1on recomblnatron _
- coefficient and the electron detachment coefflcrent remalns :E
to be dlscussed. i : et e s

2.3 Negatlve Ion Reactlon'Schemes
-+ 2.3.1  © The. Charge Transfer Matrlx ) T
ConSLder equatlon (14) of Le Levrer and Branscomb(l968)




M2 2 ° K30"3 - I\50"5 - K (02)2,,_‘ o

P3"3 - (m103 [02] )>.1 - m:)_03"2 =0

ete. S ﬁh' : ».i o f’fﬁ"”ﬁj ;LV(zytfiiifh

where ). is the ratlo N /N where N 1s the number

den51ty of the 1th species and r' is the loss rate for th1s spec1es R

| - Multiplying each equatlon by N, the electron den51ty, we have .

Ny - KbO3N =0 s
[Nz - Kg0 Ny - K50N5 - K (02)2N =0

otoooc..coo.,;,

V.

_ These equa.tlons descrlbe the quasi- steady state '

51tuat10n The dynam1c 81tuat10n is'arrived. at by S1mp1y

replaclng the zeros on the rlght hand sides by dN /dt Thus

= _KbOSN - ;T'file_'. S
ST R (0)2N + KgONg + KsONs TNy

etc.

A complete model representlng the behav1our of the

ionosphere in the presence of pulses in q would 1ncorporate the L

differential equations apprOprlate to each ion spec1es

together with the d. e. for, electrons(S1m1lar to (1 la)) the change

e e o 1t it

L

e A g e b v s e e ..w;\;,.v_-,-r—;.-,.,.,_.,-m,_.,_f.j?'_vgr_-. e e ey
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- neutrality condltlon, and a 81m11ar set of d e s. for_'

p051t1ve jons. .-

i 1nc1ude a recomblnatlon term, yl N 'ﬂfufﬂ

the equations (2 3) are nonllnear and. in general would have

Since the Ty

to be solved numerlcally. They can however be wrltten as a L

matrix equatlon.

dt =

where -

‘Qi.._"‘

and

- Pl Blz Bl3u-o ........Bln
821" rz Bz3oo-cuuuu.¢c032n ':‘

B31-co .o oooo g’

Bni-{..}r...»......a.f..-rn'

where Ny is here the number dens1ty of electrons,fNiitf' R

. (<1 gm) is the number denSLty of the 1 th negatlve lon"h :

’ spec1es and 313 is the 1oss rate of the 1 th spe01es 1n the;:ii:
reaction Nl' + X —> NJ + y R (2 5) iﬂf:




L i.e.

solved for {N{ .

- matrix'{-}(see Apostol (1969) Chapter 7. )

':“_fthe‘lonosphere depends. on' the eigen- values of the charge .

1 2.3.2 , Detachment CoeffLCLent Varlablllty

Byj = K[Xl i .
? where K is’ the reactlon rate of (2 3)
For small pulses where changes in N can be 1gnored

all the elements of {Bl are constant and B? ls a property
of the atmosphere at any height. Equatlon (6) can then be B

The solutlcnhis ;‘ Lo R
'_sz(t)gg {B}t{N 1+ e{B&t _-.é,-iﬁzﬁg,s;s:>

Here the matrlx e B T can be glven a prec13e deflnltlon

.':{and it can be shown that ‘its elements can be wrltten ln the

form L e o . o o ,,¢¥l.>.,,sgfﬁ
N ope eMET T e :
S by ek ic R R FE S

' where the kk are the elgen-values of the

Thus ultlmately the negative- ion: dynamlc behav10ur of

trnasfer matrix {Bg

" In practlce it is scarcely worthwhlle Computlng the o

elgen values of ng since all of the elements of Z % are_Vd

not known with any degree of certainty and most are,.of ,f17“5
course, Strongly dependant on height, Gl

As mentloned in 1.4.2. only 0~ 02 and’ 03i lons are .

vllkely to suffer colllslonal detachment or photo detachment
;Vat a rate expressed by equatlon (1. 14) The reactlon A‘,”
'schemes of Le Lev1er R Lo v




. with changes inq 1et us con51der an abbreV1ated version. of the

and Branscomb (1969) and of G.C. Reld (1970) mdlcate that

[02 ] el -] :

[02] >>_ [O ] -

at all he1ghts for both day and mght eq\_ullbrwm condltlons '
Follow1ng LeLev1er and Branscomba in (1 15) B
2 x 10 -10. m3

0~ -10 m3 sec. /02

10-10 i Cm3 .v;s'ec"li /03 O 01 sec. 1 T

0. 4 sec. 1 S

=
—
n

.'k2=3-3X1

.
. W
n

Hence K : O] [0 ] is easﬂy the dom1nant ter:"

the expressmn for éN (1 14)

the way in wh1ch 6 varles w1th tlme and w1th q is entlrely

'..‘..Jdependant on how the ratlo [O ] /N varles ThlS 1n tufn 1.s

dependant on the deta11 of all of; the reactlons 1nvolv1ng negatlve
' '—1ons expressed by equatlon (2 4) above .- ,‘:- L ;‘»:‘ :
In order to get arough 1dea of the beha.vtdurA of th1s ra.tlo

: negatlve 1on reactlon Sc:heme of LeLev1e"”and Branscomb (1968) i

-'Negatlve ions in thlS scheme fall 1nto three'classes




“ in matrix form

viz : S . ) . S
i)  Attatchment - detatchment' sPecies "0 and 0-2-

These ions -are the only ones hkely to be formed by d1rect o

attatchment of electrons ‘to neutral molecules and the maJor ones--"-:_:3;,"_‘__"'-3

to experlence dlrect detatchment of electrons by colhsmns w1th
atomic oxygen. Let thelr number den51ty be Na ' |

ii) = Storage Spec1es '03 ,ACO.-3' and CO Sy Whlch are

formed dlrectly from 0 and 02 and can be converted back 1nto

0 and O2 . Let their number den81ty be N: ‘s

' r iii) terrrunal species, -NO ‘ and NO3 - ’I"bese are hlghly
| stable ions. wh1ch are only removed by mutual neutrahzatmn
Let their number dens1ty be Nt | o
Let us assume that loss by neutrahzatmn is only

i 51gn1f1cant compared w1th change 1nterchange processes in. the

" .case of electrons and term1na1 1ons

The system 1s descrlbed by the four dlfferentlal equatlons

| BIT] -0, ]VNa + 8 N IR (29)

at = SR T Ceian
: + .‘..-:"".

rt
I




'&fjx7sma11 values of

.’Where.ngsee -(s + Qo E ) o “d@?;;fogifliﬁ{;fi”
o RIS f’o}’
0 Qs (e g)
o 0o _'§ ,-_--_yﬁaf‘j

et 12);31

We have assumed that dlrect conver31on of attachment,wfgf

‘to terminal 1ons is small compared w1th other processes.g,ﬁwfﬂ
v Equatlng the derlvatlves (2.8)" thrOUgh (2 11) to zerolfi“
for steady state COndlthnS we find R NI

ﬂht RSl? /th‘Nw~ :'uvu;”';;*W._f7f§t1<2'}3?fﬁj

. N
|

'NSE/NaH'?: w/ .'9 .

e

aq 7fffF o N N

N /(N + N + N )

9.

U-ﬂ

T The varlatlon of the ratlon ln (2 13) (2 14) (2 15) -
-~ with helght in the qu1et mﬁg 1at1tude daytlme 1onosphere ca
be seen: 1n flgures(G)and(S)G.,C RELd s (1970) pape :

é/Y N l.e. fOr Nt N <<1

w




Substituting(2. 13 through(2. 16 into the meutrality

equation =~ c el
- =. N . ol A . : \i .
N =N AN+ Nouk N

we have

Nt =

2 Q. .
N*3‘ =—(;'- (AN+.-+-B;)

where A and B are mdependant of q- Thus N- vanes elthe"
as the.square root or cube root of q. the detatch.ment coeff1c1ent

S is given by

[ -

" Thus & will not be a strong function of q for small qua51 ‘

e e
bl a

- . .
e B e R T

equilibrium var1at1ons in q

For the non- steady state case, where there is a pulse in.

| q the time behaviour of N, Na’ N and Nt is, dependant on the '
eigen values of the matrix {B} in equat1on (2 12). It can be o
shown that these are real and negatwe 1mply1ng that the 'behav1our' ,

. of the pulse as it passes from one ion 5pec1es to another 1s RV
diffusiven i.e. the pulse will be smaller and more. spread out as;
it passes from specles to sPec1es " Thus the time var1at1o-n of the. o

ratio N /N is likely to be even less dependant on q for a short

ek e e e o e g e o

pulse than for a qua51 steady state variation.-

e aa e ot
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2.4 Recomb1nat10n Coeff1c1ent Var1at10n L

The maCI'OSCOplc electron ion recomb1nat1on coeff1c1ent rr,, .

is a function of the pos1t1ve ion cornp051t1on of the atmosphere and is.

a weighted mean of the 1nd1v1dual recomb1nat1on coeff1c1ents of

- each po 51t1ve ion sPec1es A large coeff1c1ent for recomblnatlon LR

of electrons w1th water cluster ions has been postulated 1n order

"to account for the anomolously low electron content of the day t1rne,-f:f_"': _

- mid-latitude D-region’ (see. 1 5.2.). The quest1on now ar1ses as’ to -

how strongly dependant is the proportmn of water cluster 1ons
‘and hence ®, on the ion pa1r product1on rate q and on rap1d |
var1at10ns in q. . _. N ) '

The rate of format1on of cluster 1ons ‘would be expected toA". ) "
be proport1onal to the amb1ent positive ion den51ty at any helght.,‘.:,'j' '

Let KN be the rate of formatlon of cluster 1ons w1th number
+

density C from such ions as NO 0,7, N+ with concentratlon,:' SR

2 2
+
‘N. Let qcandrxD be the electron ion recomb1nat1on coeff1c1ents,

of the cluster ions and of the more slowly react1ng 1ons respect1vely
-.The parameters K, Mo andaD are, perhaps we1ghted means of ,. ‘ '
‘various reactlon rates but th1s does not greatly affect what follows
The followmg equat1ons descr1be the steady state balance of
‘electrons cluster ions and slowly recornbrmng_,mns.-“- EE

‘positive ions balance =

0 = 4 kNt iap ot Qo
'cluster ion balance & ! : i -' -
‘electrons: - | ) o ) ; , , .

0 = 'gq - apy NN g Nt R (2i03)

B s T T A S .



- - water cluster ions..

where 'q is the ion palr productlon rate and N( N + C )
is the electron den51ty Attachment processes are 1gnored for o

simplicity. Equatlon (2. 23) can be wrltten'

o”=.q";th2ﬂ

: :wh;ere a = ((‘LDN+ +-'lqc C+)/NA, ; ', 5:(.2.’24).
is the effectxve o
v recombinati.on cbefficieht.l From (2 22) we have o

K(N C ) .- L C+N
-(K + q h) ct

0.=

" Thus

it

PR R raN) (2 25)
and C has a max1mum value of K/q however 1arge the electron
'den51ty may be. For small electron den51t1es i. e for N. << K/rxc

C ~ Ni.e, nearlyall the p051t1ve 1ons will be 1n the form of

R T L e e SV

' Substltutlng (2 25) in. (z 24)

IR ST

o =;-CLD' '(1_,"._'.0 /N) + L9 C+/N

thus when : ,N > K/aD s A fiD

. and when N <K/

'Equation.(Z 25) can- be rewr1tten T
KooNct N(N - N‘*) C(2027)

2 e e oo o mpgae

L e

e

Y



hence we can estimate K/q by examlnatlon of the ion '
'Spec1es density prof11es obtalned by Narc151 and Ba1ley (1965)
At 85 Km the only known’ slowly recomblnmg spec1es is NO

which makes up about ten per cent of the tota1~p051t1ve 1on "

content of 6 x 10 cm-3.- If we assume that all the other spemes -_" A

" are .rapidly recomblmng we have at 85 km}, o

K =75 "x‘ ‘1'04'-.cm-73 |
S1m1larly at 70 Km K/q =1.6'x 10 ‘ Electron o

densities of th1s order at these he1ghts could glve nseto c. n a.

of about 1 dB, ‘in the’ range of the observed absorptlon :’.‘::,; '

background for c.n.a. pulsatlon events.. That is for real events o

the cond1t10n Lo : . : .
o K/“D > N > I\/ac - is. llkely to

apply, in which case accordmg to equat1 on (2 26) aw111 be

strongly dependant on N and therefore on q

In a non- steady state S1tuat10n (2 21), (2 22) and (2 23)

become '
act o
— =5 -agCT N
gt LW e
' —  ='q .- .ap NNT-lqg
- dt | ‘ D o
where S = S (t) is the rate at whlch cluster 10ns are formed

" from other pos1t1ve 1ons S KN only for the qua51 equ111br1um A

o angm e e cw ey paR i 2 et
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situation since cluster 1ons are llkely to be formed from N
N2'+ and 02' by a serles of three or four

such intermed1ate spec1es as~0

'eeactlons 1nvolv1ng
4- . .
: (Ferguson, 1971) To a large extent the productlon of cluster 1ons{-
in the coursé of a pulse w111 be decoupled from the pulse 1n N
For fast pulses S w111 be almost constant and an 1ncrease m N

-will. result 4in a negat1ve value of dC /dt a decrease 1n C+ and

hence a decrease in OC- . I G.C. Re1d's h1ghq cluster 1on theory
is correct o is hkely to be not only strongly q dependant but‘. also

‘time dependant.

For the moment however in order to develop the sn'nple
model based on the Bates and Massey rate equatlons (1 1) w s
w1ll assume that’ & can be regarded as constant at any helght

the atmosphere We will return ‘to thlS top1c 1n d1scu851ng the S

exper1mental reSults in sectlon 4

o 2.5 - The fon Pair Productlon Rate o L

‘2.5.1. The P_r_1mary Spec-trum

The absorption of co'smic noise by free 'electrons'in tlre '-:" ' ;

DA

ionosphere is dependant on the collls1on frequency, _the rate at
which electrons lose energy by COlllSlonS with neutral molecules

The collision frequency is strongly dependant on he1ght Above

60 Km the absorptlon of cosmic noise at 32MHz for a g1ven

electron den51ty falls off by 1/e for each 63 Km increase 1n helght.l.'

Thus in computmg the absorptlon as seen from the’ ground

brought about by a pulse of 1onlzlng rad1at1on enterlng the top of

the atmosphere, the height : at whlch the absorblng electrons are

created is of crucial 1mportance ; ' I v_ ‘ D '. i ,,:_'1'-,'.":""
Equations (1. 1) are non hnear which 1mp11es that the shape

of a pulse in N w111, in general depend on the’ background value SR




of N itself. Furthermore at least one of the parameters of (1. 1),
B8 is strongly dependent on the height. These features 1n<11ci§te :
that the size and shape of a pulse in absorp»zon compuued from a. .
pulse in g will be strongly dependent on the height distribution

of the pulse in q and on the height distribution of the back ground -
ionization prof_;le on which the pulse in g is superimposed.

The association of c.n.a. pulsations with fast bremmstrahling
X-ray pulsations and with luminosity pulsations in the IBC 1-2
range (Appendix I) indicates that electrons precipitated from the -
magnetosphere over quite large regions (Appendix II) are
responsible for pulsations in ion pa'ir production rate, q ( h,t),
‘which in turn yield the observed absorption pulsati‘o‘ns., The |
héight distribution of q ( h,t) will be a function of the energy |
spectrum and angular distribution of these dumped electrons

Observa.tlon of prec1p1‘cat1nor electrons qurlng both active
and quiet auroras by means of rocket borne electrostatic
analyzerAs (Chase, 1970) indicate that their spectrum consists of
two parts which are almost unrelated viz. (i)‘a. region»froleeV
. to 10 or 20 KeV which is flat during a quiet aurora and develops
a strong peak when the aurora becomes active and (ii) an
exponental tail above 20 KeV with an e-folding.energy of from
3 to 5 KeV which is relatively unchanged during iarge changes'

‘in the flux in the low energy component.:.

- Since c.n, a. ?ulsations or associated phenomena were
not reported during this :particular experiment these spectra can
in no way be taken as, representative of the electrons responsible
for c.n..a. pdlsations . Since c.n.a. pulsations are. observed
largely in the mld-mormng hours when the spectra of '

prec1p1tat1ng particles appears to harden (Ansari, 1964);



-a two component . spectrum i.e. one tbat 1s flat from_l

Bewersdorff et al, 1967). their e- foldlng energles may be muchf*
larger than thls. Nevertheless we will adOpt theﬁiOHCept oﬂfﬁ”

KeV with an exponentlal ta11 above 10 KeV..The e= foldlng
energy of this tail and the total flux of electrons w111 be -

the only varlables assoc1ated with the spectra used 1n the ;ﬂ?f
model. The preCLpltatlng patrlcles ‘are assumed to be 1so-f ]'f
troplc over the d0wnward hemisphere. ' SR
2.5.2 ' Bremmstrahlung Ionlzatlon Vf'_?,7ff F;}:“f '5L:5€{
A number of workers have 1nvest1gated the transport ande
energy dep031t10n of electrons ln the atmosphere (e g. '

Chamberlain, 1961; Rees, 1963, 1964; Kamiyama, 1967; Walt et al, .

1967 Berger et al,1970; Catchpoole 1970). Thelr orlentat10n13;
has heen largely towards. the computation of auroral lumanSLty
profiles and 1nten31ty ratlos. At the time of commenCLng thls;

| project only Rees (1964), and Kamiyama (1967) had pald much

attention to 1on-pa1r productlon below 80 Km where photo—

" ionization- of air by the bremmstrahlung X- rays created by f.},f

" while that of Rees peaks at 50 Km. Thls may be expllcable tﬂ*

‘-whlle Kamlyama s has the form. T\

in that Rees uses ‘a. spectrum of the form

'the prec1p1tat1ng electrons becomes predOmlnant. Both of .

these authors computed ionization profiles for an exponentlalfi
spectrum of prlmary electrons with e- foldlng energy of 5 KeVv hz
and their results should be dlrectly comparable (1.e. compareff
Fig.5(b) of Rees (1964) and Fig. 4 of Kamiyama (1967) e
Unfortunately thelr proflles for bremmstrahlung 1onlzatlon

are quite dlfferent. Lamlyama s proflle has a peak at 90 Km

fe >de, oexp( a/a>de

(E )d€ ~em>( i/a)di

resultlng 1n a much larger flux of prlmarles below 5 KeV.aﬁlp-H




Desp.ite this, the two -'lspectra 's.hould_yield ,Si;"nila-z'-.“;»:. -

bremmstrahlung ioni'zatio'n' 'rates deep in‘the 'atrrlo sphere' Whence »-
~only the higher energy X< rays can penetrate because of the hlgh A
photoelectr1c absorptlon cross- section of air below 10 KeV At
a height of 50 Km Rees predlcts an. 1on1zat10n rate three orders , I.ij' o
of magnitude less than the peak rate due to 1mpact 1on1zat10n o

while Kamiyama predicts a bremmstrahlung 1on1zat10n rate at L
' this height Whlch is 51x orders of magn1tude less than hlS 1mpact
.ionization peak. V - | |

Th1s d1screpancy 1n estlmates of bremmstrahlung 1on pa1r o
production rates at 50 Km is of some 51gn1f1cance For a glven
electron den51ty, N, the absorptlon of cosrthic nmse at 32 MHz 1s
about three orders of magmtude greater at 50 Km than at 105 Km |
where the 1mpact 1on1zat10n max1ma lie. Thus 1f the electron ,' |
- dens1ty were to be proport10nal to ion pa1r productlon rate the
‘s1tuat10n desc’r1bed by Rees would 1mply a degree of cosmlc no1se
absorptlon at 50 Km greater than that at 105 Km due to 1mpact |
1onlzat10n, while Kamlyama s c,urves 1mply a degree of c n a.
- due to bremmstrahlung Whlch is neghgably small For steady |
state cond1t10ns the electron dens1ty is certamly not proportlonal i
‘to the ion pair productron tate smce we have IR '
| - _ and 'Q] is llkely to. be so. large at 50 Krn

that N can be neglected wh1cnever value of q is correct However S
‘we are concerned here w1th pulses The equat1ons (1 l) 1mply that

v__for Suff1c1ently short pulses in w1th amplltudeAq ] the correspond1ng

’ 1ncrease in electron den51tyAI\may be approx1mated by

AN fAt Aq dt.: o~ Aq At (231)




. lower helghts..

Thus for tran51ent Phenomena there is’ a degree of

- proportionality holdlng between N and q whlch makes: the'9f |
discrepancy between the bremmstrahlung ion- palr productlon' -
rates of Rees and of Kanlyama of utmost 1mportance. If the
former is correct “the- bulk of cosmic. nOLSe absorptlon
occurring during a pulse- of 5 KeV prlmarles takes place at’ry
a height of about 50 Km, . while if the 1atter s proflle 1s
_correct, for the same condltlons the bulk of the pulse ' flf
~ absorption will ocour at.-over 100 Km in helght.afffﬁj' T

' Nelther Rees nor Kamlyama take multlple compton
- scattering into account’ and both treat the comptOn scatterlng
cross- sectlon as’ lf it were a’ 51mp1e absorptlon cross sectlon.

For these reasons the 1onlzat10n rate proflles produced
by a variety. of pre01p1tat1ng electron spectra were calcul-ag
ated afresh taklng multlple compton scattered bremmstrahlung
into account. The computor program: for d01ng thls is" descr-;ﬁV
ibed in Appendlx IV. The resultlng 5. KeV proflle resembleslfff
Kamiyama's. proflle much more closely than that of Rees at h 

i

, The lmpact lonlzatlon part of the proflles were,in -
 computed in a 51m11ar manner to’ those of Rees (1963) Thé-777

" height distribution of. 1on palr productlon rate produced by
spectra w1th e- foldlng energles of 5 10 20 40 and 80 KeV .ﬁua
are shown in Flg. 2.1, . A

-

The dlscrepancy between the proflles of kamlyama and _

Rees can be attrlbuted to the 1atter s 1ncorrect use of" the
d1fferent1a1 cross sectlon for bremmstrahlung productlon lnfff
- equations (5) and (6) of his 1964 paper. Hls equatlon (3) was.
" written’ ;}_ B : - R DR

PD () f:feomax cb(so.k)wD (£ ) g(Eo.h) atq

omln ‘
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‘Ion - palr productlon races calculated for unlt .

' fluxes of electrons in the energy range 1 keV to: SlO 8keV o
'1n01dent on the top of the atmosphere.~Each flux was ta&enﬁfﬁﬂ
as lsotropic over the downward hemlsphere and as hav1ng a fﬁ
i"dlfferentlal energy . spectrum flat from 1 to lO keV and

falling off exponentlally with lncrea51ng energy for L
energies greater than 10° keV. ‘Each curve is labelled w1th 415
the e - folding energy in keV. of thlS hlgh energy tall.,-*?ﬂ?f



and should have been wrltte?
- o
D (k) dk = [ Eomax ——3————215 (€, )g(Eo.h)dE

Jemin -
_since the cross- sectlons: (€o,k) is glven in Table 1 of the
“3paper and computed from the emplrlcal formulae of Klrknatrlck
.and Weldmann(194>) must: be differential energy cross sectlons.
not number cross- sectlons whlch d1verge at zero. Ihe 1"»2;323
bremmstrahlung flux computed uSLno the- energy cross sectlon :
lncorrectly in thls way will be spurlously hlgh at hlgher‘rgii
energies yielding a much ‘greéater degree of" lonlzatlon much
+ lower down in the atmosphere than would otherWLSe,bewthevcase{'
$2.5.3 SomedReservations’ ; - :
The assumptlons made about the nature of the prec1p—w&

1tat1ng partlcle spectra .and pitch angle dlstrlbutlons '
~ should not perhaps, be taken too serlously. The complex1ty

- and wide varlablllty of spectra and pltch angle dlstrlbut- V‘”'
ions observed. in actual’ precipitation events have' been»aV””J"‘"
demonstrated by. O! Br1en and Reasoner (1971) DlscrepanCLes
Abetween predlcted and observed 1on palr productlon rates. as
“measured with rocket borne 1nstruments. have been observed
by Ulwick et al (1967) and attrlbuted by them to-. the effects
of auroral e1ectr1c flelds on -the range of preclplt“tin
partlcles. Catchpoole (1970) has demonstrated thataq ite ../
small electric’ flelds parallel LO B can have a: slgnrflcant‘fff'
- effect on depths of penetratlon,'partlcularly for the 1 werduﬁ
'energy particles. Nevertheless some-. assumptlons must be". “n_
made; the e- foldlng energlesf_ss001ated w1th the rate profllesﬁ
of Fig. 2.1 can, at worst, be regarded merely as numbers ‘.
characterlzlng the 1nd1v1dua1 members of a group of profllesr




2.6 The Computor Model

A computor program was wrltten 1n Elllot 503 Algol B
- to solve equatlons (l 1) numerlcally for h for a pulse lnlfﬁ
q at various heights in’ the atmosphere from 50 to 160 Km
for an assortment of values at the parameters s 8. Y and 6{&f
and then to evaluate the resultlng rlometer absorptlon as- -

a function of- tlme. Slnce the . equatlons are non-= llnear andﬁhih
the observed pulses are superlmposed on a relatlvely ‘l‘”i
steady background of. absorptlon, some sort ‘of steady baCK'r;ﬂf
ground must be lncorporated lnto the model._The lonlzatlonT
_ rate proflle q(h t) was taken as 'u, ST :

q(h.t) qo(h) + Aq(h) p(t)

(n) + qu(h Eob) + qu(h E )p(t)

) Where
| t is the t1me 1n seconds, _ -
qr 1s the rate of background 1onlzatlon.

, q(h, E bO in the ion- palr productlon rate atH
height h, due to. incident. electron flux at the top of the T
| atmosphere w1th e fOldlng energy E b-;;;g“;aw'» h:f,"h
' Fp is the peak top -of - the atmosphere flux of the IR

pulse of prlmary electrons with e- foldlng energy Eop.}% “in :
oo q(h, Eg ) 1s SLmllar to q(h, Eob) but lS the. rate'*“”
_f .proflle approprlate to. the e- fOldlng energy Eop of'the b
. pulse component of the prlmary flux,‘and o




v p(t) is a functmn Whlch descr1bes the t1me varlatlon of

‘the pulse in pr1mary electron prec1p1tatlon and prov1ded 1t is -

symrnetrlc and almost zero out51de a certaln range of t 1ts Shape R

is fairly arbltrary. For compu_tmg rea.s_ons the follow1ng functlon LR

was used;

p(e) = MMM o o
L 'fh'whenfltff<.3/w’;;g

:l*.and ' (t) ___0 wheh lti 3/w» (Z 33)
‘where 1l/w appr0x1mates the half w1dth at half maxtmum

of the pulse in seconds. oo
The q. proflle of Ogawa and Tohmatsu (1966) to represent

., nlght cond1t10ns and the (low’ NO) prof11e of Mltra (1968) to

" represent. daytlme condltlons at 1ntermed1ate he1ghts - The

daytime proflle of Watanabe and Hmteregger (1962) was used

above 110 Km and Webbers (1961) cosmic ray 1onlzat10n prof11e B

was used below 70 Km.  For some runs the (h1gh NO) prof11e of
G.C. Reid (1970) was used at intermediate he1ghts It turns ‘
out that for:even moderate absorptlon events i.e; for qu1te ‘.
" » small values Ojf Fb’ the q. prof1le has very 11ttle effect on the
predlcted pulse shapes and amphtudes

Programmmg q.in the form (2. 32) made it poss1ble to

examine the 81tuat10n where pulses of prec1p1tat1ng electrons e

. with one spectrum were’ super1mposed on a steady background w1th '

-an entirely dlfferent spectrum since q h) anqu (h}:an represent'f

- different 1on1zat10n rate proflles In practice the magnltude of

the background flux Fb was adJusted so that 1ts contrlbutlon to




"the steady state cosm1c n01se absorpt1on after subtractlon of
the q.. component was equal to a predetermlned level Thls :
level of background c.n. a. was- 1ntended to: typlfy that of the
SVIA events during Wthh cin.a. pulsatlons are. observed I :
was usually chosen to be e1ther 5 dB or 2. 0 dB of absorptlon V

For each run a q (h) proflle correspondlng to partlcular : '

values of E_, ', Fp and q - h) was" spec1f1ed together w1th

values of @ , 8 , ¥ and é The parameter B was taken as o

1.6 x 10 -30 [0 lZ 3sec'.'1 throughout The parameters
a and §, usually helght 1ndependant were, for some runs made :

functions of height - ‘:,j utlllzlng """ Can Algol ed1t fac111ty to 1nsert

suitable procedures The parameter Fp was varled for each

successive mtegratlon across three or four orders of magmtude -

50 as LO adequately Span the range 1n Whlch reallstlc absorpt10n
‘pulse amphtudes resulted Th1s was done for values of E P

corresponding to each of the five proflles shown in Flg 2 2

-'(These profiles were also used to determlne q (h E b) of cou se }

Equatlons (1. 1) were 1ntegrated over a 10 second 1nterv

P S 505 AL S VL AP

'usmg a fourth order Runge Kutta process Whlch has the
advantage of elther converglng satlsfactorlly or dlverglng raprd?v‘ ’. -
when it does dlverge A step length of 0. l sec was usually ‘

sufficiently small. - The- 1ntegrat10n was carr1ed out for helghts RN

between 50 and 160 Km, the helght belng 1ncremented in- 2 Km -

steps. The variation in behavzour of equatlons (l 1) between

one value of h and the next was suff1c1ently small for the

integration at one helght to serve as a check on its nel°hb0urs PR

against dlvergence and round-cff errors.

At each helght the absorpt1on reSultmg from the COmpLICu s
electron den51ty was calculated at 0.1 sec 1ntervals using the
| express1on for longltudlnal propogatlon of Sen and Wyller (1900) 'A;.i

Benson's (1964) curves 1nd1cate that the error arising from

'f_':
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using this expression for. propagation paths Which'are'notzf?:
parallel to the magnetlc field will be less than four per'fft
cent .for three of the four antenna or1entat1ons used at R
Macquarie Island in 1969. Since the cosmlc n01se is.
randomly polarlzed and since the gyrofrequency 1s small
compared with the operatlng frequency of 32MHz we may also
safely ignore the gyrofrequency term in the Sen Wyller57”
expression. Thus the absorptlon in dB.a(h t) at f MHz .
which takes- place in a 2 Km slab in whlch the electron :ﬁﬁv**
density is N(h,t)cm” 3; and the COlllSlon frequency -
(h)sec.” ! w111 be glven by ' :

| 1153 x 106 v:iiﬁzﬁfj"f},ff;flfff."
) = 2 x Ty ey x M) (2

hThe functlon : _ . ',_L4~ ce
| cs/z(:n) = r(7/2)‘1j ES/Z(EZ + ES ) sz] (2;35)

is tabU1ated by Dlngle. Arndt ‘and Roy(1957) The collls10n R
._frequency was taken as- . : et -

1)(h) 108exp (SO h)/6 47 idéhfiflffiei,dJ. (2 36)

which fits reasonably well the observatlons of Kane(1960) and
Phelps and Pack(1959) ' ' TR R

] The absorptlon values COmputed for each value of h and t'
in this way were: summed over the entlre helght range and the
background absorptlon subtracted to yleld the” absorptlon gg;;i
pulse, a(t). Wthh would be observed by al fast response Sy

rlometer.

Curves of “spe01f1c absorptlon" 1 e._of the fu ction’
| n~,.11>3 x 108 4 : -
U-(h) e ')) (h) _ CS/Z (dBKm /(elect.cm ,. )

are given by Lerfald et’al’(1964) and quoted by Hargreaves
(1969) e ) o L o




The background absorption, Ao;gisfgiVeh}b?f{ :«- Rt

Iz

Bo = [TN @) wman L )

where N, 1is the steady background of electron densxty
Equatlon (1. 9) was solved for'y Wthh was' substltute:
(1.8) to- obtaln N (h).. The value of q, used. in (1 9) wv
given by the term in parenthesls in (2 32) :

The computed absorpt-dn pulse a(t) was thus an\;jf
approx1mat10n to. the functlon a(t) where '

a (t) .fz

where N(n,t) is the solution of (L.1)ac height h'kn. |




SECTION 3 R,
C.N., A, Pulsat1ons —-Model Predlctlons -

3.1 The A- -, Dlagram .
3.1.1 Ratlonale o : _ o
The integration of eq-uat'ions-(l 1) was carrlied out in""th'e";: /

manner described 1n the prev1ous section.- There are a-

considerable. number of poss1ble comb1nat10ns of parameters Whlch . o

were used, leading to an almost unmanageable number of predlcted

absorption pulsations. Some of these are shown in F1g 4. 4

for comparison with 'observed c.n. a. pulsatlons It can be seen S

~ that the pulsations obtalned from different comb1nat1ons of
parameters are qulte similar in appearance the only features
‘which vary to any extent and the amplltude of the pulsat1on and - o
the. 510pe of the relaxat1on part of the pulsatlon The ‘ .
characterlstlcs of the pulsatlons obtamed by 1ntegrat1ng (1"1) can

then, be summarlsed and dlsplayed in. terms of two - quant1t1es

If the equatlons (l 1) were linear the shape of the absorptlon o

pulse would be 1ndependant of its magn1tude Larger pulses would R

have proport1onately steeper slopes Where the pulse 1n q is
short compared with the decay time, the shape of the relaxatlon
_."part of the absorpt1on pulse would be exponent1a1 and a t1me
:.'constant could be calculated by merely d1v1d1ng the relatlve e .
absorption a(t) at tlme t by’ the negatlve slope at that tlme -a(t) i, e

(3 1)

v = -a(c) ./.a @

In practlce the observed pulses are usually too n01sy to
make detailed meaSurements worthwhlle and it 1s 51mp1er to

defme a “relaxatmn tlrne” , T as

= A [ @pax - Ge2)
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LA T T T e e ey e

e

iy o o e e e b

-t gy

PR, S



-

i.e. the amplltude of the pulse above background. A. d1v1ded
' by the maximum slope. T has the advantage of belng a.
quantity whlch 1s 1ndeoendant of system sen51t1v1ty.vf'

Owing to the non-linear terms aNV and yN h Ain (1 l),”
T will -only be constant with pulse amplltude for small
perturbations in N and will decrease with lncreases in N .
and hence in A. The most convenient way of summarlslng the ’:
characterlstlcs of both’ the predlcted and observed c.n.a.;
- pulsations is to plot relaxatlon tlme, T, versus pulse-l'jiff
amplitude, A. Of partlcular 1nterest 1n the theoretlcal case -
‘are the graphs of T vs. A for ', j“‘ o

(1) Pulse precipitation spectra of constant e fOldlng
energy and varying top-of-the- atmosphere flux(l e. constant §
Eqp and varying Fp in (2 31).) o .H‘: : ;,i RN l
and (ii) pulse precxpltatlon spectra of constant flux and ﬁf
varylng pre01p1tatlon energy (1.e.constant Fp and varylng B

op in (2.31)).

~3.1.2 . g General Features

Fig. 31 shows such an A-T dlagram. The SOlld llnes

Arepresent 51tuatlon (1) above and are labelled w1th their-
respectlve values of E ‘in keV. The. fllled Cchles reDresents
the 31tuat10n (11) above correspondlng to a prlmary top <of - -
the-atmosphere flux of 108 electrons cm 2 ‘sec. 1 (1ntegrated fi
over the downward hemlsphere and over: energles of from 1 ker
to 510 KeV.) - L R

The follow1ng features are of lnterest

(L) as we would expect. T- 1s almost constant forﬁ#-*
~small values of. A and decreases w1th lncreaSIHg A.w S

(i1) for small values of %, the . slope decreases as T ;;
becomes comparable w1th the w1dth of the pulse in: q o




iii) in the reglon of 1nterest i.e. between 04 and 04 dB

T is almost 1ndependant of A i.e. the equatlons can 1n fact be -

- regarded as 11near

iv) for constant flux pulse absorptlon A 1ncrea.ses w1th )

increasing e- foldlng energy,’ as the more eneraetlc spectra
create more secondarles and create them lower down in the B
*atrnosphere where the coll1S1on frequency is. hlgher i

-v). for constant flux ’t‘lncreases and then decreases w1th
’ 1ncreasmg e- foldlng energy. . As the pr1mar1es becorne more
penetrating they achreve atmospherlc depths -of 1ncrea51ngly

1onger relaxation time untll a turnover p01nt 1s reached and

relaxation tlme decreases w1th decrea51ng helght. ThlS Sub_]ect S

will be d18cussed further in section 3.2 "

©3.1.3 . Effect of Background

-Comparison of Figs..3. 1 .'3.2 and 3. 3 reveals the effect el

of'absorption background on the A -T curvés.. The 80 Kev curve‘;

o is almost unaffected whlle the effect of background varlatlon
‘on the softer spectrum curves is qu1te large e A'
© T is reduced by a factor of about 5 as the background
1ncreased from zero to 0 5 dB and by a factor of about 2. 5 as 1t
‘ 1ncreases from O 5. to 2. 0 dB Most of the observed c. n a.""
pulsatlon are Superlmposed on backgrounds Whlch 11e in the
latter range. : - ‘ E A i}
Only the relaxa.tlon tlme is affected A/F he S
absorptmn ﬂux sen51t1v1ty is almost 1ndependa£t of background

for all of the spectra. ThlS 1s true throughout -a g1ven flux: of

- primaries with a glven sPectrum always y1elds roughly the same":'“

: absorpt1on pulseanphtude The only parameters whlch greatly
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follow1ng parameters'

a
‘attachment coefflclent,v‘f _ B
ion-ion recombination coeff. oy = 107 .sec )‘f”
" T

7 3 -1,”

'#'O 4 sec. .,

e-folding energy of backgr0und'} Eob'= 5 keV”..’7"'”"”

event background . absorptlon A = 0 dB.

‘ ‘The curves are labelled w1th the e- foldlng energy'  '
of the pulse spectrum E .The filled Cchles 1ndlcate the

" locus of"

o -8 =20 -1
a constant flux Fop of 10~ electrons cm_gse

.at the top of the atmospnere.

“”t# 2 X. 10 7cm3.sec l}{f:.

:’ =1.6 x 10 3mzsec ;fff”
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Computed“A - T diagram showing theieffectAOf:a:heighf i f
dependant ¢, ice. S o I Lo

o =5 x 107 for h.>'87 km,
@ =5 x 107> for k' < 87 knm.

The other parametéts are the same aslfor FigifB-Zﬂf ﬁ,g



“Fig. 3.6 , L S |
Computed A T dlagram sh0w1ng the effect of a harderii“j
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where[ Z]and[N ]are the concentratlon of 0 2 1ons

and of =

‘ background
. efficient,

all . negatlve 1on respectlvely and are taken from
- G. C. Reid 1970.‘ Eob: ' '

spectrum (EOb =

5,'whieh is a functlon of helght, Parameters arei;i
2 X 10~/ ‘above 87 Km ‘ - . .

20 keV) and a dlSSOClathn ce-f'*tf

5 x 1072 below 87 Km . .

1.6 x 10-30 2
107

10 [0, ] /LN

fj,,' Aof

e

20 keV.
0.5 dB.~
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resultlng curves are qu1te compllcated (Flg 3 5) Note that

affect the absorptmn flux sens1t1v1ty are the e- foldmg energy
of the spectrum (i.e, the shape of the g (h) prof11e) and the .
half width of the pulse T SR
3.1.4 Effect of changes ing’ : and ) o
Figures 3. 2 3. 4 and 3.5 show the effect that var1at1ons S
in o0 have on the A -7 curves Increamng q by an order of

magnitude decreases T by afactor of 3 or 4 for soft parent ~._- T

-spectra but does. not greatly affect the curves for harder
parent spectra. If a is made a funct1on of heloht ina manlner": |

| which approx1mates Relds (1970) proflle of OL: then the :
there is a conslderable reductlon in the spread in’ q: whlch now
'only varles between about 7 and 14 seconds for a w1de 5pread 1n‘ "
parent spectral hardness ' Flg 36 shows what happens when

the background spectrum e- fold1ng eneroy is 1ncreased from "f'-' .
5 KeV to. 20 KeV and the detatchment coeff1c1ent 1s made a i

‘functlon of helght in accordance w1th a collls1ona1 detatchment

model of the atmosphere The relaxatlon t1me has becom al SRR
decreasing functlon of spectral hardness and the spread 1n 'L'

is still small.

An A - 'r d1agram for n1ghtt1me condltlons when S
collisonal and photodetatchment are almost 1noperat1ve 1s shown \

in Fig. 3.7 for. Whlch 6. ‘was: ‘taken as zero Comparlson w1th

[ T SRR S

Flg 3.2 reveals that this t1me the soft parent spectra curves\ S
are unaffected but. the harder spectra curves have been lowered .

T has been reduced by a factor of 3 for the 180 KeV” curve

3.1, 5 Effect of other Parameters o - T
Two other elements whlch may be thought llkely to- affect L s
‘the 1ntegrated pulse relaxatlon times are the value of the 1on ion ",-

recomblnatlon co- eff1c1enty and the radlatlve background of ion- palr



production rate, i.e. whether a hlgh or low n1tr1c ox1de proflle

is used. It was found that an order of magmtude 1ncrease in .' Y.
-6 3 -1 Co

from lO -7 to 10 cm sec - caused at most a flve per cent

increase in T, while changlng the background radlatlve :

ionization component q. (h) s from a low to a hlgh n1tr1c ox1de

profile had no dlscermble effect on the relaxatlon tnnes of pulses

superimposed on a .5 dB background

Before we can discuss these features of the A_ - T dlagrams:

further we need to dev1se an approx1mat10n formula for the '

relaxat1on time.

3.2 An Approximation»Formulafor T
3.2.1. Existing Formulas

The numerical 1ntegrat10n of equation 1. r for small short

pulses in q makes it p0551ble to check the va11d1ty of the var1ous .‘ e

'approx1mat10n formulae for ’II Whlch have appeared in. the "","i

.11terature . - -

Appleton (1953) 'd.eri‘v"ed:the expressio'n

At ~ 1/201\* I ._'.'jf- o (3 3)"'1-;

whereAt is the: lag between the pulse in electron dens1ty N and
the pulse in ion pa1r product1on rate q The for_mula_whlch rs '

usually used to estimate Tis

o = S '

= S

T 2 “ae_f.,f_,l\.

or ' —— ‘1. }»N \

o T eff '

wherea ffs the Heffectlve recomb1nat1on coeff1c1entn ‘: L

L Ceff T + 5 Y o

o e 4470 o e sy Top e i

B s B T VLS SUUT I

e e A

e sy s g oy o s v eae 5 e o

o qre——
S o




Rela*cat1on tlme as a functlon of helght for a small pulse 1n q

can be obta1ned d1rect1y from the computor program used to

compute the a - T dlagrams of Flgures 3 1 to 3 7 In practlce

the background cond1t10ns and parameter values perta1n1ng'

" Fig. 3.2 were used and the q pulse used Was that correspond1ng ,

to a peak flux of 107 electrons cm e sec’ at the top of the

atmosphere with spectral e- foldlng energy of 80 KeV The . )

relaxation time at any helght was taken as

Th) = -aNG) /(- >t Lt

by analogy with equatlon (3.1). Here AN 1s the vanable

component of the pulse in N and t was taken as the tlme"" a’c. whlch
.-%1? was a max1mum ‘ - B A, . RS
FJ.g 3.8 shows the proflle of T(h) obtamed in 'ChlS way S

(circles) compared w1th the profile of’r usmg equataon (3” 5)

Values of background electron den51ty, No’ and negatlve 1on-

" electron ratio - )\ " used to derlve the latter are also ShOWn f :

- 3.2.2 Unwarranted Approx1matlon

It is obvious that the express1on in 3 5 for T 1s qulte :

inadequate. The. max1mum value occurs 20 Km too low and 1s 3 ; k

more than anorder of magmtude too large

The reason for this 1nadequacy is the 1naccuracy of an :

vy —e

approx1mat10n often uSed in connect1on w1th the rate equatlons

(1.1). The substltutlon X = N /N is made and the equatlons SRR

S e e bt s o as o e

. become . 0o L , Y
an ooa N 2 N e o
dt - Ty T (e F A RT - T e
1 AN e g g
T5% dq& = 8m -2 [5 + Ny - o)+ 5H7 X)] Sl

S S



h Km

110

C(1.1) (circlés)- and that calculated from the currenlly

A comparlson of pulse relaxatlon tlme.'T.Tam‘unctlon ff

- of height derlved durlng the lntegratlon of the rate equatlonc

accepted approx1mat10n formula ‘ I
' = 1/2 aeff N: (contlnuous llne)

. The dotted and dashed lines.show the values ‘of. background

electron denSLty V -and negatlve ion= electron ratlo A resp<f'f
ectlvely. The parameters have  the . values glven for Flg 3. 2 fjf
The T proflles are those for a pulse peak £lux of 1O7cmj23wf{§

sec™! with an e- foldlng energy of 80 keV._'ﬁhlff
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Fig. 3.9
As for Flg. 3. 8 but4u51ng the 1mproved Formula for T,~_ﬁj

v =1/ a4 Nty 4 gete L o LG 16)

~1/ (2 a Ng % '343)

where te = 2 7 sec. was chosen so as to glve the best

1ntegrat10n of (1 l)




. 7
~and the approx1mat1on is by no means valid. .

. what happens after the cessat1on of a pulse when q has reSumed

. its background value of Q- Let N : \I \I be the background

'reci'proca‘l-of ' T,.at tlme t when q ~ q0

S = (T B\I - 51\7 = qg ) /AN'

The approximation is 'the‘n made -
dx .y
e~ 0 , : :
dt - '
and the last term 1s dropped from the equat1on for dN /&t

Sl
small pulses where N is almost constant the coeff1c1ent of N
(@ +ry. ) N, will determme ‘the time constant el

However numerical 1ntegratlon of a pulse under the | o s
conditions outllned above ‘reveals that d)\/dt has a value at g | N i
70 Km which varies between -. 14 sec -1 and +: 077 sec . -1 . | E
durino the course of the puls'e “Since the background va.lues of N and q |

at this helght are 540 cm -3 and . 127 cm vssec_lrespectlvely t"le _J,

term N(dA/dt) _' " is certalnly not small cornpared w1th q, "

3.2.3 A Helght Profile. of Relaxation T1me

In order to arrive at a, better formula for’C' let us con81der

(steady state) values of electron negatlve ion and p051t1ve 1on SRR

density respectlvely Cons1der the ”relatlve slope” w, the

dN
dt

w (W) _1/<tg=i" /" A\" (3 7)

{(@Wd’ t BN-- 6N7) - (cxNoN + + BN -l "')} /A\x 5 l'.

o (NN -\’nNn+) L B ANT
. AN +B-

l
l
5.
E

(3 8)

}
!
{
i
; '~5




At heights where attatchrnent 1s negllgable and the f1r st term .

is domlnant N - N and \I '- N_

_I—Ience S S .
W= q(N* NG )+ g - BANT/AN

~2a Nt 4 - bANT/AN

‘ for small pulses 1n \I

At helghts where attatchment in the dommant process we have

d\T =' _
IR uéN | ‘
since the term -“YN»'N+' - w1ll be. small compared

I P Tt e e
3 B 14 . Y, . :A e

.vw1th 6 N

The solutlon of (3. 10)1:15 . o e RN
N7 = NgT e'éto' + e-ét Jf' o BNe.bt, de 0 L _:_-(3’11)“. o
. o S e

Let N(t) =AN(L) + Ng

<.

N = N " e" 0% -Ito BANeét.. dt\ +. BNO"'e-,éFQ('_eé?Q -l)i

e Yo T o 3*"_'

o T T, o .

since .No = sl\o/,_é

~ The pulse is assumed to- eom'merice at the instant t = 0 T

[N

Hence AN = e 6tr BAN(t') et dc. v (3L
e o AR




aN(t) rises from zero at = 0 passes through a maxlmu
. falls sllghtly to lts varue AN(t ) at whlch dN/dt 1s
maximum. The numerlcally lntegrated pulses are slmllar _
shape and show 11ttle varlatlon 1n the Value of t whlch

occurs close ‘to. the max1mum 1n AV Let us deflne an"effe0t1ve
pulse: time,. te, such that S T

ftQ ' AN(tO) e6t dt = { AN(t) e°t dt~x,‘
“tote , ) .Wﬁ~°A T S

Then ‘we have

ANT = % AN(t"> ; §t0"ké5t0e#vs5(fo.te));fﬁf

w(h)= a(V+ + N ) %héf' 658 (1 ~1> 5te)aflhu‘.? . »
= Q(N ', ) “" S e 6t o | (3-15)
_ Ty ’51K3;15)f;

~and T(h) = - " T —
, : d(N.+N ) 4+ pe~dtg

'~ 1/(2aN + g e"éte>

The appr0x1matlon ZR N + No can be made because the'pulse'

ls a small proportlon of the background and because thls?term

only predominates at’ helghts for whlch X 1s small 1. e where
the electron den51ty 1s equal to the p031t1ve lon denSLty.;.ri

The parameter te can be . found emplrlcally by examlnlng
numerlcally integrated pulses. It will presumably depend on.{f
' the half width of the pulse in q and on the shape -of. the L"
pulse. The half width of the pulses in. q used in the prooram :
: was .904 sec. A value of tg equal to three tlmes thls was .
chosen, which gives - e T ..'.:,~1§,f,.f3ﬁ¢;;;

'éte:=‘ +34 for 5 = 0.4 sec. -l e
. A profile of T us1ng thls expre331on is: shown ln Flg."”
3.9, together w1th the"empirical® relaxation tlmes from. Flg.
3.8. The good fit below this maximum’ lndlcates that te
remarkably constant for a wide varlatlon in t.'



The dotted curve 1s the proflle of T for an 1nf1n1tely,short Ji
pulse. Even this proflle flts con51derably betterft“ n the Hn&f

profile of Flg..3 8 | L L
3.2.4 . Absorptlon Pulse Relaxatlon Tlme-?'w'V*'

To derlve the relaxatlon tlme for the absorptlon pUIseff7j
itself from the helght proflle of relaxatlon tlmes consxder}:f;

the absorptlon pulse amplltude A -
leferentlatrng (2 39)

hé»= jz N pd h

: Let us assume that the max1mum 1n N occurs at
whlch is 1ndependant of helght.;Then ,jj;'j“%“,'»w

(é)max = fa (N @ag id heub |

U

- ) A ydn .
Yo S S

For the absorptlon pulse . )
- lv f w(h) A d h
w=1l/t = - 4 /A= o

,:m?x ""ra Adh
do T

i

"'7,:'- ; ,f{ft*‘t . (3 2055;,7

A

i,e. fo = h .

Thus w is the mean of the helght proflle in w(h)
WLghted with respect to the pulse absorption proflle. Slnce l
T for the absorption pulse is an harmonic mean of the helght _
:proflle T(h) the peak in T(h) will tend to be lost ln theif_ff;
averaging proce€ss and the mean value of T(h) w1ll be,_ln
general, much smaller than the peak value of the prof11e.~;j;;f"

The pulse absorption as a functlon of helght A(h) lnlkfh“f
(3.20) can be estlmated u31ng the approx1mat10n of (2 31) i. ef]



" can also be under stood

For frequenc1es above 30 MHz and helghts above 50 Km R
wehave IR : S i
.I»L."_'OC v

'and'(3,20)'becomee”

w = 1/% : A

I sewan

:'5the absorptlon pulse ls
welghted by the proflle lngthe pulse 1n 1on palr"

~i.e. the relaxatlon t1me o

productlon rate aad the c0111s1on frequency. i

33 Interpretatlon L

 An apprec1atlon of the varlous features of the A - T

_‘_,_dlagrams of f1gures 3. 1 to 3 7 now become p0551ble in’ term' of the

“ approximation formulas developed above

The maxunum of T as'a functlon of e~ foldlng energy
is expllcable in terms of the max1mum in" q;(h) 1nherent 1n
the formula (3. 16) o The sen51t1v1ty of the soft spectra

A- T curves to changes in - (l and in background (1 e.»,» ln N )

' and of the’ hardsPectra A— - curves ‘to changes 1n é

In the expressmn for "v"(h) (3. ‘16) both terms 1n..
the denomlnator are’ strong funct1ons of he1ght - For most,
_ background spectra the electron density decreases rapldly,,"'

below the maximum while g’ ’ 1ncreases rapldly w1th

L

. R R T P
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- - ro-
i 4 ’
.
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decreasing heicht ' The'rnar;i'mum in T(h). occurs near'? .
where the two denommator terms are equal elsewhere elther
one or the other predomlnates Hence that reglon of the . .. l'
v-curve T(h), above the maximum in’ Fig.- 3 9 is controlled ,
by the ¢ (Ng 4+N) term, whlle that below is controlled by Be “vrte,h ' A,"f":
.the second term. Thus absorption pulsatlons b.ro,ught ab,'o;ut_ R
by less penetrating particles, i.e.softer spectra, are ;
controlled by 2:1‘\T and are independant ot B and " 5 : | :
while for harder spectra the reverse is the- case.” R N
The small spread and low values of . T of Flgures . R
3. 5 and 3.6 become understandable when we examlne the ST
corresponding helcrht proflles ’L'(h)shown in Flgures 3. lO and" - ’
3.11. The d1scont1nu1ty at 87 Km in these proflles is, of B ;-
course, due to the d1scont1nu1ty 1ntroduced 1n1:o (1 (h) at = o
this helght As the e- fold1ng energy of the prlmary spectra “
increases an 1ncreasmg1y large fractlon of the Aq (h)
.proflle lies- below this ledge and so T decreases w1th
1ncrea51ng sPectral hardness in Fig 3.6, in contrast to thel-',':,:-
-single peaked 7 proflles of the simpler models of’ Flgs o }l b
3.1 to 3.4. The spread in T as a functlon of Spectral e .
hardness has been reduced because the spread 1n ’L‘(h)
'1tself has been reduced and averagmg with re spect to' A’ (h ) ool x
reduces this spread even further. Conversmn from. 'L'(h) : Ll
to 'UI(E“ Jwhere :E _ is the parent spectrum e- foldlng energy.:'}f
involves convolut1on of w(h) with the q(h Eo) “curves. . ;
of Figure 2.2 according to equatlon (3. 21). Convolutlon 1s“': I

a smoothing process and as such reduces the range“of_a e




function. The degree to Whlch thls happens depends upon ' L

the “w1dth" of the convoluting functlons If the he1ght

thickness of the q proflles of Flg 2.1 Were to be reduced .

the range in 'L‘(E )would correspondlngly 1ncrease

All that remains is to compare the behav1our of the

c.n.a. pulsatlo_ns_predlcted- byvth1s.model.w1th,'thati o

observed experimentally. .

= e e 2k 2l ._.:<V;.-» i

- e vt e e e e e
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Fig. 3.10 . : y .
Height proflles of T calculated u31ng equatlon
(3.16) with « as a functlcn of height. :

(i) Curve "pt - T profile for a photodetachment model'“
in which & = 0. 4 sec.'The paranenters are the same as thoseﬂg}

quoted for Fig. 3.5. . U
(ii) Curve "e" - T prof11e for a c0111s1ona1 detachment

5 = 10. [02 7]

"~ model in which

The other paramenters are the same as- for curVe np"‘h:,_

Car
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Fig. 3.11 _ . R T
Height profiles of T using (3. 16). ‘ThezparémeterS“’

are those quoted for Fig. 3.6. The dotted curve represents B

the attachment - detachment part of the formula for T ..
.viz: the functlon 1/8 exp (- 6 t ). It can be’ seen that fT' ':

this part of the expressx.on for 'L‘ has llttle ef'fect above
- 75 Km. c o e e




SECTION 4

4,1 Observed Pulsatlons:s

Examples of- chart recordlngs of c.n.a. pulsatlons can

be seen in Figs. 4.1, 4.2 and 4. 3. In Fig.4. 1(a) qUa51-f.~.Tﬁ”“

periodic pulsatlons were detected in the west and south

antenna beams 51mu1raneously with the occurrence oF nore

C. N. A. Pulsations - Experimental1QbservatioﬁsS.gfﬁiﬁfu'

sporadlc and longer relaxatlon time pulsatlons in the northkﬁq

and east beams. Both. types of . act1v1ty are common, althoughlfv
" their simultaneous occurrence within the range of.the four -

antennae is not.

Fig. 4.1(b) 111ustrates an example’ of a much more Vd
confused type of activity in wthh pulsatlons appear to . be
superimposed one on top of another. ~1g. 4 2 shows -a" much

simpler and morerreadlly scalable type of . Dulsatlon act1v1ty »2

in which discrete- pulsatlons are superlmoosed on - a relatlv- o

ately steady background of absorptLOn.,n

Flg. 4.3 shows in: greater deta11 sOme c. 1. a. pulsatlons

taken from the same event as those in F1g.p4 2. Pulsatlons

predicted by the model are. shown in Flg 4 4 for comparlson.

The predicted and observed pulsatlons are s1m11ar ln shape

although the observed pulsatlons appear to have more llnear

‘1ead1ng edges than those predicted. The small perlodlcff
"pulsations" of about .é,sec. period are: not real but are

due to tape recorder "wow" .

The times of ‘ocecurrence of c.n:.a. pulsatlon events .
" observed durlng the summer months of. 1969 ‘are summarlzed in.

. Fig. 4.5. The ordlnate represents the number- of one hour Js{ffﬂ

'tlme intervals durlng whlch c.n.a. ptlsatlons were, observed.
The dotted histogram shows the. number ‘of 1ntervals whlch :

contained pulsations of scalable quantlty. The. pulsatlons

were always superimposed on a background of. absorptlon whlch

- varied between 0.5dB. and 4 '0dB in magnitude and whlch was

usually less than 2 OdB. These events observed w1th a‘
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Fig. 4.1.
| Chart records of flve m:.nutes of c.
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(b) an extremely complex event?which:ocbﬁrfédﬁqhﬁ’

1969,

7th March,




Fig.4.2 R ;
(a) Part of the "Smele" event of 15th January 1969

showing blg dlscrete-"scalable" pulsatlons._:ef;i; i}ilfﬂ"”

¢
BEnton
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(b) Convent10na1 rlometer record of the event of whlch

~ (a) is a part. Some of the larger pulsatlons can . be seen
‘on this slow rlometer recordo Thls S V.I.A. event ls typlcal
of events during- whlch c.n.a. pulsatlon act1v1ty occurs.~‘:‘




Fige 4.3.

- (a) Some larger c.n.a. pulsations shown on an

expanded time scale.
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Fig.4,! | o - N A _
Theoretical c.n:a. bulsations Sredicted by the-model.. .
. The combination of model parameters leading AtO.‘ééc,h"'p:ullsatiqlr_l_',.'
‘are shown together with the relaxation times as defined by
(3.2) Cfable 4.1. <o Ten oo
(1) a(h) &(h) .5dB 20KeV'. = 5KeV 107cm‘ “sec . 9.04sec
(ii) " » o " " . " . '_'. " ) 20 IYF 10 e N .."...'" . - 4.64" -
(iil) o o i "o PRI 8Q i 10% T u 7.69 n
(iv) v o w40 0 0L e 6,330
(V) 2X10 0.4 " ' R 3 " '5 n . 108 "o »n 12.44-;
(vi) 10°® 10.0 » 20 = 500 107 oW 7,89
“where a(h) = 107 for n'> 87 km, . U o
a(h) = 5 x 107 for h < 87 km.

and  s) =10 [0,7] /[a1.

(9]}
b

i

n
-



" Number of
}ntervals

1600 - - 0o 24007
Time 'of day (U.T.) =

Fig. 4.5 , . o e
HlstOgram summarlzlng the tlmes of occurrence of c.n a.f.
pulsations observed at Macquarle Island in the flrst three ﬁff
months of 1969. The ordinate represents the number of o L
occasions that Ce n.a: pulsations were observed 1n each one tﬁ
hour interval of ‘the day. o K ' e
‘ Solid line - - - all pulsations. g

Dashed 11ne - pulsations of scalable’ quantlty

Invarlant mldnlght at Wacqua;le ocours ‘at . about 1200 U T.



convent10nal rlometer would be classi ified as . S V l_:A;f,u.ﬂfv

4,2 A -7 Dlagrams for Observed Pulsatlons,”fig'f~“'f““f
Scatter diagrams of pulse amplltude versus relaxatlon”l_jf
time were plotted for c.'n. a. pulsation events er:l‘f ”;
comparison with the predlcted A - 7T curves’ of the preVlOLS;duf'
section. The amplltude, Ay of the pulsatlons was measured ff;fff
as the height of the leading’ edge of. the oulsatlon and theﬂff7‘
maximum slope of he decay tail was determlned by means ofiﬂ;if
‘a graticule. The amplltude, A, could be- measured to- w1th1nf';3yﬂ
_about .02 dB and the slooe, (&) paxe tO w1th1n + ZO%.»Thusfv‘ o
| the error in T for a .1 dB pulse ‘will. be about thlrty percent._{
© is defined as above as ‘A/(a>max and 1is 1ndependent of- the
amplitude sensitivity of the riometer. on the other hand.'Aj‘“”
ibls dependent on the sen31t1v1ty of the system and thls becomes
1mportant when' we con51der the case where the reglon .of ' h
preCLpltatlon glVlng rlse to the pulse does not completely ‘
cover the antenna. The observed amplltude w111 then be 1ess
~ than the "true value, 1e, that’ observed w1th a theoreuoal
“‘antenna of 1nf1n1te1y narrow beam. Fortunately, the reglon f'myf
.of impulsive prec1p1tatlon is likely to be larger than the L
region covered by an antenna (Appendlx II) and so the max1mum Aﬂ
value of A observed over a number of pulsatlons is: 11kely to.3”ﬁ
be close to the "true' value ie; the- largest pulsatlons are‘”;fff'
likely to be those which cnrrespond to a’ complete coverage |
of the sensitive part of the antenna beam’ by the pulse of -
primary electrons. Thus 1n an A - T dlagram of a number of
observed pulsatlons, the relatlonshlp between pulse absorp--

" . tion per unit area and T is depicted by the hlgh A edge of the

scatter diagram since antenna geometry effects can only reduce
the observed value of A and do not affect T in any systematic.

way.




4, 3 Proportlonallty Of A and T.; ;ilﬂtfkﬁ

An A - T dlagram plotted for the event of 17/3/69 was

plotted &and is shown in Flg 4} 6 - each p01nt represents

the relaxation. tlme and anplltude of one pulsatlon. The most |
striking. feature of thls scatter dlagram is tne obv1ous S
positive correlatlon between A snd T,;larger pulsatlons have
longer relaxatlon tlmes° Thls is 1n dlrect contradlctlon ‘
to the Smele assumptlon'about the 1onospherlc tlme constant

VlZe

T m e——
ST

Wthh 1mp11es that T should decrease w1th lncrea31ng A

N and hence with 1ncrea51ng A. N SR -
The event scaled to produce the scatter dlagran of Flg.A;jl

4, 6 was qulte a complex one (see Flg. 4 1b) The pulsatlons

are superimposed one on top of another and 1t.1s p0531b1e that

the positive correlatlon of Fig., 4, 6 may, in; fact,whl__g
spurious effect lntrodtced by the scallng process.gl_f rd
- to avoid such problems the five "best". events of Jan“t':
March 1969 were -chosen-and scaled. The term "best"'ls ‘used ‘
in the sense that many of the pulsations were, dlscrete from'ff'
‘one another and were superlmposed on a steady background,§3“
(e.gs Flg 4, 2) Pulses superlmposed on the: decay talls of
preceding pulses were not scaled. . .',”',' L
The resulting A - < scatter dlagrams are shown in’ Flgs. ~j4j
4, 7 through 4. 11. A p031t1ve correlatlon between A ‘and . 1s ff
apparent in all five cases° The hlgh A edge has a. p031t1ve it
~ slope as well, exceptlng in Figs. 4. 8 and 4 9 whlch show
interesting maxima. - , ,“- AR ' B
Of the six events whose pulses are plotted in Flgs° 4 6 |
' through 4. 11 only one occumed when the 1onosphere was in- L
darkness, the event of 26/1/69 (Fig. 4. 9). ALl of’ the other
events discussed here occurred - after ground level sunrlse.zThe
scatter diagram of Fig. 4. 9.does not differ'radically from the'
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axperlmental A-T dlagram plotted for tne event of :
17th March 1969, a sectlon of which is dlsplayed 1n Flg.:‘
4,1 (b). The ordlnate of each point repreaents the relax;f“'""
ation time of a pulse, T, as deflned by (3. 2) whlle the ' |
abscissa represents the . amplltLde of tne same pulse A.,In.
practice, A was measu?ed as the‘helght of the. leadlng edge e

0y

" of the pulse.
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T dlagram for the event
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A' dlagram for the event of 26th January,1969... “”ﬂ?j
This event occurred at night. : : o
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A - T diagram for the event of l4th March, 1969.




others suggesting‘that attachment -fdetachment processestare'f
of little importance. c B ' ' i”" oo
The range of values taken by the" relaxatlon tlmes is or773
great importance; they_range from less tban two seconds to h
almost 30 secondss’N pulses with relaxatlon tlmes exceedlng;:-
30 seconds -were observed ln any of the records thalned _
during the three SLCCQSSlVe Summers in. which" fast resoonse

riometers were operated at Macquarie Island.v

L, & Interpretatvone.r ‘ " o

There are two pOSSlble explanatlons of the maJor feature o
of the experlmental data°1e of the tendency for relaxatlon ;
time to be in dlrect prOportlon to pulse amplltude.hThey are

(a) an lnterpretatlon in terms of a mlxture of . p081t1ve'f_f
ion. species with. w1dely dlfferlng recomolnatlon rates,'~' L
and (b) an 1nterDretatlon in terms of dlfferlng depths of
prlmary partlcle penetratlon from pulse to pulse° 3571 S

4, 4. 1 A Two --Ion Theory,,‘ , : : R PO
- Con81der eqtatlons (2 28), (2. 29) and Q 30)' It isﬁﬁ‘ﬂfi

,lntultlvely obvious that over -a- range of values of N ‘and’. C
:the time constant for N w1ll be controlled by the quantlty

'1/aoC since we are assumlng that. ac>>aD. It is also apparent
that, if the decoupllng hypothe81s holds and s 'constant,;
increases in N will brlng about decreases 1n C and hence

increases in the time. constant for N o

Putting this . in another way the number denSLty of
rapldly reacting clustér - ions w111 control the rate at Wthh -
electrons are removed from the atmosphere whlle the cluster fﬂﬂ7

‘ion density in turn depends on the electron den31ty. Larger

pulses in g and hence in N w111 cause a depletlon of cluster
ions - fewer cluster ions" lead to a slower removal rate forvu';‘
electrons. Thus larger pulses would have longer tlme constants.'

tquatlons (2, °28) ‘and. (2. 29) were 1ntegrated numerlcally f

3 -1 -5 1

with ap = 5 x 10" cm’® sec.™* and ag= 5 X 10 cm.3sec;? and



a = qq +Aq .p(t) .
where qO = 1000. cm 3sec 1, L L
Values of K/acranglng from .1 to 10. cm -3 and of Zﬁq of B

,:from 10 to 105 cm‘3 " were used. Unllke 1n the Drev1ous

. "model, no helght 1ntegrat10n was perlormed and attachment

effccts were neglected The equatlons were lntended to, typlfy '
conditions at about 80 km during a. moderate absorptlon eventﬂ '
vrth a similar- proportlon of heavy p051t1ve 1ons prcoent to :.
that observed by Varc151 and Balley (1965) The results fromfu“
a sequence of 1ntegrdt10ns are shown . ln Table 4 1 The tlmej;f

constant T 1is. deflned as above

(equatlon)
Table 4. 1. PR S
‘ K/ae = 1. 0 cm'3 :' - #Lj”Aﬁd*[;?fra-”
>qof$’103 cm 3sec -1 o i
Ng éfS x‘103.cm,3~
 Aqlem™3sec-ly l\l(Cm‘3) q,-(seC) ._:,-\;A(dB)
10 : .71]4;1‘7 ‘;'..-"1:'0“,2;": %
w0 E "755' -'xfid4 351’f~fﬁ{t

It can be seen that T can, 1n fact, 1ncrease w1thf v
1ncrea81ng absorptlon pulse amplitude..The relatlonshlo 1s a

square root- one however,lv 1ncreases only threefold for a'ff;“
tenfold increase in A, lnteoratlon for varlous combldatlons }ﬁlﬂ
- of K/ag, qq and t1 showed that, whlle under some 01rcum- j*”“"'

stances there.was no 1ncrease of T w1th A, where lncreases '
did occur, they were never moré than threefold for a: tenfold.ff'
1ncrease in A, : - R R . ) S




The shape of Dulses in the range whlch has T 1ncreases '?_
with A can be seen in Fig. 4. 12. The pulses have two ' .
relaxation times corresponding to an 1n1t1al rapld decay '
followed by a much slower decay. The relaxatlon tlne of tne '
slower decay is given by 1/2apN, whlle the steeper comoonentfﬁ
of the slope 1is the one from which T was actually calculated.V"

It can be shown analytlcally tnat 1f aD = O the effect
of a pulse in q is a steoped change in botn N and C after'“

which a new- equlllbrlum is established. When.aD 1s not zero
but much smaller than ac there is a slow decay back to the’l

orlglnal equilibrium at a rate controlled by aD.:l“' '
- This simple model 1nvolv1ng a constant (decoupled)
. source of rapidly" rccomblnlng ions can be dlscounted as an ;.
explanation of the observed A~ relatlonshlp for the -
' following reasons: . o L o
(1) = cannot be made to increase rapldly enough w1th"{1z:
'1ncrea51ng A7 _ “Ae e o
_ (11) The 1ncrease in T w1th lncreaSLng A does not I
become 51gn1flcant until A .is at least equal to the steadyfrx'h'
background inésorption (unllke the observed pulsatlons))“:f" '
| (111) the . predicted pulse shapes do’ not resemblc thoseflf”ﬂl

observed experlmentally, _ , S

Some interéesting feature;of thls analys15 were that o
is a strong functlon of the half width of the pulse 1n q andiiij
is'also sensitive to the extent of the departure of the B
cluster ion concentration. from its equlllbrlum value._. o

We cannot entirely rule out a multlple p051t1ve ion '"’ t
system as an e: planatlon of the observed A -.T relatlonshlp..
since this model stud:ed here was a hlghly SlmpllIled one,wg_fﬁ:
"To continue this llne of enquiry further we would need morevrll'
'1nformatlon about tne relative proportlons of the varlous A
positive ion spe01es and of the rate constants of the reactlons
by which they are formed and destroyed. R




f Nxi0~4

Fig. 4.12

Varlatlon of electron den51ty N as a’. functlon of t1ne1' N
for the two-ion model described in Section 4, 4, 1 Ihe uw'“'5'”
pulses correspond to.values of aq of - 2000, 4000 and
‘8000 em™3 ec'1 superlmposed on a background S of 1000 -

m~3s ‘The respectlve relaxatlon times as dexlned by L
(3 Z)are 18 0, ?3 6 and 43.5 seconds. Thls aDDarent wncreasef'
~ in T with aN is due solely to the small eg101 of steeper

slope which occurs just after the pedk 1n N.



At the moment the observed p081t1ve correlatlon betweenj
aosorpt101 pulse ampl1tude and relaxatlon time 1s best "grrg,
explalned in terms of varlablllty of penetratlon depth of

pulses in prlmary electron flux ratner than by a two 1on
4, 4, 2 Varlablllty in Penetratlon Deothe'

In Fig. 3. 2 the: locus of pulses of. conSLant Darent -
electron flux and varying e - folding energy lndltatea by f“f*-
the filled circles has a p081t1ve slope of about 5 for ﬂf?fv'
the softer parent electron spectra. This slope 1s less than -
that of the experimcntal.A - diagrams. However,'lf the.
filux of the parent electrons were - to be- lnversely related o
to their e - fOlGlnP energy, ‘the slope of thelr locus on thef;y
A - 7 diagram would be steeper and could be’ made 51n11ar to"M
- the trend in the exper1menta1 scatter dlagrams,'What is nore.;
"such a curve desorlblng pulses of lncrea51ng e - foldlng
energy and decreaSLng flux would pass tnrouoh a maXLmum 1n .
a similar. way to the 001nts in the A - T dlagram of Flg. 4 8

An 1nverse relatlonshlo between 1nten51tv and spectral
. hardness has been reported by Barcus and Rosenberg(l966) for
(background) bremmstrahlung X-ray spectra although the actual
.pulsatlon observed by them appeared to have cons15tent1y ;»p
'*foldrng

soft spectra. A greater than tenfold varlatlon 1n'e&¢:
'Ienergy from pulse to- pulse wuuld be. necessary to yleld the dﬂu
spread in T of from 1 to 30 sec. manlfested by the observed
Co M. au pulsatlons. Such a- 1arge pulse to pulse varlatlon fjﬁf

in hardness would be very obv1ous .on. any multlchannel recordrng

- of bremmstrahllng x-'rays° ithile spectral varlatlons in fast

X - ‘ray pulsatlons have- been observed w1th multlchannel

detectors by Brown and Nelr (1967), the. peak to peak varlatlon
was small, There could have been very llttle varlatlon in ‘
energy spectrum from pulse to pulse. L ,'“ o |
' The essential, feature Wthh glves rlse to tne 1ncrease ln 5
T with 1ncrea51ng spectral hardness is the bulge 1n tne
Dackground profile of ion. - palr productlon rate whlch Deaks -

at 105Km. This bulge brlngs about ‘a similar bulge 1n the
: pfOflle of steady state electron denSLty, V,,and a G



corresponding depress10n in T which ' is 1nverse1y Droportlonal
to N above about 80 Km (rlgs. 3. 8 and 3. 9) Below the

'peak in g at 105 Km T 1ncreases with decrea81ng helght and

so succesively harder spectra achweVLng greater and greater'l"
penetration depths will yield 1ncreas1ng1y 1arge values To

It is not so much spectral hardness Wthh 1s lmportant but
penetration depth. The ‘rate at which T increases. ‘with- 1ncre-
asing energy of the. orlmary pulse will be determlned by*the
..slope of the proflle in .q below its nax1mum and‘thvs in turn"'
will depend on the hardness of background Spectrum._Soft :

- background spectra W1ll\g1ve rise to T (h) Droflles whlch

vary rapidly with" heloht. Small varlatlons in the helght or
penetration of pulses superlmposed on this- background would
then yield large varwatlon ln relaxation time: It. may not

even be necessary for the ‘e - folding energy R or, top -;fﬁ?”“
of - the - atmosphere flux to vary reatly For a su1tab1y

soft background spectrum small varlatlons in. mean helght f

of penetratlon due to variations. in pltCh angle or’ mean energy
could bring about the relatlonshlps between A -nt.seen‘rn;theiﬁ

scatter dlagrams of Flgs. 4 6 to 4. 11..

4. 5 Relaxat1on Time and. Recomblnatlon Coeff1c1ent. ‘

All but one: of the experlmental scatter dlagrams show
ulsatlons w1th relahatlon times: of 2 seconds or 1ess° when
comparing these scatter dlagrams w1th Flg. 3. 27 (omlttlng

Figs. 4. 6 and 4. 7 Wthh had : large background absorptlons)
we see that the predlcted rela cation tlmes are about,f1ve'“"“5;

times too large . to account for observed pulses.” o
In Fig. 3.° there lS the obv1ous tendency for;;e xatlon'
time to decrease w1th decrea51ng pulse spectral hardne_ -
might eXpect to obtaln relaxatlon tlmes from the model o
less than 2 scconds merely Dy chooswng a suff1c1ent1y soft .
primary pulse spectrum.»Flg. 3 9 shows that 10 seconds 1siir L
the minimum relaxation t1me whlch can be obtalned w1th thls O
profile. Soectra w1th e_- foldlng energy 1ess than 5keV would -




slfhave maxima above the 105 Km minimum in < (h) and the pulse
relaxatlon time would 1ncrease w1th decreaSLng spectral

T~e - foldlng energy. : _
. ThlS argument applles only to this proflle and only
;to small perturbatlons. In order to produce pulses with
_ " ‘relaxation times as small as those observed all that is
1b;requ1red is that the electron density’ in the absorblng reglon
- ;;be made suff1c1ent1y large. For a = 2 x 10-7cm3sec~! and
= sec, N would be - requ1red to have a value of 2.5 x 106
| Tcm-3, The" spec1flc absorptlon for 32 MHz at 105 Km is
' 6 x 107 8dB Km'l(el cm‘3)‘ and so -the absorption per
'lelometre due to thlS electron density would be about .15dB.
‘j'The region of enhanced electron denSLty would need to be
.‘:conflned to a Strlp 3. Km w1de in order to yield height
:-illntegrated cosmlc n01se absorptlon -of .5dB.’
4 Flfteen kllometres hlgher, at 120 Km, the spe01flc
_‘absorptlon is an order of magnltude less and the narrowness
‘tfaof the absorblng reglon is no longer a problem. It is
’,,1nterest1ng to note that the peak in preCLpltation flux
“observed near 6keV by o' Brlen and Reasoner (1971) and by
Westerlund (1969) would give rise to a peak in ion pair
productlon rate near thlS helght accordlng to the rate
-proflles of Rees (1963) A
: ' Observatlons by N Brien and Reasoner (1971) using
i.CSpectrometers and dlfferentlal energy detectors carried
~aloft by rockets measured auroral zone electron busts hav1ng
'dcomplex energy spectra with strong peaks near 40eV and -near
6 keV ‘and pitch .angle’ distrlbutlons which were almost |
'1sotrop1c at some energles. The peak energy of the 6keV peak
'varled in time in a non- systematlc way. Had fast response
ﬂgrlometers been ;n operatlon on the ground in the course of
l*thls rocket fllght it seems almost .certain that some sort of
"C.e- Mo A pulsatlons would have been observed. P0551b1y they -
. would have been the complex type of Fig. 4. 2 with amplltude
”,b'and relaxatlon time varlabillty correspondlng to the




'variability in the 6 keV peak detected_by the:rocket;instruizh

ments. _ S . o ': : R

Another p0351b111ty is that the recomblnatlon coeff1c1ent

‘has a value larger 'than the one used above. . Increasing o by

an order of magnltude to 2 x 10~ 6cm3sec 1 has the effect of

lewering the curves of- Fig. 3.2 into the range.. of values of

T observed experlmentally (Fig. 3 4) ThlS is a. rather h1gh

value of a to use in.the E- -region where most experlments have“

lead to the adoptlon of a value 2 x 107 7 or less’ (Mltra.1968):
If we go a step further and use the helght dependant

values of o due to G C Reid 1 (1970) (Flgs. 3. 5 and- 3% 6)

'we find that there is now ‘insufficient spread in, T to. account

. for the observatlons. The reason for this is apparent when we

~ examine height proflles of T for the glven condltlons e

2 (Figs. 3. 10 and 3. 11) “There is a greater than tenfold

- spread in T as a functlon of height but. taklng the welghted

’”mean of thlS w1th respect to the pulse absorptlon distrlbutlonﬂ

A(h). reduces this. spread to that of Flgs. 3.5 and 3 6. '

I»A;j‘If che helght spread in A(h) were to be. reduced by assumlng

. a narrow region of 10n palr productlon rate for the pulses
"fﬁthen Tt (h) would be averaged over a smaller helght range. the'
”‘smoothlng effect . of averaging would be reduced and” there 1' -
 would result a greaper spread in T as. a functlon of prlmary ]ﬂ
spectral hardness..H e S "',, R ”[
-1~ For the soft background case’ (Flgs.v3, S’and 5”*10)'weli;
are left with the - same problem. The m1n1mum in T(h) still hdﬁ_j
ogcurs at 105 Km although its actual value has been reduced flzf
(in inverse proportion to.a) to a value: of 4 seconds U31ng the
same argument as before, in order that - be a8’ small .88 one
second. the electron den51ty N would need to -be- lOécm'3
" Such an electron den31ty would brlng about .06 dB per kllometre
absorption of cosmic noise: at 105Km and the pulse reglon }7
'would still need to be less than 9 Km in w1dth. For thls | O
'harder background (Fig: 3.,11) T(h) ‘has a minimum at 86 km )

~ . . ¢
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huw; background was almost unlform over the f1eld of v1ew of- the'

| of 1.6 seconds but an absorptlon pulse W1th this" relaxatlon
time arlslng from thlS v(h) profile would once agaln need to
occupy only a small range in height. . _ ’ L '
- To sum up, the relaxatlon t1mes'of less than two seconds

_exhlblted by some of  the" pulsatlons are expllcable 1f elther

(i) the helght range of absorptxon is small '
or (ii)the recomblnatlon coefficient has a value greater‘ﬁ};
than the currently accepted value, at the helghts concerned
or (ill)the pulse in absorptlon occurs at greater helghtsfgf’
than expected ie: above 105 Km..' ’ C v e

- \.' . .

4i 6 Relaxatlon time and Auroral Lum1n051ty. ) ‘ ’

Measurements of pulsatlons in auroral lum1n051ty at t1mes

of ¢. n. a. pulsatlon act1v1ty yleld addltlonal 1nformatlon.i

Observations of the’ SLmultaneous occurence of the two
of pulsatlons-are descrlbed 1n Appendlx I The puls,t_
in luminosity at x 4278 A were between 1 and 2 kR 1n;
'f:amplltude superlmposed in’ a background of 2kR All sky'
. camera photographs lndlcate_that, whlle the 1um1n031tyf.”

photometer, the patchy,:dlffuse auroral forms superlmposed on,&
- this background were qulte varlable 1n shape and sxze ‘and: N

1mp0831ble to relate to. the photometer record Thls was only |
to be expected 81nce the photometer pulsatlons occured on a.

smaller time scale than the one mlnute cycle t1me of?the all-ﬂz
sky camera._ 4 jj‘ "QL}~,3<'”.»n'%‘frf ",'h ' .,p
. The c. n.ua. pulsatlons recorded 81multaneously“var1ed

'from .02 dB tol .2 dB’ in amplltude .and were superlmposed on;{
‘a; background whlch varledfbetween .45 and .65 dB. Thelr‘ QL{;ﬁf}
relaxatlon t1mes ‘varied from 1 sec. to 15 sec. There were-fﬂ'ﬁ

vfour c. n. a. rpulsatlons w1th relaxatlon tlmes of less than
two seconds of: Wthh three corresponded to light pulsatlons

mych smaller than averageﬂ (although too much attentlon ought
not to be glven to this. 81nce the. fleld of v1ew of - the photo-’jf

meter dlffered from ‘that of the rlometers) An exam'le-ls the-“:
0 : . i .,aa-;'v;“;mf’ ; L a



light pulsatlon correspondlng to the west beam Co n. a.l. v
pulsation occurlng at 1406 05 U.T. in Flg.:é of Appendxx I.;;ﬁh

This quantltatlve 1um1n051ty data places further const-f}f
raints on the. alternatlve models suggested in. the prev1ous e
- section. There are flve such constralnts, v1z ' c

S
a A= [ aNpdh K — °

o

o Q.f:"jm LT
Ao=; f"dio}“'dh -

St o flaqan L _ (4 3) h
T I o j-nqo QH; f% gffaNo,dhijrﬁﬁﬁigé.‘A?;g:u

and from equat1on ( 3 ZO)

=, eNwdh T 5y

. where the zero, subscrlpt refers to the steady background and".
- the prefix a to the pulse amplltude above background of '

A, L, N and qr.the absorptlon. lum1n081ty. electron denSLty e
’vand ion pa1r productlon rate respectlvely.,The quantlty,‘s'

is dependant on the photon em1351on rate. If we. assume that ;ff
one photon at.A 4278 A is. emltted for every flfty lon palrs
jformed (Omholt, 1968) we have o : : : o

e . . . | : K
K ,‘&{ 2 X 10 3 Raylelghs (cm sec. 1) le’l s
u, whlch is a functlon of helght, is- the spe01flc absorptlon S
in dB.Km~ 1(cm‘3) 1. For an operating frequency of 32 WHz' ."
*_above 60Km u ls proportional to the colllslon frequency. : '

R e T -,
1 .'i . : o




"‘?‘negllglble in the pulse absorblng reglon. Then

There are, of course, an 1nf1n1ty of poss1ble dlstrlb-~!"'
utions of Ngi N and q. which will satlsfy equations (4. 1)l?f
to (4. 5) but- by uSLng some’ approximations “and lnequalltles"'
we can reach some general conc1u51ons about the event of .

"12 Mareh 1969. . L .
' Firstly. let us assume that the . bulk of the pulse
'absorptlon occurs w1th1n a helght lnterval (hl, hz) such that

ek v e hEny

© Them from (4..5) [

Sy r{ CoaNdn L (4 6y

. ' i . ‘, " » PE ‘(1 ..' VAR

L where “1 u(hl) pQTfAmh:f={bh2::}hi;ﬁuf?fiy*

‘ ot .'i5f:th'm il PR
Let us.. further assume that attachment processes are R

e
"-f-azfﬁSf?TZ‘erazn»;,:i¥;u NS

- and at t = Ty the time of max1mum of the pulse in. electronf7~if
Codemsity n oy U T T

Sy el

{»\,e.»' ’ . - -'\.,, S e
S q(tl) o




Since the pulse in N lags the ‘pulse ln q w_'e'.f:"t'iavve"z,' L
i.es L '.qé + Aq > -r_';(No. + AN)Z

90 : ,'"--' :’@’No'-
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Thus L T e T

For the pulses of the-event of 12/3/69% "~ . %l .
and S T LA T T
8L &0 2°x 10 Rayleighs
TN T e T
.tJHenee;f:fflﬁ*" o CL
"uiﬁ,”f>f; 10 8 dB.km'lem3' v

ﬂThe spec1f10 absorptlon at 32 MHz has this value at 116 km

uiw’ We may conclude that the 1ower boundary of the’ pulse,f"

f absorptlon reglon lay below 116 km.,},fﬂ{T_j,ﬁ."’

) A

From (4 3) and (4 4)

I e At
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”""HIS ‘assumed.

”,ijfrom its steady state value. Also, durlng auroral act1v1ty*{
.“f7the temperature of the E- reglon can attain temperatures An oo

... excess of 2, OO@OK (Walker and Rees.l968) .Such : temperatures

»~:7would no doubt have a major effect on a, changlng 1ts value )

Hence,

Once agaln, a 11m1t can be placed. JOlntly, on the i

values of « and -the. "effectlve" w1dth of’ the. pulse absorbl:g.
region ah, this tlme by . con51der1ng only the Co My @ue, o

‘pulsation relaxatlon tlme and the accompanylng 1evel of“'

lum1n031ty. The minimum value of a/A h- derlved 1n thls way
- is- lndependant of helght 51nce the spe01f1c absorption. u.;
h‘ls not involved. Even if the short relaxatlon t1me c. e a.p?
'pulsatlons recorded durlng the event of: 12/3/69 are presumed”
»to have occurred in. the E reglon the. thlckness of. the absor-ub'

"blng region would st111 need to have been small (1e: <(10km)f{h
- if a "conventlonal" value of o of less than S x 10 79m.se¢ lpft
v -Of- course, we' cannot pneclude the p0331b111ty, iscuss,
len Section 2 that a may have a. dynamlc value wh1ch dlff'e

ey N TN AT S b e g Ny 4 e

;°by. perhaps, orders of magnltude. Nevertheless the. temperatures

" are not llkely to be this high below 120 . km and there ‘is no-.

justlflcatlon at thlS stage for assumlng a value for a - "

vlout31de of the range of values reported in the llterature.pf
o e e I , . ,
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SECTION 5

v v e > W o v

Conclusion

5.1 An E-region Phenomenon.
' Fast C. n. a. pulsations observed in the southern

auroral zone exhibit two unexpectec properties which require |

explanation.
(i) there was a strong tendency for the relaxation times.

of the pulsations to increase with 1lncreasing pulse amplitude
(ii) some of the pulsations had exceptionally short
relaxation times, some fbeing less than two seconds, ":«i-

The original assumption, made when this work was comm-
enced, was that the pulsations in cosmic noise absorption
took place in the D-region ie: below 100 km in height.
Follo&ing other workers (Eather and Jacka,1966; Hultqvist
1964,1965,1966; Bailey 1968) it was assumed that absorption
was brought about at these heights by the ionizatibn produced
by the high-energy,exponential tail of the primary electron |
flux. This view was supported by the simultaneous observation
of ¢. n. a. pulsations and fast Xx-ray pulsations of greater
than 25 keV energy. _

Height profiles of ion - pair production rate for primary
spectra with a variety of leolding energies were determineéd
and the relaxation times of the resulting absorption pulses‘
were computed via the Bates and Massey (1946) rate equatidns
(1. 1) for a variety of rate equation parameters and primary
spectra. In no case were the relaxation timee predicted by this
model as small as some of those observed experimentally even |
when the 1arge,'heightvdependant values of the recombination
coefficient deduced by G, C. Reid (1970) were used in (1. 1).
_Thc model can only be made compatible with the observatlons
if it is assumed that, for the fast relaxation time pulsations,



fon that occa51on were . compatible with the accompanying level ;ﬁ

116 km. On the other hand. the low levels of accompanying

o "conventional" values of -a.

h'from the D- region model based on equation (L. 1) and that o
:obtained from simultaneous observationSnof auroral luminOSLtyffi

L..absorblng region 1s small, ‘of the’ orderiof lO kilometres or
ji?q'less. Such a small range in height' of enhanced electron f“
'*L&‘den31ty implies one of two things j(_f_ﬂ~f -

e ik

* . created: by the primary electron flux was being stratified andf"
.vcompressed into a small reglon - the w1nd shear theory of '
'“7{'Sporadic E comes to mind. i o

- pbsi ti,vely exclude the p@ssibﬂi‘ﬁy that @ has Valués even :
;f"fhigher than those deduced by G. C. Reid.lThe Smelest :

.‘ i E . . . .- . . 5
e1ther (1) the 1onizing primary fIUXxwaS nearly mono-'w-i Lk
energetic ‘and nearly monodirectional Q s;7"' _ .'., ,

or  (ii) " a mechanism was operating whereby ionization

o Examination of Fig. 3s 11 1ndicates that an absorption

the absorbing region'is either-thinner or higherﬂthan“wastiﬁ
originally assumed or if the recombinatlon coeff1c1ent has
values’ higher even, than those proposed. by G C Reid.t
Comparison w1th auroral lumin051ty pulsations ' B
recorded sxmultaneously with c. n. a. pulsations on 12/3/69 ;l
indicated that the short relaxation time pulsations observed'ﬁj

of luminosity if the bottom of the absorblng region lay belowf.

1um1n051ty resulted in an upper limit® being placed on the ﬁfhh
quantity a/Ah of 4 x 10-8cm3sec~1km-1
that the effective height width of the absorbing region"'ﬂ“

once again implying

is relativelyrsmall ie: of the order of | 10km or - less for

sniie b | ot e g

1 Thus all- of the avalbable ev1dence. both that obtained

leads to the conclu51on that the heightuw1dth of - the pulse

We cannot;exclude. alternative (115 iy Just as we cannot

alternative 1sc{i) howeveru

;Dpulse with a half wndth ‘ofof 10 km centred at about 84km is f‘?

tfbarely able to yield a suitably small relaxation time of lessff“

. K ‘7-ﬂf_1w ,,; ~L‘_.a;vv




than two seconds. Background spectra w1th e- foldlng energles_j:
either greater or less ‘than 20keV w111 not. be S0 fortu1tous.-“

‘This spectrum, only g1ves rlse to such: a small value of T(h):fj

because the peak- 1n ion pa1r productlon rate 001nc1des w1th
the 87 km dlscontlnulty ln . Harder spectra cause more
ionization lower down where the colllslon frequency 1s hlgher;}
the background electron. den51ty necessary y1e1d 0 5dB fiﬁ’;kfj;
background absorptlon would be less leadlng to larger values ﬂf
of: T(h) On the other hand. softer spectra glve rlse to B

‘maxima in N and:mlnima 1n T(h) above the. ledge where a 1s
" higher (Fig. 3. 10) S e y

It appears then; that the pulse absorblng reglon is not .

1

‘likely to lie;below 87km where a h1gh value of the recombln-fv;
-~ ation coefficient could ‘be invoked to explain the short e
'relaxatlon times. In" any case, ‘a thin- 1ayer at 84km would

N require a monoenergetlc primary flux near 50 keV._Such a flux:p

".  has not been observed by ‘means of rockets or. satellltes.ﬂg;-ﬁif
01 i, .If we are to avoid the reglon of high: recomblnatlon:;géﬁgQ
J:coeff1c1ent 1ﬂ seeklng to: explaln the shorter relaxatlontf

”'r”tlmes we need :to-look at the E reglon. above IOSkm..where a ;;f

',layer of enhanced electron density of say 106e1ectrons cm’

- .. amount of background absorptlon because of the 1ower SPeCIflc :
":j'absorption at ;these helghts. S : SRS

d’tlon time but w111 not glve rise to an unreasonably large

=370

of thickness 10km w111 g1ve rlse to a. sultably short relaxa-ﬁﬁl

The p1cture which emerges. the Smelest model to f1t the

ey
1

L R
- observations,is that of an absorblng region about - 10km thlch i
'
i

ﬂwnth a lower: border between ‘about. 105km : and 116km in, helght.‘u

:.Such a layer would be brought about by a nearly monoenergetlcfﬁ

. peak in the flux of prlmary electrons - w1th peak energles 1n the’
'frange .of fromrlOkeV down to &4 keV. The short relaxatlon tlme '
. - pulsations would be brought about by an'inten51f1cat10n of i

~would be brought about by a broadenlng or movement of the peak

the peak. 1tse1f. wh11e the 1onger relaxatxon tlme pulsatxons-.f

towards the h1gh energy end of the spectrum.fgf~

' : . e e e "o
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Alternatlvely. we can concelve of a relatlvely stable
peak with pulsatlons in prlmary flux superlmposed upon 1t. -
If these flux pulsatlons approx1mate the energy of the back-;,
-ground the resultlng absorptlon pulse wall be rapldly decaylng
On the other hand. £1lux pulsatrons with energies higher than :
the background peak w111 penetrate to greater atmospherxc dept]
and give rise to graater pulse absorptlon but the absorptxonAR
pulses will. have longer relaxatlon tlmes because of the smallen
. amblent electron densxtles at these depths.;‘nﬂf*” “ "A BT RL
_"'N““\Pulses in prlmary\flux w1th energles on the hrgh 51de "

of ‘an energy peak in the prlmary background flux would 1n thlS
© way give rise to c. N, a.‘pulsatlons whose relaxatlon t1mes '
zsp?lncreasé w1th 1ncreas1ng amplltude. Pulses in- prlmary flux
:x:”w1th energies less ‘than’ the background peak should: g1ve r1Se i

»

i'Vto c. n. a. pulsatlons whlch show. the. opp081te effect. That
fV*such an. effect lS not observed 1s hardly surprLSLng when one
;iconSLders that the small fast c. n. a. pulsatlons have S
\_ffémplltudes of only .02 dB. The resolutlon of the fast response
“'iriometer would need to be 1mproved before we: could expect :
;fto resolve pulsatlons on the low energy Slde of such;a back;%ﬁ"

.5:~Q grounﬁ peak.v” _j v~'. S f”_ : o ﬁ' RS _ Rt
ﬂ”:"f' Qua31 monoenergetlc. non 1sotroplc peaks in the prlmary |
5 electron flux in.the energy range 1 keVito 10 keV have ‘been’ f}_
observed by. means “of” rocket ‘borne - d1fferent1al energy detectors
by a number of workers (Evans 1968 Westerlund 1969 Chase 1970
“Q 'Brien and’ Reasoner 1971) Furthermore;sudden shlfts 1n the
a:i;p081t10n of these peaks w1th a tlme sca&e of seconds have also
ﬁgbeen observed‘(Chase 1970: O'Brien and Reasoner 1971) :
j}y', Surely we need look no further in: seeklng an’ explanatlon

s ,of the occurrence and observed behav10uf of fast cosmlc noxse
“'finabsorption pulsatlons.»- ' S “ S
't5 2 Further work.;

a“f Much of the above d150ussxon is tentatlve and 01rcum-«uf'

Fo JUNE

“3:stant1a1; not enough informatlon was ava11ab1e for 1t to be-ﬁ?~




| p0551ble to draw any unequlvocal conclu81ons.;The obv1ous
requirement 1s that fast response rlometers, whlch;are cheapﬁﬁ
-and easy to- bu11d be Operated in conJunctlon w1th?sound1ng:]:
rockets measurlng ‘the d1fferent1a1 energy spectrum anv te
:angle dlstrlbution of the prlmary partlcle flux."Once a
relatxonshlp between C. n. a. pulsatlons and shlfts or pulses‘
1n the prlmary spectrumvbecomes more f1rm1y establlshed

a good deal of morphologlcal data becomes avallable. The ‘
':spatlal size and time .of", occurence of the Co n. a. pulsatlons:
are knownj all that is needed is to connect “up- c..n.:a..tgf;'
pulsatlons w1th the prec1p1tat10n phenomena for thlS data to

'.7provide us w1th more quantltatlve 1nformat10n about magnet-

ospherlc processes. o -; , , S _
The smaller pulsatlons w1th the shorter relaxatlon tlmes

“.were those on)which much of the above dlscu3310n was based..ff
" These pulsatlons are close to the resolutlon 11m1t of the_f?ff
1nstrument. The resdv1ng power of the fast response rlometer
ineeds to be 1ncreased and: this can only be done by w1den1ng

;ff;the bandw1dth. Unfortunately the sen51t1v1ty of the 1nstrument
"Tj}to cosmic noxse absorptlon falls off as«the square of the -

dh frequency and the 1nten81ty of the cosmlc noise ltself falls
’off rapldly wrth frequency as well.AIt would probably not bej*

pp 7pworthwh11e w1den1ng the bandw1dth to more than 40 MHz (1ez fror
":..3OMHz to 70 MHz in pass. band) Even so thlS would" result ln a o

’flvefold increase in amplltude sen31t1v1ty ‘which would have a’

L f‘number of advantages, v1zp S '--'*ﬁ

.. measured with, much greater accuracy; ffn”“

;pm-\(l) relaxatlon tlmes of the smaller pulses could be “

e -;_;,. (ii) it would be’ pgssrble to ‘check. to see Lf the

‘-relaxation times started to lncrease w1th further decreases

’flln pulse amplatude ‘below uOZ dB as suggested in section 5. l,ﬂf

"-an (111) the deta11ed shape of an ind1v1dual absorptlon

pulse could be measured Comparlson w1th the detalled shape
'of the correspondlng 1um1n031ty pulse mlght be made to y1e1d“*7
. a"helght profl&e of electron den81ty v1a the equatlons e o
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Even with the exlsting lnstrument a number of flelds are;

'dfworthy of further study. Epr exampleslf;’*" ; T
_t; , (i) - a more prec13e ana1y51s of the relatlonshlp ne7f
i}fbetween 1umin081ty pulsatlons and . c. n. a. pulsatlons PR

;wfu31ng 1nstruments w1th 81m11ar flelds of V1ew. More strlngentﬁ

,szff'llmlts might be . placed on’ the quantltles a/l&h,and ul‘ln“
4‘f:?ffequatlons (4 10) and (4 11) __"‘ e L
; ’ (11) ~a more detalled study of the . relatlonshlplb tween
”jc. N. a. pulsatlons and P1 1 and P1 2 mlcropulsatlons.nThe

:j‘hypotheSLS presented by Campbell (1970) to explaln the: observed
”“?tlme lags between mlcropulsatlons and 1um1n051ty pulsatlnnsj'

fﬁln tenms of the t1me of . propogation of hydromagnetlc.waves ,
concept

’M'ﬂ;through the 1onosphere could be tested An“alternatlvf'
. could also ‘be examlned accordlng to: Whlch the m1cropulsat10ns

'fyjfare not propogated from ‘the- magnetosphere but are’ created 1n
' the: 1onosphere ltself when fluctuatlons 1n secondary electron
} '*den51ty create changes in: conduct1v1ty and hence 1n current '
.”ﬁ,den51ty in the E-reglon durlng a magnetlc bay. A group of ff
f:éﬂfastxresponse riometers: w1th beams dlrected to dlfferent parts

‘ of the sky wouldfenable the p051t10n and orlentatlon of

"ff“enhancements ln eiectron denSLty to" be ascertalned and thelr

:7‘re1at10nsh1ps to the mlcropulsatlon dlsturbance vector R
'"'examlned-" R P i I “ L

cn(iit) a study of the relatlonshlp between the tlme {:Jf
* strueture of V. Li- F. em1381ons and the tlme structure of :
-r.partlcle prec1pitation.»A relationship between the lnten31ty5




of V. L F. em1331ons and auroral absorptlon events has alread}
been establlshed (Vershinln and Ponomarev 1966 Hayash1 and

Kokubun 1971; Payne 1972) A fast response rlometer”operated
; rece1v1ng equxpment -

in conJunctlon w1th su1tab1e V L. jF_
'would reveal whether a; 51m11ar relatlonshlp ex1sts_between
the fine structure of such events Let do c..n.;a. pulsatlons
¢orrespond to 1nd1vidual emISSlOHS such as rlsers or groups

of risers in the dawn chorus’ If so. then more quantltatlve”
data could" be brought to ‘bear upon the nature of the': 'u ”
wave- partlcle 1nteract10ns belleved to be respon31b1e for RO
both V. L. F.femlssions and some types of electron prec1p-“'“

"itatlon.fjﬂ
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* ionosphere in the presence of i rontzmg radiation may be descnbed by the well known. L

where 2 is the ratio of negatwe 1ons to electrons and « is the eﬁ'ectxve recombmatlon '

Planct, Space Scl. 1971, Vol. 19, pp. 959 to 969. Pergamon Press. Printed in Nosthern Ireland

TIME LAGS IN THE AURORAL ZONE IONOSPHERE "

J. S. REID and J. PHILLIPS .
Phys:es Department Umversnty ‘of Tasmania, Hobart Tasmama

(Recelved m ﬁnal form 31 December 1970) .

Abstract—Fast response riometers were operated at Macquarle Island (mvarlant latltude 64°S)' -
in conjunction with balloon-borne X-ray scintillators, a 44278 A photometer, and a loop for.. .
* -detecting micropulsations. .The pulsations in cosmic noise absorption (CNA) observed with the © , -
riometers were found to lag behind pulsations in bremmstrahlung X-rays, auroral luminosity "~
and micropulsations occurring at the same time. These phasé lags and the.time asymmetry - .- -
characteristic of CNA pulsatlons are shown to be con5|stent with the lonosphertc rate equatlon

: ~ INTRODUCTION . ‘
The relatlonshrp between electron density, N, and ion pair productxon rate; q, in: the‘-;

1onospher1c rate equauon . oL
A AN g

efficient.
Equation (1) implies that there w1ll bea tlme lag between changes ing and changes

n by

" function. Based on his-work Eather and Jacka (1966) computed 7o » the timie taken: for
“the absorption of cosmic noise to attain 10 per‘cerit. of its ethbrmm valie followmg a.

. noise absorption (CNA) and auroral luminosity ‘Wwere-caused- by fluxes of ‘electrons: wrth; .
_exponential spectra precnpltated into the ionosphere_ from the magnetosphere The CNA'.{‘

: to a genuine consequence of the Tate Equatxon (l) (Eather and Jacka, 1966 Ansan 1963) o

Appleton_(1954).showed. that,-to the ﬁrst order,_the_lonosphenc ttme constant’ 7, 18- mv‘en'

B T~1/2aN_ (2)

Brown (1964) dealt thh equatron n by con dermg the behavxour of N 1f q isa step

sudden decrease in the intensity of the i ionizing radratlon ~They assumed that both cosmic ' a

would be a function of N in Equatxon (1)and the’ lummosnty a: function of g. .7y, thenf e
depends on the spectral index of the prlmary ‘electrons and onthe parameters aandAl T
Eather and Jacka examined 30 fast recovery CNA" events for which sxmultaneous:' Bl
luminosity data were available. -In each- casethe fiometer TeCOVery . rate was limited e1ther~. R
by the auroral luminosity dacay rate.or by the instrumental rise-time. They concluded that’
their experlmental result 755" < 31 sec for all of the events 1mplled that the spectral indice :
of the primary electron spectra were all less than 5 keV. “They found that peaks in luxm-’p ST
nosity and absorption were srmultaneous to better than 5 sec, the txme resolutlon of therr B
instruments. : \ - .
Simultaneous pulsations ih CNA and auroral lurmnosrty have been observed by Rol-.'.;"{ L
dugin (1967). He also placed an. upper hmlt of 5 sec on any lag whlch may occur between o
the two phenomena. e
Holt and Omholt (1962) observed lags of from 4 to 8 min but thrs result can moré 'j.
readily be attributed to large differences in the fields of view of their mstruments rather thap' .+~

ST D 959
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It will be shown in thls paper that, by usmg instruments of suﬂ‘icrent trme resolutron S
it is possrble to observe time lags of the order of a second in the auroral zone 1onosphere ST
The cosmic noise absorption pulsations observed with fast response riorieters lag behind : 7
fast bremmstrah]ung X-ray- pu]satrons -auroral Iummosrty pulsatrons and mlcropulsatrons. A

occurring at the same time.

THE FAST RESPONSE RIOMETER

The time and amplitude resolution of a riometer (Little and Lembach 1958) are .deter- S :
mined by the bandwidth and output time:constant of the instrument. In a conventional o

riometer the bandwidth is usually restricted to 20 kHz, in order to avoid interference from!‘:
broadcast stations and other sources.. However, in the fast-response riometer- the band- -
width was widened to 1-4 MHz and the output time-constant decreased from about 3.sec -

to 0-05 sec. The statistical fluctuation in ‘output power was srmllar to a conventronal' ' _:

riometer, about 0-05 dB.

_ The riometer consisted of an antenna, a low noise w1deband radro receiver at’ 32 MHz e
" centre frequency and output devices: a chart recorder with appropriate d.c. amphﬁer anda. . "

frequency modulation system for.recording the data on magnetic tape. The output. from-"
the receiver detector was passed through a high-pass filter with a. time-constant of ‘two

minutes to eliminate the. large, slowly varying component of CNA events. Time-calibration - " " "'

pulses were supenmposed on the record by, shorting-out a small, constant fraction of the .- *
signal in the receiver. [Each. antenna consrsted of a.broadside array of four half-wave-'z; el
. dlpoles suspended eight | feet above a conductive ground plane. - Their beams were tilted by ... L
. using coaxial cable mstead of open wires to interconnect the dipoles. The phase lag intro-" . -

o CNA pulsations X ' . o

The most striking features of the records obtained were the trams of cosmxc norse SRR
absorptron pulsations which occurred in the midnight to noon sector (Reid, 1967; Yuan = .
' and Jacka, 1969). They were frequently asymmetrrcal in shape, having a rapid onset and”

duced by the velocity factor of the polythene causes the beam to tilt through 30° from the -
vertical. .

As one would expect the instrument, has lrttle long term stabrhty and is subject to a. Cerl

good deal of interference from man-made sources. Nevertheless, the interference is readily *

./ identified and did not occur for more than 30 per cent of the time that the mstrument was o '
“operated in the field. : '

Instruments of this type were operated at Macquarre Island (geographrc 54 5°S 159°E)

" in the Southern, Auroral Zone during the summers of 1967, 1968 and 1969..

‘ OBSERVATIONS

slow decay and varied from 5 to 20 sec in duratlon They were sometrmes periodic: for :
5-10 cycles with periods of 7-9 sec. -
The pulsations were ‘usually superlmposed on a steady background of absorptlon of

© .1or2dB and had amplitudes of up to 0-8 dB. They occurred during SVIA évents or late. - -
" in the post break-up phase of auroral absorption. They were never ‘observed during the
_ pre break-up and break-up phase of auroral absorption events. These latter showed little .

- . fine structure which was not also. discernable on a conventional riometer record. '

, Out of a total of 104 days of observation in the first three months of 1967 and 1969
CNA pulsations were observed on 35 days. There were 55 events lastmg more than 15 mm
of which 35 eontamed asymmetncal pulsatrons. SO

.v‘;". B
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“mounted on a RCA 6199 phototube. 'The crystals were uncollimated and all pulses cor-. " B

. floated between the 9 and 11 millibar levels in the atmosphere.

" the X-ray detector would have been lookmg]at a reglon of the 1onosphere outsxde of the'-' '
" region covered by any of the antenna beams: -

| * . 80 hr during 1969 durmg Wthh X~ray and fast Tesponse nometer data were s1multaneously '
availablz. .| . . . l L i

TIME LAGS IN THE AURORAL ZONE IONOSPHERE -~ . " 961
CNA pulsations and X- -ray pulsatzons : : :
Various features of the CNA pulsatlons such as their time scale and time of occurrence
suggest that they are associated with.the fast bremmstrahlung X-ray pulsations observed )
with balloon borne instruments. Early in' 1969 a number of X-ray detectors were ﬂown by - "

balloon from Macquane Island in con_]unctlon thh four fast response rrometers on the'
ground : : . : : o

FiG. 1. 3dB AND 6dB com'ouns oy 'rwo Rromn nmms snowmo wmzmz THEY mmnsecnsn
' THE 100 km LEVEL IN THE ATMOSPHERE. . .
- The dotted circle shows where the edge of the photometer field of view mtersected this level
" The North and ‘South nometer beams are not' shown S

Each X-ray detector consnsted of a Harshaw integral lme Lin. by lin. NaI (Tl) crystal,‘;: AT

responding to X-ray photon energies greater than 25 keV-. were counted.. The balloons‘

- The radiation patterns computed for two of the riometer antennas aré shown in Flg l . PR
The positions of the balloons were largely’ unknown, but it is most likely that théy were . *,
between 100 and 200 ki away from the antennas when most of the events occurred Thus.

. There were 12 X-ray balloon flights of whlch elght were successful glvmg a total of L

‘During thls tlme 16 trains of fast X-ray pulsatlons were observed contammg mdmdual »

11 'v‘.i"f‘"'—" ':‘ [T ",..,':' B N
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pulsatrons with peak to ‘valley ratios of greater ‘than 2:1." These can be grouped 1nto ﬁve o
‘major events lasting more than twenty minutes plus four small isolated trains lastmg onlya. .
few minutes each. Four out of five of the major pulsatnon events were accornpamed by. _

CNA pulsations observed from the ground..

CNA pulsations in excess of 0-1 dB were observed on six occasions durmg the elghty e A

Hours when usable ﬁlght data was available. Five of these trains of pulsatrons occurred
during the major X-ray pulsation events mentioned above.

While it is apparent that the two types of events are associated there was: little peak to
peak correlation of mdlvrdual pulsatlons “The best event in th1s regard for whrch good s

o1 X'RAYS Co

“ COUNTS/SECON
8
=]

:
[%4]
o
=

-RIOMETER

- ABSORPTION’

(- M90Q ¢ 10 T g S30 © T 775000
. |UNIVERSAL TIME . JANUARY 171969

Fro 2, A SAMPLE OF ruzconn TAKEN FROM THE FIRST PULSATION EVENT OF 17 JANUARY 1969 ; A L

SHOWING SIMULTANEOUS X-RAY AND CNA PULSATIONS
Absorpuon is. increasing upwards.’ © P

“data were simultaneously avarlable was the first event of 17 January, 1969 when CNA L
pulsatxons occurred for 7 min in the course of an X-ray pulsatxon event. Part of this record .. .~ -
is'shown in Fig. 2. Some peak to peak correlation with a time lag is observable thhout .

'~ further reduction of the data. ;
" 'The data from this event were reduced by the method of superposed epochs The zero T
- epochs were taken at the peak of all the west beam CNA pulsations larger than 0-2-dB’in .-

amplitude consistent with successive intervals not overlappmg The result. of superposing

- 16 epochs is shown in Fig. 3. There'is a srgmﬁcant peak in X-ray intensity which occurs -
some seconds before the maximum in the mean cosmic noise absorptxon for the 16 epochs :

. CNA pulsations and auroral Iummosxty pulsauons

Pulsating auroras are known to exhibit at times a high degree of coherence wrth X-ray -
pulsations (Scourfield ef al., 1970; Rosenbetg et al., 1967; Pilkington etal., 1968; Petter- .

sen et al., 1968). It seems llkely that a similar relatronshlp may be found between auroraln

_pulsations and CNA pulsations. - .

o . A photometer with: a- 4278 A mterference filter of bandwrdth 70A was operated in .
. conjunctxon with the riometers between 8th. and 13th March, 1969. The photometer hada’ Can

30° field of vrew and was pomted vertlcally (Fxg l) One would expect almost all absorptxon SR

:| oo "",.\l P
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- occurring within the field of view of the photometer to be detected by at: least one of the four TN
. riometers. i
The only clear mght durmg this trme was the mght of 12 March 1969 when CNA I
pulsations were observed in conjunctron with pulsations in luminosity at 24278 A March . .-
12 was a night of intense auroral activity. Following the breakup: of an IBCIII to IV
aurora early in the evening at 1010 U.T. the sky became extremely confused.. Pulsating '
arcs and patches were observed intermittently until 1420 U.T. when the sky clouded over
completely Auroral lummosrty pulsatxons were recorded by the’ photometer from 1357 tov"

SUPERpos'mN OF 16 WEST BEAM ABSORPTION PEAKS:' o

.2 T
Y g9 o
> 0] o
,'_tu .ur L ZZ v "
L =3 450+ ' o
S 3O I 'z
N T E
| -
| 32
i | wo ’
. j iYoo)
<
) "",‘,'zn,.
. R w .
1 35
Vo : =
' & T T —T [
-10 "5 0 +5

S
E——y
P B

TlME IN SECONDS R
i - ' o

- " POSED EPOCHS.

' . The error bars show 95 per cent conﬁdenoe llmlts

[N

» 1420 U T. CNA pulsatlons were observed from 1103 to 1110 U.T. and agam from 1355 fo o
~- 1408 U.T. when the riometers stopped working because of interference from a local trans-. -

mitter. Thus good simultaneous data were obtamed between 1357 and 1408 U.T. ,
The region near the zenith. within .the field of view of the photometer was mmally

occupred by a fragmented: homogeneous barid until 1400 U.T. when: the band becameé a:

" series of irregularly fading patches (condition;a; in'the Internatlonal Auroral. Atlas)
A sample of the photometer and riometer records obtained during this event is shown' s

in Fig. 4. A degree of coherence between the photometer record and the three. riometer '

. recoids is evident. The data obtained between 1357 and 1408 U.T. ‘were reduced by the-"» o

method of superposed epochs (Fig. 5).’ T

The lag of 2-5 sec between luminosity-and absorptron shown in Flg 5is’ sxmllar to that_'- = ,
_observed for the mean X-ray pulsation of Fig. 3 ‘but the mean absorptron pulse shows a

greater degree of asymmetry g o G
MODEL FOR THE ABSORPTION PULSE ',, .

In computmg the absorptlon of cosmic noise as a funcfion of time, A(f), whrch wﬂl ’
*-. arise from a given helght dlstrlbunon in the 1omzatlon rate q(¢, h), dlﬂiculty arises from the: o
‘fact that Equatlon (1) is nonlmear The pulse in electron densrty, N ansmg from a ngen.':', S

L

&

.. F16. 3. DATA FROM THE FIRST EVENT OF 17 JANUARY 1969 REDUCED BY ;THE Mmox) OF SUPER- .;' I
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“ FIG. 5. DATA FROM THE EVENT OF 12 MARCH 1969 REDUCED BY SUPERPOSING 18'N0Rm BEAM *
* ABSORPTION PULSES OF GREATER THAN 0-1 dB' AMPLITUDE. ‘The tails show ‘the 95° per centj,,
. ! confidence limits of the mean in lumnnoslty b ol
pulse in ionization will have a shape which dépends on the magnitude of NV itself and hence . .~* -
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12 MARCH 1969~

NORTH . - . .
PHOTOMETER 4273;\ - . »—BKRb

AR . j_
i -\./v\!\«/\l‘vh MWV“‘A’“ A""“"Wﬂ'l\“’%?\-zm 2

" F10. 4. A SECTION or THE RECORD OF THE zva'r oF 12 MARCH 1969 SHOWING THE SIMUL- * : .
. TANEOUS oocumr«ca OF CNA PULSATIONS AND AURORAL LUMINOSITY pm.sanons AT 4278 A S

on the magnitude of ¢. ;Since ¢ is a function of height as well as time the shape of the pulse,. RV

. in N will depend on height in the ionosphere}, The ionospheric time- constant 1mphc1t in (I) L

- and approximated to by (2) is a function of height. S

- Nevertheless, it is possible to integrate (1) numerically for any small range in he:ght in v

the ionosphere for which ¢ will be substantially constant. When the various pulses obtamed“, A

in this way are summed over ‘the whole of the. relevant portion of the ionosphere a total S
pulse will be obtained which is mdependant of height. The component pulses will need to - - "

be weighted by the collision frequency dunng this summatxon in order to convert from' Lo RO

: electron densnty to absorptlon. A R , BT R

: . ¢ T B T e T
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Assumplzons : o c Ll . :
- It was assumed that X-ray pulsatrons auroral lummosrty pulsatrons and CNA pulsatrons N
all have a common origin: viz, the rmpulsrve precrprtatron of electrons from the magneto:.-
. sphere into the upper atmosphere. This pulse of primary particles, was taken as a gaussran .
function of time superimposed upon a steady background of precrprtatron The ion palr L
production rate, g, cantbe expressed as : S ‘

i : ‘-" q(t, Iy = Fqo(h) [EXP ( —1b1%) + B] T ) IR
~ where Fis the amphtude of the pulse, qo(h) is.the height profile of i ion pair. productron rate . L
for:a steady flux of primary electrons, ¢ is the time measured from the precipitation peak in -
seconds, & controls the width of the pulse and B results from the - steady background of S
- - precipitation. PRI
ot o In practice b was taken as umty and Bas 0 5 whrch yrelds a pulse of 2 4s sec half maxrmum IR R
R wrdth with a peak to valley ratio of 3:1. The model pulse of q then resembles the fast.'-.. -
. - %.:7 . X-ray pulses observed experimentally. - ' . R T T
“0 7 st Rees’ (1963) curves were used for go(h). i B
T Using this function (3) forg, Equanon (1) was 1ntegrated for N(h t) by the fourth order' =
Runge Kutta process assummg Lo _ T e T
' «'=2 >< 107 cma sec"1 .. and - A= O;‘.‘-' SOREIRNRE R
.. The herght h was varied in 2 km steps ffbm 80 to 200 km and the rntegratron of
: -carrred out separately for each range-of k.- :
L Frnally the absorptron pulse.wa’ computed usmg a modrﬁed Appleton-Hartree formula X
- forinon-deviative absorptron R Loed e e

o - | A(t) = 25CfN(h t)v(h)[(w :*: wl.) + 1’(’1)2]—1 dh )

~2 5Cva dh - (smce @ > w L)

Lo Where Cis the Appleton—l—lartree coeﬂicrent wis the operatmg frequency, wr’ 1s the electron - | _ LT
L gyro frequency and where _ S . : \ e
_’ i , v.—ISXIO“Expv
CCs was used for the collision frequency. - i R N L s K
S Smce w > 10v, the drsparlty between (4) and the Sen-Wyller expressron 1s less than 5 :
‘.= per cent (Sen-Wyller, 1960; Benson, 1964)..»" -
e Because of the non- lmearrty of (1) the time. lag and’ decay trme of N(t) and hence of A(t);
.~ are functions of the amplitude of the pulse. - For-this reason the magmtude of Fin (3) was
. adjusted s0 as to yield an absorptron pulse ofO 8 dB in amphtude UL

'_f,‘:"

S The Iummoszty pulse ;t, : 3 L T oY
ST Since the excited state of N2+ whrch grves rrse to the 24378 K lme i$ excrted by collrsrons DR TTRRAY
o wrth primary and energetilc secondary electrons and since the lifetime of this state is of the S T
. order of microseconds, we can assume that the pulse in lumrnosrty at 114278 Ai is proportronal DU
to q, the ion pair productron rate. - o B : A L
Thus the lummosrty pulse L(t) wrll be grven by

‘ ‘ ,,"_:-'-" i -: ."_ R L(t)—2 . lO“fq(t, h) dh (Raylerghs)

BTN T B o T .
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where we have assumed that 1 photon at ).4278 A is emitted for every ﬁfty ion paxrs formed‘ _

(Ombholt, 1968). |

It should be noted that where a lme is excnted by low energy secondary or amblent
electrons, the luminosity, pulse will depend on N the electron density rather than g, and will L o
show a similar lag and asymmetry to those predlcted by this model for the absorptlon pulse :

Predictions of the model - y R - : . ,,
" The computations were performed for two exponential pnmary electron spectra wrth

spectral indices of 83 keV and 3-0 keV respectively. The quantltatlve results are: set out in -

Table 1 and the shapes of the pulses are shown in Flg 6

R ' Tanuzl S
s Speclral index *._- | " 8:3kevV -3 OkeV
R - Time lag of CNA pulse maximum~ - 13sec..> - 0-8sec.- o

Value of luminosity maximum  "176kR .. - 180kR -

A . Expl-€,/8.3KeV)

absorption” s

. see. .

" ExphE/30KeV) .

o

absorption -

-3 '0 s . T 1:5.' sec‘.

Fic. 6. Tmonmcm.l.v DERIVED CURVES SHOWING THE PULSES IN ABSORPTION naouom‘ ABOUT
BY A GAUSSIAN Pmsalm ION PAIR PRODUCTION RATE @ FOR TWO EXPONENTIAL PRIMARY "

. - SPECTRA. .
! : ‘ . S

The-harder of the two spectra ynelds an. absorptnon pulse whnch is in good agreement '
with the observations as summarised in Figs..3 and 5. This time lag.and asymmetry are of

the right order. For the 3 0 keV.case, however, the luminosity maximum. of 180 kR does
not agree with observations since CNA pulsatxons were not observed at.times of strong

aurora. We can assume that any absorption’ ‘pulsations which might’ ‘resul from pulsatmg o

pnmanes with this spcct/ral index must, be too small to be observable. '
lt . B . . h" : . ."} v




_:Drscuss10n . b T , . ,
N Mlcropulsatnons of the‘Prl type have prevrously been observed in assocxatron w:th g
" auroral pulsations (Vrctor, 1965; . Campbell and Rees, 1961) and with X-ray pulsatrons .

o (McPherron etal, 1968) and so must be related to impulsive electron precipitation in'the
: ,'early mormng hours. It rs hardly surpnsmg that’ they should . be assocrated wrth CNA' :

b

E TIME LAGS IN THE AURORAL ZONE IONOSPHERE .0 [ i967 " ’

-

errtat:on of the model | -

- The model is intended as a first approximation and as such suffers from a number of R
" limitations. The parameters « and 4 are certainly not mdependent of height although' this
approximation may be adequate above 80 km. The ionizing effect of bremmstrahlung " .
X-rays at lower altitudes; has also been 1gnorecl Although the number density of secondary R
electrons derived from this source is likely. to be small, the weighting effect of the collision. =" "+
frequency may be sutﬁcrently large to create a mgmﬁcant amount of absorptron at herghts T
" of400r 50 km. _
_:The time lag and asymmetry of the absorptron pulse are qunte strong functions of the
- background term Bin (3). In a realsituation the background of primary radiation may have.
. a spectrum which differs considerably from that of the pulse. In addition the pulse 1tse1f R
may change in spectrum with time resulting in a changing herght distribution in ¢. In, IR

either case a hardening or softening.of the X-ray spectrum in the course of a pulse would

- be'seen. Such an effect has been observed by Brown and Weir (1967) “This model. will L
.~ not hold when this is the case smce Equation (3) will not be an adequate descnptxon of the -
. jonization pulse. - , -
" .|Finally, the area of the absorbmg regior: is unknown and perhaps varxable However
-the_high degree of coherence between pulsations observed by different riometer beams
indicates that most of the pulses are large compared with the separation of the anterina
' beams, i.e. of the order of 50 km or more agross. (Compare East and West beams in Frgs L
.2 and 4.) Despite these limitations the model predicts CNA pulsations ‘which closely -

" resemble those observed,.expenmentally A more sophisticated analysis, taking. many of T
- the.above points into account, will be the sub_]ect of a further paper : S

ClklA PULSATIONS AND MICROPULSATIONS . :
lDurmg all but one of the 55 CNA pulsation events observed at Macquane Island wrth,

* fast response rrometers,‘marked micropulsatjpn actrvrty occurred. The activity was always.' e

- of the Pil type characteistic of disturbed conditions in the auroral zone.

-+ In March 1967 a micropulsation detector consisting of a large air-cored loop, a d c. lo o
L ._arnplrﬁer and an audio-frequency modulat}on system were used to record the vertical -
¢ component of mlcropulsanons on magnetic tape simultaneously wrth the output of a fast.

' response riometer. On, replaying the tape a sufficiently high trme resolution” could be

~ obtained to enable a phase companson to be made between CNA! pulsatlons and micro-

' pu sations. : i

, Durmg the 11 days i rq which thrs system Iwas operatmg only two CNA pulsatron events - T
were observed. A sample record from the event of 1 March is shown in Fig. 7.. A = "7
o marked degree of coherehce between the two records is 1mmed1ately obvious. . The event '
" of 5 March was similar i m character. .
. “The times between each CNA pulsatron peak and the nearest peak in dZ/dt were S
measured and a hlstogram showmg the drstnbutron of these lags is shown in Frg 8 The A
medlanlagwaslsec Ao Y : AR R

i R

'
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" Fie. 7. A SECTION OF THE RECORD OF THE PULSATION EVENT OF l MARCH 1967 SHOWING THE “
. RELATIONSHIP BETWEEN mcaorm.s;mous dZ/d¢ AND SIMULTANEOUSLY OCCURRING CNA PULSA-.
- TIONS. )
T e The vertlcal bars mdlwte time snmultaneuty

.- ,'_"_’x .' e '

: s NUMBER o e
‘i . * V. LT .
.l.. -V- : . L7 Lot . .
i S et "::.7 i
R 15 o L ,
- A B 0. - 4 (SEC) : T
FIG.S DIMBU“ONOFTLMB LAGS BB’!'WBENPBAKSINdZ/thND PEAKSINABSORP'“ONFORTHE R o w2
EVENT OF 1 MARCH, 1967. ‘ ‘ SR
The lag was taken as negatnve when the dedt peak preceded the absorptlon peak ST

pulsatlons Victor plotted a similar hnstogram to- Fig. 8 showing phase shlfts between: o
. luminosity pulsations and micropulsations. The median phase shift 'was zero and about‘{ e
, half of the pulses had phase shifts between : i1 and —1sec. Figure 8 is consistent with: -

VlCtOl' s result when the observed lag between CNA and lummosnty is taken into account o
. . ' . .

N . : CONCLUSION. . * -

[ i

The cosmic noise absorptlon pulsatlons observed with a fast response riometer lag behmd’ S o
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TIME LAGS IN THE AURORAL ZONE IONOSPHERE R j»*‘g’_'sg:*.‘

asymmetry characteristic:of the pulsatlons are; to a first approxnmatlon consxstent w:th: ;
the ionospheric rate Equation (1). Thus, htgh time resolution rlometry makes p0551ble the -~ . Lol
direct observation of the time delay which can occur in the auroral zone xonosphere between BT

N, the electron density and ¢, the ion pair production rate. EEFE
An ‘ionospheric time-constant’ is measurable. -
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~ situation frequently met with in geophy51cs.-After maklng
.certain s1mp11fy1ng assumptlons. this paper explores a.

.of the 1mpulses under observatlon. Further 81mp11fy1ng
s'assumptlons can be made which. allow an. "elllpse of

 The spat1a1 ‘patterns. of prec1p1tat10n glVlng rlse to the-V"
'--pulsatlons are found to be elongated and 1nc11ned 1n :

Abstract

The observation of impulsive phenomena by means
of phy31ca11y separated detectors of 1ow resolutlon 1s a :

relationship between the. normallzed sample product momentsgff7
(rather than correlation' coefflclents) obtalnlng between ,
pairs of detectors and the spat1a1 auto’correlatlon functlon

concentratlon" of -the 1mpulse to be deduced from observ-1f
ations made w1th three detectors.di"{ ' ‘

. ‘The technlque is applled to fast cosmlc noxse ‘
absorption: pulsatlons observed at Macquarle Island 1n 1969;‘

a21muth to the auroral oval.3

c. A .




1. Introductmn' S 23

- situation in wh1ch a lar’ge number of observatwns -are’ made w1th .

-a small number of low resolutlon detectors

spaced detectors reveals 11tt1e mformatmn about the scale s1ze

:".the size and shape of the pulsatmg reglons. :

I
s1ze of 1nd1v1dual pulsat1ons from the correlatlon coefflclents

obtalnmg between tlme ser1es recorded s1multaneouely w1th

: 1ntu1t1ve way without resort to any quant1tat1ve stat15t1ca1 model

_fof the exper1menta1 s1tuat1on.

; ‘bremrnstrahlung x- ray pulsatlons observed w1th balloon borne

s detectors (Ba.rcus et aly 1966) o L "

' sme, based on t1me Serles correlat1on, on a more secure

etat1st1cal footmg e AT e

. APPENDIXII -

Random Sampling: with Low. Resolution ‘Detectors”

meg to the pulsatmg nature of many geophysmal

phenomena andnthe low 5pat1a1 resolut1o ,_of the 1nstruments

' Irecordlng these phenomena, .we frequently are faced thh the"”' n

S
t

Observation of a smgle pulsat1on w1th a. srnall number of

o

of the pulsatlon. It is’ 1ntu1t1vely obv1ous that a larger number

of observatlons should reveal a good deal more: 1nformat1on about

Indeed many workers have drawn conclusmns about_“‘ h mean

0

' '{’.physmally separated detectors Th1s had been done in an _:'.'., ".-:"- :

. An example is.in the estlmatlon of the scale 51ze of fast L

femns,

This paper is an attempt to place such estlmatmns of spat1a1

,~

11 Assumptmns of the Model '

"Let D X D,, ..v... be measurmg 1nstruments whose

Kl 2 ), A
éen51t1v1t1esv, Pi, _szg ceeen e -are functions- o,if two spatlal‘v -
e L S - '




o

var1ab1es, g i q'\

The var1ables € and ’h may be angular d1sp1acements or,_’fff‘,':,'.,"_:'_':_-f»‘-—

. for example, carte51an coordmates of- p051t10n in the plane of

':,l o . . . P : : G L
c e : - Lo [ [

‘ S . i the ionosphere. ' , _ . e
‘ B . . Let (A u{(g M. ) be the "event" d1str1but1on in wh1ch We

. : .v"f are 1nterested and let g, (t), g2 (t), e ae be measurements of

S | ' ‘/4(§ M t) obtamed at each of the detectors D DZ' el at S

o t1me t. Then i L

B raaa

'«-oooo

—.-Let.us restr1ct ourselves to the case where (/{ takes the :

B forrn of a ser1és of d15crete pulses in such a way that the presence
o or absence of each pulse is c‘learly dlscermble on ‘each of the

e »_;Irecords g (t) . Let us further assume that each of these pulses

':'-::, always has the same shape, A‘( g 'Y] ); i.el the same Spatlal
d1str1but1on of‘(relatlve) 1ntens1ty, and that coordmates of the |
centre of th1s d&str1but1on (x . yJ) and the amphtude of the J th
pulse, | hJ , are part1cu1ar values of the random var1ables X Y
a,nd H Thus the spat1a1 d1str1but1on of the Jth pulse 1s g"v,en ‘ '

" Al mat) = W A(L- x'n 3J>

The 1nten51ty of the Jth pulse as measured w1th detector D
4 S f""'

B .~\-.'_' S

' -;;71w111 then be g1ven by

{ g (t) ..j j h A(§ me ‘JQ P (é m\dé(d*)]
L e en R
t The r1ght hand 81de of (Z) is the "cross correlatxon" of

‘ "t‘?':ithe funct1ons A N\d P Let the cross- correlatmn funct1on

- r(x, y) of two functxons p(x. y) and q(x, y) be wr,xtten Lot




T(X:Y) -p*q

J j P(€ x ”'1 ‘J) °l(§ ”'ﬂdé;dn‘.;.:;';r:..-z.

. e, by def1n1t10n
pra
’h ( AP, }

J»‘JJ

J‘ﬂJ

wh1ch w111 be wrltten i
| 8. h A P
lJ b} \JJ

For greater generahty let us’ mclude further random

var1ab1es, B‘ €y each w1th zero mean, assoc1ated w1th each of
. the detectors D and representmg any randomness wh1ch may be

present in the data collectxon process For example, where the '.

'

' pulsatmns are d1str1but10ns of bremmstrahlung x- ray 1ntens1ty,

REY the B describe the photon countmg stat1st1cs g Thus (3). becomes 'vj;

: Where b J 1s the partlcular value that the random Varlable T

B takes for the Jth pulse

defmed over the space RS w1th

contmuous everywhere 1n R 5




St

. region in wh1ch the pulses are OCCur1ng is larger than the regmn

functions g ! g N ; the calculations (4) are effected by the: - S
i ’ o

~as defined by (4) above ‘In other words, each of theg k1s a

partlcular value of the random varlable G, ,-which is a,_functlon"'

iii. The functions A( E, 'Y] ), ( g "] )are only non zero s

i. e » there ex1sts a

within a certam f1n1te range of" § and 'Y\

number, K , such that S . -_.,,,,;: .' e R _-
A-(E,,'n) : P(§ 'ﬂ) 0 lf \{,\ > K or }q]} K

AxP| =0 S ]x|>ZK or‘}td\>2,K

iv. The frequency’functlons of X and Y Fx and Fy are .
constant over the region v1ewed by the detectors 1 e. " f_or' R

}DC \ 4 ZK and’ \\J ‘<2K. Th1s will be true only 1fthe

viewed by the detectors.
v. An air of observat1ons, R rnade w1th the g
4 P L g\k g k o
detectors D , DJ - is equ1valent to makmg a random
selection of the pomt ( ‘.)Ck, 3‘( . hk’ ik ka ) from the space RS -
and then computmg 8 g ‘K from: the coordinates using (4) abo\e.

In the exper1menta1 81tuat10n we only know the values of the

detecting instruments. Thus’ g kandg k can be regarded as
sample character1st1cs of the sample ( xk, Hk , hk ko \D

of the other random var1ab1es as def1ned by S

where ' . AR | |
Q; = A Plx Y S
| vi. The 1ntegra1 f G GJ d(p is f1n1te Th1s w111 be true :
- SRg | |




if H , and the B ha.ve f1n1te 1st, an 3rd and 4th

moment, and if the. varlous moments of A * P XYalso ex1s‘t

'3

| III, The Product Moments s

In an exper1mental 51tuat1on, the data we have ava11ab1 >

consists of our knowledge of the detector character1st1cs and a’

sample of n sets of readmgs of pulse he1ght obtamed from m |

- detectors, viz., we kngw 'gu, where i=1, 2 J 1 2
- We w1sh to ut111se these mn readings to’ prov1de an est1mate of
, ~_some of the. propertles of the spatial d1str1but10n A( é 'Y] e
: Con31der the populatlon parameter X defined by 't j'"f

o T E(G G)= j G Gy dcb

. U
variables . and G

Cons1der the’ sample character1st1c C‘deﬁnedby

. ' n
6. = Z
ij o g.k ng
' Ci-" is the product moment of the sample of n pa1rs of

readings gk’ Jk obtamed from D . , Dj~ .
”fi, e Then . . . A,:qf .

Lim ey i="‘¥s5' as
n—>00" J_"_‘ R o
by the strong law of large nurnbers (Bre1man, P, 52)

Here "a.s. " means “almost surely", of ”w1th umt probablhty”

H”.n : .IV.._Normalised Product Moments

Let S S
then _ ,-.:--. . o | e
le f—‘ X /J "'_c',_.; e
n-no |

n ,.-"'-":..-'-f;-:'-.',..A

X" is the populatlon product moment of the random c

N 7)

‘F” Ll ‘- -.




prov1d1ng none of the factors in the denommators are zero el

R X /J JJ o

IJ

" The normahsed sample product moment tends to the -
. normalised populatmn product moment ru ) as the number 1n
the sample tends to 1nf1n1ty | | AL
C'J is a consistent .es.tirr{ato.r of‘ l—'J o

An expre531on will now be derlved for the populatlon -

product moments in terms of the event and deteCtor

dlstrlbuti.ons A and P.

x"b.f'i, E(GG) ( S T
R (TS )(Ha; oyl
E(H )E(Q Q,) + E(B B>

| smce( B 3 =E(BJ§ = O L
Now o e
if f

=

E(Q Q\
2K 2K

J[ng FF’;JXdY

Q) Fufy atdY -

!:3 cond thh ('“)

T




-,ANow

Let

Fience

Cowei

g (B ) =
‘when:|¢J
___ E(Hz)F F

°0

£ j Q Qd X d e Q )

00




" "'were to be used 1nstead of sunply the- product moments, they

The exlstence of the terms _ 0‘; ). and J -in the r1ghthand

~ side of (9) creates some d1ff1cult1es. We therefore W111 deflne

"ad_]usted normahsed product moments“ C T where

._ C: | = o g // ( )(c . —:_ f‘. ; f:.:‘
T o A

" Once agam we have w1th umt probab1l1ty

La m C | r o
N> R B ‘ L
- prov1d1ng that the factors 1n the denommators are non- zero.~, ‘ ',‘ T

. ."In most practlcal cases a-,’. and O’- w111 elther be known to
be suff1c1ent1y small to 1gnore or they can be computed in- advanceg[“‘
.’:_from a knowledge of the bandw1dth and output tlme constant or B |

: s1m11ar parameters of the detectlng 1nstrurnents

Subst1tut1ng (10) and (11) 1n (13) ylelds

» jj Q ‘o, ax:aY"/ || ataxay. jjo d4X aY (u,)
It sh%hld be noted that 1f-”t.he sample cAor‘roe‘latlon coeff1c1ents o

- 1v'would not lead to'a functmn like r:J , wh1ch 1s mdependent of
E (H) and E(H ) Thls is because the sample
means \%: g‘J /h are est1mators of populatlon characterlstlcs‘ '

' 'wh1ch are linear funct1ons of F and F _':5:_ " oo f::..."'.' e -
These factors would no . longer cancel in the ex.pressm.ns for |
’ the correlatlon coeff1c1ents smce the means appear as second
degree terms in these expressmns S1m11arly (E(H)) appears

. in these terms rather than E(H )




”Q,&anY JjA*Pl A*P\ dXdY ';
S XY ‘

Let us represent the" sPat1a1 sensitivity functmns of the o
. deteg tor s, P (& M ) in ermsrgi;t_he ‘goérdi’fr‘;a_tes.‘,‘( % ‘d. ) .

o and 1f | .' q (g ,’D = q <§ xo X a'\ H 3 e
 ten pog ey = qu\x e gy _

(see Bracewell 1965 for a d1scussmn of conv'oiutlon and

cross- correlatlon)

We can use the propertles of the cox:xvolutmn operatleﬂ : E

- which is as soc1at1ve and commutatwe to 51mp11fy (14) st111
further. The cross-correletmn and. convolutm_n operatlons ere . '
related as follows: . o CoLr T T “

P*ql = ¥o ql
where by def1mt10n, P (§ ’Y]) P( g -’Y])

‘The expressmn p'O d' means "the convolutlon of p v?ﬁh q~“‘m. A ) :
By def1n1t10n R = o IS }
:“r POq’Lc‘j = J J‘ P(g "rﬂq()t é lj 'q)clf,d‘n

. ' F) ’,- 00~ ‘ .

= q0 P\x gy = E

It can easil.y be shown that .

(PO%)GP# PO(CLQY‘)

Now

of th entres of the f1e1ds of v1ew of each of the' detectors, i e )

P(€ n) P(€ _x.m a.)




'-~J,J‘ds’<‘>«:dxa?*f%*J—-J<A>fé=>lxx e,
_m_w e ,w.,o

Xx.Yy“

.8

-

Aac A‘j

”"1QHF‘Wus,ﬂQ§ﬁﬁy[3

S j [ @fg;;‘ ;xdy = (Aop ¥ o( Ko m\;; ;;,

-ww L

'wff(AOP)O(AOPthAw;fﬁﬁff}

_ (A o A )o (\o‘ o) p \ Aac A\j

r'* (A*A)*(p *pJ)}Ax' Ag :

(A ° A) 0( p ° }::J \ o, 2 %

" '.-.: (A * A) * (p. .g PJ)\A:C A'j

/ ( /\ % A) *( p. X p )t (A % A) % ( PJ* PD l




_(15) becomes . '_ y

. where '0(‘ is the autocorrelatmn funct1on of the event

o distribution, and o(p is the autocorrel_at1o_n funct1on of the R

. one value of the mormahsed cross correlatmn functlon : O(A * 0(

N | Ax, Ay ) 1s the d15p1acement of one detector field w1th
‘ respect to the other Each pair of detectors will. yleld one’ value |

of this functlon prov1d1ng the ( Aa: Ag ) for’ the pa1r 1s un1que

e the functlon o( »® o( can be constructed graph1cally a.nd then

. C.‘bcorrected for the smoothmg effect of o(p (Bracewell 1956) to

: " reconstructed (Bracewell 1965 Ch 10). If there are suff1c1ent
. detectors for th1s to be p0551ble, it also may be possﬂole to L

'”A.l reconstruct each 1nd1v1dua1 pulse l\ A(.‘JC lﬂ ‘j ) d1rect1y

: When ) P. = PJ"' P .

b

(A % A) *(P* P)\Ax Aa
(A* A)*(p*p)\

N T- S

. * '7——,
Cch =
Y 'oc e

°(A * -“"lAac A*j

Plo

detector field iﬁattern R S '
The sample charactenstms, C.J , are each estlmates of

©.viz, the value that thls functlon has at the pomt ( Ax A &J ), where

“If there are Suff1c1ent detectors of suff1c1ently h1gh resolutlon, :.'..":‘_-.":.';f Dok

- “obtain a set of. sample pomts for O(A - If A is assumed to be LT

band- 11m1ted and’ an even funct1on of (x, y) A 1tse1f can be

o _.from each set of observatmns g .'.‘ S Reconstructlon after R e

'

computing o -xo(P may st111 be favoured however, for the e

1

following reasons - L )




' convemently removed

| only m detectors ava11ab1e for reconstructmn of A LtselF
‘a small number of low resolutlon detectors are 1n use, and any '.‘
the best that can be done 1s to make assumptwns about the form‘.

a model parameter 5.

vV. " A Gauss1an Model g N

g u?\‘\e.re w gxg

and P and Qare two by two symmetnc deflnlte p051twe* rha.tmces._.\
e The Surfaces corre5pond1ng to P and Q will be h1lls ahove the '
Lo (x,y) plane of e111pt1cal contour a.nd gaus 51an sectlon. It‘ can .:'_-:

v readxly be shown that the cross correlatmn of P and Q is: glven

theée S RTE el o
was P*P‘x ‘ '-i";‘;:f-'-r'-. '"' exPC XPX) (z,o)”

L .A Phase (1 e., p051t1on)ﬂ1nformat10n has been

ii, The effects of 1nstrumenta1 noxse have been
‘statlstmally reduced ' ' '

“ A 5_1_ ~In general there w111 be m (m 1) data poxnts

: ava1la.ble for reconstructlon of O<A compared w1th data from. '

Th1s paper . 1s 1ntended to. apply to s1tuat10ns where only

total reconstructmn of . A or 0( 1s out of the questmn Here,

A~

| of dlstnbutwn A (g ,’q ) and solve the equatlons (18 ) for the

Consm\er l‘\r\e "'Fu.hctlons' ,
Py = exp (X rx) |
Q(sc 33 exp(- XQ)O

N

"_ .

':"*“-% Ly

s

4 /’IP - ‘@l




Let us make the aSSumptmn that the. event d1str1butlon ':_ EE
‘is of the form (19) Suppose the detector f1e1d patterns also

" are of th1s form, 1 e

A(x 3)
P(Dc 33

eacp( XAX)
eacp( X%’X)

.H

2 Then

A*A";(( ’ 1 e (- zst
(d ) P P)L“f lemlwﬁmuel

= wr/ﬂmllwﬂl-@wl?]

A

. Subst1tut1on in ( 17)

(A*M*(p*P)\

,where

SRS

(ZI\

1y -

where

"‘2« log C

. w ] ‘:-.
| \nere | r*u X rzz:'

There w111 be one equat1on (22) for each pa1r of detectors

D: _,'D- .
. J
for the elements of R

Three such equatlons will be’ suff1c1ent to solve L

pr'X.RXQ

;" [0 =" ADC '
Aac r, o+ A\j LA f +2,A:>cch ,z(ZZ.‘);;

a.nd r
2.

-
—

are H\e elemer\ts o'p Q

‘The elements of A can then be e

| obta1ned from (21.)

“Should ‘there be more than. three equat1ons

£ (22), the set is overdetermlned

D1fferent sets of solut1ons can

- then be obtamed by solv1ng all the d1fferent tr1p1ets of equat1ons

: _'»measure of the degree to wh1ch the 1n1t1a1 assumptmns are

o and that the "event pos1tlon" probab1l1ty den51ty functmnS

o The cons1stency of d1fferent solutlons obtained in thls way 1s a

~ justified, in partlcular the assurnpt1ons that Awas of the form (19),

' X and F’ﬁ are constant over the f1e1d of v1ew of the detectors




Strictly speakmg, -a gauSSIan form for A and the ., : W
 detector patterns: does not satlsfy cond1t1on (111) that the non=
" zero domain of A and P is bounded. Th1s 1mp11es that errors.
will be introduced when f and f, are taken out81de the 1ntegra1 ‘
in the expression for E (G- G ) Gau551an funct1ons tend to ,
- zero rapidly, however and prov1d1ng f and f‘:} are constant over
a sufficiently large domam, the errors mtroduced in th1s way W111
be negligible. o o o . " s ‘ B
VI. Apphcatmn to: Fast Re5ponse Rlometer Data

Unfortunately, the four rlometer antenna patterns used on
Macquarie Is in 1969 d1d not satlsfy cond1t10n (16) The1r -

"~ shapes were smnlar, being roughly e111pt1ca1 in contour, 'but two

were oriented North South and two were orlented East- West (Flg 'II l)."ij"

l

. Thus, for any tr1p1et of antennas, only one pa1r w111 satlsfy (16)

We will make the same assumptmns as in the prev1ous sectlon <= _

. that the event patterns and the antenna patterns are gauss1an

quadratlc forms but we must substltute these in- equatmn (15)
A A.rather than in (17) Co L ' ‘
- Let the antenna patterns relatlve -to the1r centres P (x ‘y),

’ P (x, y), P (x, )be g1ven by

SR X w

",‘.”her*e T ‘:‘DC'

X CR s

H , : '.‘ : L . LR . .
S1nce two ‘out of three of the antennas must have the same
j or1entat10n, let - 3-‘. . ; -, S ._" ,'. G

A

R T




Let the event autocorrelatmn functmn be g1ven by

A* A = exp( % Ax>

<|A+aa..|lwl.w\ Wo
(IA RH@ l)’~ |

85.; + @\

| V'w'h’e-r'e i

]

x; ,o«:o

H'g’

and

where (ac ld )are the coord1nates of the centre of the

pattern of the 1th antenna. Q_ne{

-3

P*?

—
-—

S wee

L H encé‘

an d

Let

RN Dal ot
e e e T U
N

‘”-‘?ﬁ’
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u.b

and let us normahse all the d1stances so that the dlstance

from the centre of the group of four antenna patterns to the T

" centre of each antenna 1s umty If we take North and East as .

the p051t1ve d1rect10ns of x and y in a cartes1an coordlnate system and" .

" let P1 PZ’ and P3

South antennas respectwely, we have

woLry ,

: suw i-u\'mg (ze) Hwougk (30) nto (2,3) &i'eldso.,,;,,,;--fl'-

P R Jog C \og N (3\) G
:"’"*\og C s \og N (32)
‘°8 C ] (3 > )

descr1be the patterns of the North East and

"

" )

\o-'q-Zm
4!;

From (25) we have the matrlx equatlon
-t at I

g S = R, + R




| Equations (31), (32). and (33) can be solved for r and t A
>'>1mmed1a.tely.’ If we forget about N for the moment (1 'e

set N = 1), p and q also’ can be obtalned

. . Thus by trial and error a value of p can be found y1e1d1ng a va.ue

- be found from (25) and substltuted in (24) to obtam N he o

equatmns (31) through (34) can be ‘solved agam w1th th1s new value 5
‘ ".v‘.'f-_by less than a predetermmed tolerance
."]; _wh1ch 1ncludes procedures for extractlng determmants 1nvert1ng

A,._ﬂ,two by two symrnetr1c matnces, and for f1nd1ng the zeros of :.,{l'-.

e funct1ons by an’ iterative method

iz those of the event autocorrelatlon A*A\ (See equat1on (20) ) .

L o=l T
absorptmn are elhpses Let the ell1pse for whlch A A L

have six equat1ons for the 51x unknowns p, q, ,_" t and M

-gauss1an quadratlc form, 1ts form matr1x elements are double AT

Equa.tmn (34) represents a further three equatlons and we -f o

S can now be expressed as a funct1on of p

S'“( P) % : :‘ 1“‘°'§"

whece H = P% cr(leg NT-leg e Cn)

For any glven ‘value of p, (34) can be solved for s 't‘ and'w.

of t in (34) wh1ch satisfies equatlon (33) The elements of A can then

“ . of N and the process repeated unt11 succe551ve solut1ons d1ffer e

In pract1ce, a S1mp1e computor programme can be wr1tten ) i A

- If the event dlstr1but1onA(x y) is also assumed to be a

Y -

A(xg) ‘Aeacp('xg gX)
,;; A eacp[ (a:c -rlog +2.C°C‘jﬂ

,.“

~ then the contours of po1nts of constant cosm1c n01se




o concentratmn are given by DT ;, el o

o ‘i pulsatlon events: Those of 13 February 1969, and 14 March 1969

are referred to a helght of lOOkm No attempt has been made

' VII. Experimental Results

‘The normalised product moments CU ». were not corrected for .
 detector randomness, i.e., the O': were taken as zero The~
‘antenna sens1t1v1ty patterns and the event distribution patterns .

L to allow for the finite thlckness of the absorblng reglon, nor. for .

o geomagnetlc f1e1d

be termed the "ellipse of_~concentfation". This 'elli'pf‘;e hasthe )

equation
4 \og + R cacg

“Puttmgx:rcose y-rsme wehave : ,
1/(a.cos 6 -*r |o5m 9 + chme cose)

' _wh1ch can be written

g/(gnb + R gas (&9 S))
where P\ \/(Q b)a"" 4°& o
and sin $ = Zc/ R

The semi- mmor and sm1 maJor axes of the elhpSe of T ke

LE = 2 /(cu- b :t R) DU S
correspondmg to values of 9 of 3.812 h'T‘ and: ﬁg (Z,n+L)"IT L

This type of ana1y51s was apphed to two fast c. n a.,

te

o the different angles between antenna beams and the local

s

"~ Values of the sem1 m1nor and semi- ma_]or axes of the antenna - Lk
A patterns were chosen so that the 3dB contour e111p5e would f1t -as " L

. -closely as poss1ble, the computed 3dB cOntour of the antennas as S

shown in Fig. I 1,. The sm1-m1nor ax1s, sem1 maJor ax1s and

zen1th distance of the centre of each antenna's. ell1p801d of .7

' concentratmn prOJected on an hor1zonta1 plane at 100km he1ght _

Ty
>




<52

"-Nl W
- W
W,

were taken as 43km., 84km and 63km reSpectwely For the

event of 13 February, 77 pulse helghts were used to: compute the ﬂ

C'J , and for the 14 March event, 80 pulse helghts were used

The results are set out in Table 1l..

The four dlfferent elhpses of concentratlon of the four event E /

d1str1but10ns computed for the. 13 February event are reasonably con31st
ent in size, shape and or1entat1on Those for the event of 14 March

are not quite as good pa—rtlcularly with regard to the or1entatlon

"The sa11ent features are as follow -

' TABLE 1 e

Antenna Product mom‘enté' 'Absorption ellipse of concentration.

designations SRR . Semi-" . Semi- ... Az1muth
S T ~_ minor . major. (magor AR
" P1 P2 P3 C12 C23 . .C31 ” axis . ,axrs"’_' axrs). . L .

iy (a) Event of 14 March 1969 (1843 1913 UL T, )

s, .641 1929 .622 68km ._~237km-'_' 15 deg ‘W of N
S ..705 .773 .622 . 78" . 126" © 41 " Eof N.
E .929 .773..729 7,106 " - 229" " 21 " . WofN’
‘E° .641 .705 ,729 49" - 155 . 57 " W of N,
AR Co = (’geo‘graphlc) :

20

..(b) Event of 13 February 1969 (2219-2245 U, T. )'fj""“' L S :-T' ok

741,952 675,.15?» 94km '287km_-.fj 17 deg w of N .
926 .769 675 104" 225 0 itpe wli -
s .
N .741,..926. .812°°. 89 "' 290 S

s
R

e . . ) ‘,.'- i N "‘: .~.; .‘ .

v e

S
S - .. - . . - " N N '--‘
E 952 . 769 ..-812,‘ L1011 325 0, LM
E

(geographlc) : o




antennas is unhkely to be less than for the events analysed

i ’ - c B by

..|

. . N : }

-_.‘ i. The event ell1pses of concentratmn are much

larger than those of the antennas ' Indeed, 'in- f1ve out of e1ght"

.cases, the mmor axis of the event ell1pse 1s larger than the s
.major axis of the antenna e111pse » - ' T

H

ii. The event e111pses are two to three t1mes as :}.:-. -

long as they are w1de

iii.,- For the 13 February event, the event e111pse is. '

1nc11ned at an angle of about 25 deg. West of geograph1c North. _
This computed 1nc11nat10n is brought about by h1gh values of CU
obtaining between the North and East ‘and’ between the South »

l and West rlometer records .-The az1muth of the L- shell . l L ':
passmg through Macquarxe Is. is 73 deg. West of North -
(K11foy1e and Jacka, 1968), and the az1muth of the contours of B

; the auroral oval for KP- 3 varies between about 73 deg ' ' ‘

West of North at 1800 U T. and 55 deg West of North at 2200 U T B

(Bond and Payne, 1970) That the pattern of prec1p1tat10n e

_ observed as c. ‘n a pulsatmns should be elongated is: hardly

Surpr1s1ng, but’ then- 1ncl1natlon to the d1rect1ons of the L shell (> 30)

o and of the auroral oval 1s a. matter of some 1nterest, 'and may

have s1gn1f1cance in. studles of the magnetosPhere and of .

Prec1P1tat1on mechamsms '-" o § P "::' :':I?;ff o

g
I

pulsatlon events to this type of ana1y51s However wsu.a.\

Suff1c1ent tlme was not ava1lab1e to sub_)ect other c. n a

EE exam1nat10n of the records of the other events 1nd1cates that the

‘ fw . v“" e

degree of correlatwn between pulsat1ons observed w1th dlfferent

The h1gh degree of correlat1on ex1st1ng between the North anl
East, and South and West, records as soc1ated w1th the

m Table 1, also 1s readlly

T

’ correspondmg h1gh values of CJ

d1scermb1e by v1sual 1nspect10n




- Fig. II.1

. .) i

‘level for three of the four" fast response riometer antennaf}f}‘

beams operated at. Macquarle'Island 1n 1969. The fourth ;_ﬁ~”'

~ beam: pattern was 31m11ar but is. omltted for s1mp1101ty andi5?”

‘because these. ‘three. beam orientations illustrate the ;]”’
discussion set out in Sectlon VT ' ;

3 dB. and 6 dB. contours as they lntersect the 100 kmgff"
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:Zif’vi'measuring dev1ce can only be 1mproved at the expense of

Appendix III.

Electronic TeChniaﬁés”TL‘fu55"'

.

III.

providing AV < < V..;_u*‘h
Here.*Af is the band w1dth of the receiver. Tvls .
_ the detector time constant and K 1s a constant of ' proport-r
S ionality. Similar relationships hold for power and for
' measured temperature etc.K is approximately unity and
“depends on thefdetector characteristic. Equation (1) 1s
" based on a discu5310n by Machin, - Ryle and Vonberg (1952)
* and quoted by Little and Leinbach (1958) in their original
‘description of the’ riometer.x_ S TR

It is immediately obv10us from (1) that thev
- frequency resolution and. time resolution | of such a n01sewm

each other . unless the bandw1dth. Af. is 1ncreased.

y -

”*fw“f?. L The resolution of a standard 30 MHz riometer is
about 3 seconds 1n time and .1 dB in amplitude for a :

receiver bandwidth of 20 KHz. Thus for- the same . amplitude QQQ:

resolution the time resolution can. be reduced ﬂo'.OS seconds
by increasing Af to, 1.2 MHz.. : o =-;. "’”jf;m”'f!

'a" " The minimum reader, which controls the time constant
‘for rising signals needs to*be removed. “of course._-ﬁv :




: The sluggish response of the servo n01se dlode due to the
- time taken to' heat the fllament is an obstacle but thls o

can be removed and the riometer operated w1thout any concernif‘

' for its long term stab111ty._Edwards (pr1Vate communlcatxon)lw”
'._has pointed out that, in fact. the servo lede can be,~“'
retained and a broad band’ riometer operated as both a .
'~ conventional and as a fast response instrument. The convent

‘1ona1 record can be obtained by recordlng the n01se dlode
'\.current in the usual way. while the fast component can be
.. taken from the' difference ‘'signal which appears at . the ”

. output of the phase sensitlve detector.,‘ : T

s PR

. ﬁ}f',; This method was not used although the theoret1ca1 _
;lmportance of the background of absorpt1on may make such ffj’”f

o
L

a3system worth*trylng in® he future.»‘.ﬁ,gg“.

M, | [Tme
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- : L . Ao : _ B
III. 2. General Description- S e
P T A block. diagram of one of the four fast response L
Co riometers used in 1969 isi'shown in Flg..III 1.’ The equlp- Jﬁaff
ment was, basically. a low'noise wide band recelver ‘at 32MHz.ii}
¢ennected to an antenna and to reeording equipment. There . T;;;
was no servo noxse 'diode feedback loop as ina conventional"'-
riometer nor was there a. mlnimum reader to protect the.1;¢

. 2"' -

record agalnst 1mpulsive 1nterference.,

The output from the detector was fed to a DC
‘ampllfier via a 51mp1e RC 1ntegrator with a tlme constant
. of two minutes. This served to eliminate the sidereal 3
_.cosmic noise varlation and the slow . background of . cosmlc':
”‘nOLSe absorptlon and so to ‘keep the record on scale for
- the relatively ‘'high amplifications used. The detector; :
'“t.voltage was also made to. drive a DC ampllfler dlrectly at
lower gain and slower chart speeds .so as' to produce a
',crude version "of ‘a’ conventlonal riometerirecord. Thls slow
f;record was used to’ check the antenna beam d1rectlons and :
?1enab1ed quick estlmates to ' be made of the absolute srze o

‘of absorptlon events. :;-;'.*-

R The flnal output was recorded bOth on’ paper charts
,ffat 0.5 in.sec.~l and as frequency modulated tonesﬁ,' i
‘{g;multlplexed on to one track of a Phlllps Stereo Tape- :
fﬁ;recorder at 15/16 1n.sec._} The other track was used for'f
"ﬁAslmultaneOUS recordlng of photometer or balloon X= ray data'
*when this was available. The tape recorder ran for Just over"
;ﬁexght hours without attention. At the end of : ‘each’ tape the
”{charts were exémined for C; N. a. PUlsatlon aCtIVICY' If no
';fppulsations had occurred the tape was used agaln- Three or
vm:;gfour good events were lostAdue to their occurence 1n the »
";}Zinterval between the tape running out and the author fxnish-ﬁfv




-fiw1thout wast1ng miles of paper. The monltor charts made on

nfyas ‘they appeared on’ the demodulated record. The leadlng' dge

?;haVLng been fed" through an antegratlng 01rcu1t w1th ‘a tlme

. On returnlng to Australla all. interestlng
portlons of the tape were played back at.the same speed
at which they were recorded and the four'tones separated

l".out and demodulated v1a the ‘same f11ters;and DC ampllflers

used in the original reeord;ng Prooess.’ Tnzs time gheugh
the chart was run at :speeds ranging fromtl mm.sec.:. to. -
10 mm.sec. -1. Thus high t1me resolutlon.could be - achleved

_Macquarie Island were. necessary for 1dent1fy1ng when events
had occurred and for-locatlng events ea81ly on the tapes.}rif

Time marks whlch also served as calxbratlon marks

" were superlmposed on the record itself by shortlng out Pflﬁfx.i

7 +4 dB of signal" 1n the I.F. section of the recelver.“
. Pulse amplitudés were measured by comparlng ‘them w1th these
‘L’marks. The logarlthmlc nature of a rlometer output 18 of
Q;nozconcern since the pulses constitute such a small fractlon’
“of the signal- that the devﬁce is. to- a11_1ntents and purpOSes
?11near. This. callbration technlque enabled the - frequency
" response of the whole system forward from the S F'
.to be checked by examlnlng the shape of the tlmxng puls

'hiof the (1n1t1a11y square) pu ses had the appearance of

?jconstant of about <03 sec.'S1nce the dlfferentlatlng tlme
’_constant was known to- be 110 sec.. the output bandwldth of,}
‘;}_the system was OOIS Hz. to"}'s5 Hz. BRI R

- s ) | i o
1'1,. .Each section w111 now be dlscussed 1n more detallj

~ ,‘
- L8

_;11&.35 The Antennas- ,l;s;foﬂlﬂn
) ; The beam of each antenna was d1rected thlrty degrees
:‘:from the vert1ca1 and the ﬁour beams wereJdlrected magnetlc
'f:north. south, east and west” in azimuth respectively..The 3dB
.5?7and 6 dB. contours projected on to an hor1zonta1 plane at
",(,1,_100 Km: are" shown m Fig ]I wl ' - L




" the dipoles was 2 inches and their length was .94 of ‘a halfg

}.A whlch was made conductlng by plac1ng lengths of w1re at’ |
tgquarter wavelength intervals parallel to the dlpoles.‘;ﬁ'iﬁy

#-'75 ohm coaxial' .cables with the outer braid earthedlfThe_j;
_rﬁi:cables thus formed balanced 11nes with characterlstlc -
.'impedance 150 ohm. The method of 1nterconnect1ng dlpoles_
Eﬂlis shown schematically in Flg.III 4. The electrical’ dlstance
.i'between adJacent dipoles 1s 3/4 x 51nce the veloc1ty factor
;bfof the polythene spa01ng is. fortu1tous1y...67 Alternate
”:dlpoles are 1%\ apart electrlcally and can be connected "wv’
iztogether without mlsmatch whatever the impedance of the llneQaL
-~ Each pair of alternate elements now presents an 1mpedance '
* of 150 ohms and they can be connected together via' ‘any

" léngth of 150 ohm line, ln this case with 3/4k electrlcal
;;!jlength of 11nea The four dlpoles now present an 1mpedance 77
_ﬂ;of 75 ohm and can be matched to a 75 ohm, cable v1a a 1 1
'fltransformer. [! :[,» R ".ﬂ"ﬁ‘“

BT T
]

The relatlve recelved power as -a functlon of zenlth angle
in a plane perpendlcular to the. d1pole elements 1s shown

in Fig.III. 2..1The effect of a conductlng ground 1s taken
1nto account in computlng the curve of Flg.III 2.,.L"

't : Each antenna conSLSted of four half-wave dlpoles

made from 16 gauge hard drawn copper w1re stretched between1;;'

guyed poles (Flg III. 3) The separatlon of the. two parts "of |

wavelength to allow for. end effect The dipoles were strung
at half wavelength 1ntervals elght feet above the ground .

C. 1. . {

i The. dlpoles werellnterconnected v1a palrs of

T
A

t, .

i

’fieast pOinting antenna than for the west p01ntxng antenna._y .

" The- above argument was borne out ‘by actual measure-ﬁf?
" ments ‘of the antenna 1mped#nces and by observation’ of . the,fjf;ff
7;“{31dereal changes in signal ‘level recorded .on the slow chart. ﬁ%f
- The peak in sxgnal level occured four hours earller for the o




" Ll Relative,.’
__ Power. |

0. 40, 80 . b
. Zenith- Angle (deg)' ~ ..
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‘Antenna pattern ‘in ‘a plane perpendicular-to-the . .*
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”“ﬂgresistor sO aslto keep the antenna matchlng constant and

"T-and servo n01se diode makes the system temperature sen51t1ve

‘i;was too slow to affect ‘thep dlfferentlated output but

.'7ffference from the statlon transmltter were consxderable.:.‘;ﬁVr

: Phased arrays of thlS type are much ea31er to bulldfq
and are more re11ab1e and more broad ~band than Yagl Udah" e
arrays whlch are:: hlgher Q,and unw1 ldlx at rlometer ::'
frequenc1es. A structure a 11tt1e more robust than”fhe one
- described is de51rab1e. however. in the hlgh w1nd and seala
harem environment of Mvauarle Island.- - : '

III 4 ' The Recelvers.-

The RF and IF sectlons of the recelvers are shown
in F1gs.III.5 and ILIL.6. Ihelr centre frequenc1es were lnfiwff
_ - the range 32.2 MHz to 32.4 MHz, their 3’ dB pass bands varied;f
'__between 1l and 1. 4 MHz and their 10dB passbands were 1n the L

'w{range ‘1.9 to 2 5 MHz. A common 050111ator. sultably decoupled
'lrgwas used  to drive all four recelvers. Cross talk.between

a'recervers was better than 60 dB. - ¥
o lrv . . (' - . ‘

’“'ﬁ — The ﬂront end tuned 01rcu1t was loaded. w1thja

Lﬂlndependent of lnput trans1stor and antenna parameters over
’the bandw1dth of the recelvers. ' ~~.g o - :

. Each Cascode palr was housed 1n a separate brass jf”;l
'7compartment to av01d paras%tlcs andreach I.F. sectlon was‘=
.nbullt on a dlfferent chass}s from the R. F sectlon.;;_f~~ R

5';3¢4“ Hf The 01rcu1t for: prov1d1ng tlmlng callbratlon pulses ;
7can be seen at the . front end of ‘the I. F“ in F1g III 6. E R

The w&de bandw1d€h and absence of a mlnlmum reader
'and subject tonlnterferenqe. The tempera;ure sen51t1v1ty,‘: 3};

'jfprevented absolute absorption measurements of any but the

A ‘smallest events from belnngade from the slow chart.. ‘The :
. remote locatlon of Mvauarle Island helped the 1nterferenceﬂ39
"problem but solar n01se ‘in‘the middle of the day and’ 1nter-f]‘7




, A relay was lnstalled whlch earthed the lnputs to'the DC
’amp11f1ers durlng local transm1351ons. Thls at: 1east o

Acentre frequency of 32. MHz rarher than 30 MHz av01ded “ﬂ

| Fig.III.7. Their Operatlon should be. obv1ous.3_v”§*-<

o sw1tch which at ‘an appropfiate voltage s%xtches on the lowest*
’ﬁftrans1stor which. dxscharges the Miller capacxtor by ana10gy

?7;01rcu1t is: 11near to within- about two percent over its j,ﬁf‘ _
- “.Irange of operaplon and the output ConSlStS of" short splkes A
i of constant w1dth. - ' ‘ R

. work. The precise values of ‘the components of the parallel

) ”_;T filters have to be found by trial and’
.E%éia ‘good deal ofiflddllng ar%und but take up less room.on a'":_
'3;c1rcu1t board ‘than would 1hductances at these frequenc1es."‘

’fﬁThe response for ‘the 800 Hz subcarrler 1s shown in- Flg III 10.
_";The subcarrler centre frequenc1es used were 100, 270 800 and-
o2, ,, 000 Hz. Each’ had at 20 Percent swing correspondlng to

"full scale deflectlon on the pen recorder chart. T

prevented the pen recorders from beyng'damaged durlng "scheds?

Use of an antenna w1th a nu11 at the horlzon and a

dlstant broadcast statlon 1nterference.i_}~_;;y‘;&N

I1I1.5 | Ihe Recordlng Sectlon.fﬂy

. The dlfferentlator and DC amp11f1er are shown 1n

.The voltage to frequency converter 1s shown 1n . :
Flg II1.8. The; 1eftmost four tran31stors comprlse the tran31s-?
tor equivalent’ of a Miller oscillator. The input: tran31stor" '
i's'a Miller 1ntegrator.‘Tﬁe top two. transxstors”make up-a-

with the positive grld current of - the vaﬂve c1rcu1t..Ihe

N - . The rest of the 01rcu1t cons1sts ‘of two band pass

filters in serles. Each f11ter consists of .an ampllfler N
with negative feedback through a band stop . parallel T net-f.‘

VNV SR S S
7 5‘1_ T

PRSI

%rror. They requ1re

- : i b .
. The 01rcu1ts are drawn for the 270 Hz subcarrler.
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o Desplte the fact that the frequenc1es are so close
together no cross talk was discernible. alth0ugh because of-fpf
the small swing in frequency tape recorder "wow"‘was a’ =
problem. In addition dropout often occurred on the top
channel and extra fllterlng was requlred when demodulaclng}”&ja
‘the bottom channel so that its frequency response was not
qulte as good as that spec1f1ed in sectlon III. 2. '

.When demodulatlng the filters were dlsconnected ‘
from the oscillator at the 1nput end and connected to the" ’
tape recorder: Their outputs were connected to demodulators~f__
:(Flg III. 9) whlch drove the pen recorders v1a the DC ampllf--m

7.
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'.and amplitude of the tape - recorded 51gna1 are shown,_":_'
a function ofrlnput voltage to the DC amp11f1er.
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Appendlx IV

IJonization Rate Proflles: The]Effect"ofﬂBremmstrahlung:ﬁfﬁQPHV
N . iy T i el L

IV 1 Introductlon oo _jﬁ'c.

.This work was carrled out before" the work of Berger 1ﬂ“”

and Seltzer (1972) and of 'Pilkington and Anger (1971) was‘”"f“
;known to the author. in fact before Berger and Seltzer s'”"hif
later paper. became avallable in Tasmanla. It 1s 1ncluded here
"because it resolves the problem of the. confllctlng results of
Rees (1964) and - Kamlyama (1967) mentloned ‘in Sectlon 2. 5. 2 of
thls thesis, because it ylelds an estlmate of the effect of
multiple Compton scatterlng on X- ray photon transport 1n:‘3'

- the atmosphere and because 1t 1s a descrlptlon of the way
._-Hn whlch the 1onlzat10n rate proflles‘used 1n the body_ofL
_the. thesls were aCtually calculated.l._ :

R

[}

A The method used 1s based on: that of Faust and Jo nson

(1949) in that an approx1mht10n was used® whlch allowe

“:dlscretlzatlon of the problem of multlple COmpton scatter ng

i?vxz: that scatterlng of phot"ns can be appr0x1mated to by

'faSsumlng that‘photons of - 1n1t1a1 energy Eo. after scatterlng,
fall assume the mean energy f where E 1s glven by

ey e g

rv.-:,n;v 'rf?.-:r';a-fnm' S

» 4W“Hére g is the Kleln lehlna cross section whlch can”be e
‘iptlﬁ_decomposed 1nto the sum of"aa + a ' where os/a is: thflﬁ
n;sziffactlon of the 1nc1dent energy glven to the scattered quantum,=

y~;wﬁ11e 0, /0 is the (mean) fractlon of the 1ncxdent energy glven 5
’ﬂbto the recoil electron.s‘ifw‘ . -

The method used here hlffers from'thatlof Faust and

TJohnson though.'ln that the approx1mat10n was made that the ;
photons are always scatteréd 1sotropicalﬂy whereas they used

a ‘one dimensional technlqué whereby photdns are elther scatt~*
eﬂed v*”'*qrﬁaﬂf~,,"' , e, .

. ') R A

T UM DS LD



g"themselves and w1th some crude 31mplify1ng assumptlons.
© - the gross flux of electrons from which the bremmstrahling

';wHeitler s (1944) formula for the degradatlon of electron energy

’ 'ap is' the photo-électric cross sectlon and the Compton cross

i
i

'through 180° or. contlnue in a straight 11ne. The assumptlon off“i
isotropic scattering is’ more suited to an’ lsotroplc source of f
photons and is a 11ttle more sophlsticated in. that 1t enables‘
the absorption of photons travelllng along Obllque paths to. bejﬁg

properly taken 1nto account.

S The electron flux glving rise to 1on-pa1rs 1n the
atmosphere was assumed to be isotropic over the downward

' hemisphere and infinite in horizontal extent. The dlfferentlal;j

. flux of the prlmary electrons at the "top’ of the atmosphere":lffw

. was assumed to be flat from 1 to 10 KeV and to fall off o

bexponentlally from 10 KeV to Sll KeV. Energles above Sll KeV

were not cons1dered... _ L S
e I S SR

The normallzed energy dlsSLpatlon functlon k(x) due to.
Spencer (1959) and to- thn (1957) &s used Py Rees (l964’b)*was%
used to determine the energy depos1t10n rate of the%. '

f?production rate could ‘be calculated.-Thls was thOught to b
fimore realistic than the method of Kamlyama (1966) who. used

3

‘but who 1gnored electron scatter1ng..‘, ot
. Thls method 1s based on the concept ‘of .. orderlof

;ﬁscatterlng" Bremmstrahllng X-rays created by electron'ﬁolllsionsﬁ
are . regarded as belng absorbed 1n proportlon to the total cross

section gp + ac.«but as creatlng 1n any reglon of space )
gdbremmstrahllng photons in’ proportlon to the Compton scattering '
1»cro§s - sectlon.Jo'c and ion electron palrs 1n proprtlon to thef
_1abs§rption part of the total’ cross sectlon. ap + d Here

| secf&on ac is regarded as be1ng composed of two parts’. da_andAO‘

» reey L
I T
4

Iy
B o e ,.-..’ -
T ‘ "
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;1:'section were used to compute the bremmstrahllng productlon },g?”'

: 'f.dependance of 1nqensity and’ energy. : ~Q%av'n1 r.j.“:

The total electron flux and the bremmstrahllng cross

Fate as a function of helght in the atmosphere and photon -
energy. The productlon raté was then used to compute the flux_ﬁ{j
of unscattered photons at each height and energy -and: thls fluxt"
was used to determlne the productlon rate ‘of 31ng1y scattered.f

 i.e. flrst order, photons. The flrst order photon productlon g

e

- rate was 1ntegrated to obta1n a: first order flux whlch ln turn;ﬁ

R Tareot £ TSRS Sl S SR AR S

AT

R yielded a second, order. productlon rate and so on.. {"

i

The ion - pa1r production rate due to each order of
scatterlng at each. helght were- then added" to yleld a “total

e

o -'.-':_:

-1onizat10n rate.oIn practice this functlon converged qu1te rapid
o . . . f I .
E -ly, ¢ - S N , .

¢ 3 o

_ In reality the 1nteqs1ty of the séattered flux lS not

_;~isotropic but - lsl ‘

.‘1_°f the photon . before and after scattering.‘The flnal energy is N:;

_"alsO a 'function of thlS angle. Errors must: have been 1ntroduced* :

by the approxlmatlon of 1soqrop1c scatterlng ‘with conStant e
energy..These erqors will not be too- serlous 31nce.,g;

a functlon of the ‘angle between the dlrectlon .

s llff (1) 'at say E = 90 KeV the scattered 1nten51ty
"7gvaries only by a factor of 3 with scatterlng angle."' ,
) “T (il) - the bulk of the ‘photons under’ conSLderatlon L
E have energies less than thls and are scattered more 1sotrop-ﬂ:°””‘
‘ﬁi10311Ya . SR ',,fg‘ E ’_“ , g'ﬂsw; ff ;"' ,' ' .
_Q (111) .-the fluxes of photons being scattered- are: far'l

- from mono- dlrectronal and this w1ll smooth"out the angular

3 : ‘ S SR
v Nevertheless the effect of the approx1matlon w111 be .to

‘%ffunderestlmate the fluxes of’photons low down in. the atmospherei?,
1,s1nce photons uavelllng vertically downward have a hlgher f”f
‘~probab111ty of continuing downward than has been - expressed 1n
Tthe model' ."e'dlﬂn,. f:ﬁi-ff; ;‘} N ;h.fﬁk:w.sﬁ
. e el P

Y-
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IV.2 Electron Flux and Energy Dlssrpatlon FUnctlon

. A graph of energy vs. dlstance travelled by .an electroan
"is approx1mate1y rectangular 1n shape. 31nce an: electron'. L

DO, A0 8

penetratlng matter loses most of its energy near the ‘end of s

‘,1ts range i.e.- near s = To where L P is the. range and is ‘a f{i
function of the 1n1t1a1 energy of the electron and s is. the
distance travelled measured along the path of the electron.
The normallzed energy . d15$1pat10n functlon of Grun (1937).

']x(x), does not resemble a. rectangle and for. a mono d1rect- .

TR T R B L e

ional source of electrons in air and. has a peak near x=0, 4.J?

‘Here x = r/ry is: the. fractlonal range: measured 1n the 1n1t1al ﬁ

.ildlrectxon of the electrons. A (x) does not resemble a rectangle?

' Because its shape is controlled by scatterlng. E1ectrons !
'*ﬁf.enterlng the target materlal are scattered away from the

rnltxal direction ‘and reach the end of their range at 1nter-'

Lo medlate values of x.‘”!;'f ,1{3. S u;,“~

.|.

1 The enrgy dep051t10nxrate x(x)dx is, by deflnltlon the

;;‘fractlon of tﬂe energy lost by the electron beam between x
Yﬁ'fénd x + dx. IP-we assume  that electrons lose all of thelr
'f;energy at s r then x(x)dx represents the number of :
“'f;’électrons whlch come to rest. between X and X 4+ dx._Thls or. ff
fff&-an eqiivalent assumptlon must have heen made by Rees (1964 b)
:ﬁgﬂﬁfSIHCG eQU3t10n (7) of thaé paper lmplles that there 1s no -
e contlnuous degradatlon of electron energy w1th decrea51ng

lghtt : : e

g !

' -_.‘i}

:. ‘i;

ot electron stream we' need to know the gross flux of“ ns. -
?yﬁfaé a function Of helght and energy. Let Fl(x) be ‘the, flux of

-jlijgghés;;hfd;ward mov1ng electrons. then the gross and net fluxes 0
R ‘"Tjéiectrons FG and FN are gfvengby .' R ' 3

FN(X) = F]_(X) FZ(X)




downward and upward streams respectlvely whlch are stopped ,
' between x and x + dx and let F12 be the net number of electrons

deflected from the downward stream Lnto the upward stream.;_“ij;

Then

: _an.d |

Hence

i.e,

Telect
" that -

"ﬂﬂ'hence.

.hence

; -1is negllglble for X < 0 compared w1th the source then Fl(o) ls
o unity

‘:;‘ A.

Thus

dF = - Fisdx -'Flzdx :

aF, = Fzsdx - Flzdx Aern j o ‘73.,j%¥ifis‘; L

d(Fp - FZ) = - (Fls + FZ $)ax

dFNt_ B % ‘t.;
— o =aA)
oodx - Lo

.Thus A(x) 1s related to the downward net flux of

rons. ‘In order to obtaln FG in terms of A let us assume o

-i;Fz(x) = AFl(x) for X ;§03f74f17

L v - where A is auconstant;hari
"""FN(x) <1.- A)Fl(x) » ' .,
<1 - A)(Fl(x) - F1<11> = J‘° de

(1 -'A)Fl(x) = jl kdx

slnce Fl(l) = O

1 - a) Fl(o) jl hdx

If we assume that the number of forward mov1ng electrons

and I ~“.f (R f.‘f Pr"ia »";&”“:J,af%

.FG(X)'=HffliAf%“i"f1'hdx.

TIPS STy e e Ty - S %y e ety g Y. A .




o welght and R ‘is the. range 1n gm.cm
V;Tand Rees (1964 a) as’ .o

“ [7 hex.

PR

-

W1th these 51mp11fy1ng assumptlons then. the d1fferent1a1
total electron flux of . electrons at helght h w1th energy E r¢
can be written 'ﬂ SAE. : o L

‘fi.where F, (E) is the dlfferentlah flux at the top of the atmos-
phere. : : : Lo : s RN

| Herefrfé z(h)/z (E)

P Pl T el where h 1s the optlcal dept
. helght h and z (E) ls the range 1n the same unlts

Cag(B) =N, R/ M

‘where’ NA is AVOgadro s- number. M the mean mplacular -
=2 R ls glven by Grun(1957)f

R = 4. 57 X 10'6 1 75
| : fo'r Ef“‘iﬁ'-.KéV s

| In the computer program. A was’ taken from the curverQfﬂ
_ given by Rees (1964 b) for electrons whlch are 1sotroplc ?fyg};




* Equation (1) above resembles equatlon (7) of Rees paper,_but

over the range. 0 to. “go°. For this curve B has the value .81.

has the advantage- that the flux becomes zero at atmospherlcjflfn

"depths such that x 31 1.e. such that h < h where h ‘is’ the }ff‘

range. This is not. the case Ln Ree's formula whlch doss not

,*. account for electrons back scattered out of the atmosphere,uja-g,

S IVWE Scatterlng Energles. ”rf:,;;ff;{ffTV y

‘yjperformlng computatlons with a dlgltal computor. In thls case
yf1~the height in the atmosphere, h, and the electron and photon
,”l_energles. E, - were made dlscrete quantltles- Follow1ng Faust

- and Johnson (1949) the energies were made discrete .in-such a

]ln thlS region the dlscrete energles were chosen to be l Kev A

vaﬁl where F(E) is the flux at. the top of the atmosphererlf(h);isl
" the number den31ty of atoms and molecules at helght:/h» and ‘

7f€formation of an’ 1on palr.

..i%fway that, for energles above 20 KeV. energy Ek was expressed 1n;,
' ';:terms of Ek 1 in accordance w1th equatlon (1) as followsgtA” .

'Q as 510 8 KeV the rest ‘mass of an electron.,"1

i

- The rate at whlch 1on pa1rs are created by electrons‘:"“

(h) is glven by

q (h) - fﬁf,ﬁ(n ) KGO E .:,.F- (E) ap/ 0355

.0355 KeV is- the mean energy 1ost by an electron 1n the

L e S

Some form of dlscretlzatlon is- usually necessary 1n

p e e

o
o
gi
|

The maximum energy ‘was chosen, more’ or less arbltrarllyf;

g e

Below 20 KeV the. ratlo of gg/a 1s close to unlty and




: pﬂ:Thls contlnuous flux.G was converted to a’ dlscrete flux F byf

apart. 1 KeV was. the mlnlmum energy used.“;f; o

IVa. Top of The Atmosphere Flux.-}}ffﬁkf:l':"u

" The flux of electrons:was assumed to be of the formn

G(E)dE e exp( E/E ) dE o o
: for E > lO,KeV

CCand. . G(E)dE =4 exp@ 1°/E )dE :
for E$ 10 KeV
’7ﬂLFWhere A 1s a normallZlng factor chosen such that

e G ® =1

Cmus A = exp (W0/Eg) /. ..<9f‘-+f Eg), i

,"?fa551gn1ng to F(Ek) the number of electrons 1n an lnterval

F(Ek) =J‘2 G(E.\f). a E\ L
& . o 7 R ,: E]. . . L co

;5j51f* %(Ek * Ek +1)

o
=,
tx1
N
l

g(Ek + Ek - 1)

T,IV 6 .‘The Bremmstrahlihg Cross~Section.

IV 6 1 ‘Angular Dependance.-*

~

Thls dlSCUSSlon 1s based on formulae glven by




' dwo. N is glven by

P is related to d @(9 ) by

Heltler (1944) The d1fferent1a1 bremmstrahlung cross sectlon '
is glven in the non- re1at1v1st1c case by S .

¢

d@? K'si_ne- einé_o ('pzsin

% "' pozsmzeo 6)"

-'~'2p, 'posin"e' sing , cos d> _ ) de' d"e'dibl:f. c el

where K is a constant 1ndependant of the angles.' and po and-

p are the initial and final relat1v1st:ic ‘momenta. of the L
electron. 9'0 is the angle between the photon dlrectlon. ,5-

and. the dlrection of Po' 9 1s the angle between p and po

and is the angle between the planes p, k and po.;‘.:».k' . —

M d@ can ‘be - obtalned as’ a functlon of 90 alone"by
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) Let Pdw be the cross- eCtlon assoc1ated w1th a certam
solid angle dw . Then the number of phOtons scattered J.nto

-.N % Pdwo = Psmeodeod (b :
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Hence

P is the dlfferentlal cross sectlon relatlve to the f{?"
initial direction of the electron only for a glven photon e

energy.

Let e.q> be the coordlnates of the electron dlrectlon;j&
relative to a z-axis and let e.<p be the COOrdlnates of. the i

photon relatlve to thls-z ax13..

Let F(8, ¢ ) be" the angular dlstrlbution of 1n1t1a1';
-d1rections of electrons and let N*‘dw dw be the number of Al
photons emitted in SOlld angle dw ~due to electrons in solld Eals 3
angle dw. Lo e Cen T .Qj¢_i,' =
Then o L U : S

e

o The number of photons emltted w1th dlrectlons 1n solldf
:;'angle dw due to electrons comlng from all dlrectlons 1s glven#

ot ey e

N q> Faw e | e
e o = I P(eo.q> )dwoF(e q> ) dw '. GO
ROtatlng axes so that P 18 measured from the spatlallyiufﬁ

”'ﬁflxed z= ax1s ‘we have

dwg = dw'. <9)




:;and

coso =’_.COSG,\. cose 51ne sxne cos(q) 4))

_ Substltutlng (10) 1nto (7) and;(7) and (9) 1nto (8)
‘QT and integrating w1th F. constant over the downward hemlsphere3
and zero for 9<1T/2 we flnd that N is’ 1ndependant of e and CP

%A ' Thus the. flux of bremmstrahlung X ray photons i
emltted by electrons whlch are 1sotroplc over only one
"L hemlsphere is 1sotrop1c over the whole sphere._}pi s

—

This dlscu551on applles only to. non relatlvtstlc .
electrons but since the bulk of the electrons lle below SllKev
the COﬂClUSlon is- Justlfled for the; model under dlSCUSSlon. K

5,;26 2 The Total Bremmstrahlung Cross Sectlon.ﬁ;

Hd;¢i" The total relatlvistlc cross sectlon. that is: the
' e dlfferential cross: sectlon 1ntegrated over all angles, derlved

u31ng the Born approxxmatlon was used to derlve the phOton ;Q[”
f' productlon rate as a” functlon of helght..At low (non ;f"‘a T
’relat1v15tic) electron ‘energies the formula is hot exact due:
"to the 1nadequacy of the Born approxlmatlon for thls condltlon o
However. the non- relat1v1stlc formula can be’ made exact by j-?
multlplylng it by a factor derlved by Sommerfeld (1931) RN
In the program thls factor was used to multlply the relat1v1stlc
general cross sectlon. Thls results in a non - zero value of -
q>k’ the cross’ sectlon. at the short wave; length 11m1t i e.gaf
when all of the energy of the electron 1s transferred to the

photon.
, ' The effect of screenlng was. neglected Thls results -
1n the divergencé of. k(bk at the. long wave length, 11m1t. S S

, Here k is the: energy of the photon, k¢>k is an. energy crOSs t{_~%5
'sectlon while® 1s.'of course; the ‘cross - 'section in. terms T
.-of the number of : photons emitted per un1t normallzed energy
1nterva1 The' effect of screenlng for ‘small photon energles g{fi’

b T TRy e




and for light: elements can be seen by comparlng the two

- curves for alumlnlum in F1g ‘14, page 170 of Heltler s . bookgt?féf

Had screening been taken into account as well the energy

cross - section, kxpk, would closely resemble those. derlvedff'”
by Sauter's method and computed by Klrkpatrlck and Weldman<?fj
(1945) As it is the neglect .of. screening only 1ntroduces RE

S

: IR 1

errors greater than twenty percent of photon energles of ‘1'4 y_n

less than one percent . of the initial electron energy ‘and. for
our purposes thlS can be neglected s1nce we are not’ deallng
with energies out31de the range 1 KeV to 510 8 Kev.

The formula used -in” the program for the bremmstrahlung

v avamy :-..fq NE Ry ey ek

' cross - section ¢> » which is a functlon of “both the electron-.*f

"energy and - phOton energy i. e. as follows ?fffnmra i:r.-

"~f<p'~=.’ﬁ&?'B'p_*sQ”j?ff7j'&.

S S S N I T

|
SR

= 2.9 x£10;26 om?

" wherez 1s glven a ‘mean value of 7. 2 for alr., S

A

-K lS ‘the energy of the photon, and p and po are the relat1v15t1c§§

‘“energles of the electron before and . after the 1nterract10n

- respectlvely. ' ' '

S is the Sommerfeld factorz<j-'Jf LAl e
o T

S = sz/( (1- 'e-z) (o))

where | % = —%%——O-B-& for 2 i

i

,B = v/c where v ls the veloclty of the electron after the ‘f,”
‘collision and c is the veloCLty ‘of llght Slmllarly fOr‘zaﬂif'
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”f V.7 Bremmstrahlung;Productlon Rate.

’,";electrons with energles greater than or equal to E! make a
’lcontrlbutlon to RdE hence L ' ' ' '

“fan 1nterva1 on e1ther Slde of Ek' Let the dlscrete bremmstrah-~7 ?
: 1ung flux. Ss at energy Ek be glven by : S T o

" the electron. $ 1s in units of cm.2 Kev-1 or cm ergj
depending on the units of K whereas. ¢>k, ls 1n unlts of cm.

_.the number .of photons, RdE ) radlated from unlt volume Wlth
a;energles ‘betweenilE' and E‘ + dE\ 1s glven by o a3

B is a compllcated functlon of the relat1v13tlc

electron energies E, E, and momenta, Pypy before and after’
the collision. B is’ d1men31on1ess and 1s the bracketed _,¢f&l¢“
factor in equation (16). p166 of Helt:er (1944) S

Note that the ¢ used here 15 not the same as the QSK
used by Heitler wh1ch 1s the cross sectlon referred to a G

normalized photon energy. In fact'f;

Cen e g nEmap Tt oy Traesce Cppgmas e pm e o

- where To is the. 1n1t1a1 klnetlc energy of L N
2 , _1

|

"For a mono-energetlc electron flux,_Fo. w1th energy E

3wy

i
£
f

v'RdE | ¢ (E E' ) N Fo dE' L e

When the electron flux is contlnuous. F(E). a11 the»;ﬂf

RAE' = (J‘;;o ¢ (B )uN.F (E) dE) dE' . "

In accordanee’with the basicAidea of photons'having '

'
;
-only discrete energles we mu'st assxgn to each photon energy 4
'Ek all of the bremmstrahlung radlated at: all the energles “over :i&




‘where

and

Thus

.. -where

e i'ce;

T ffare also functlons of h we ‘can-write (11) as .

- rate S is known at each height the flux B(Ek.h) as a functionV:-
of height and enérgy can be COmputed AERRATE

T v b
"S(V»Ek_) = ja ‘AR'_'("E )dE

T
|

o
]

CUS(E) x REYY ak
"AK 5'bi;'éff ;'i‘i kuL,M:

S(E) = y‘; ¢(E. E) foF”V'(E)'. dE A K - L (11) '.""i:’ .

- S(Ey» h) = N(h). Z_.l(.(b(-Emf.Ek)‘ F (Ey) AK)::(12) . i

- . -..For convenience later on we will write this in the . -:

"f_'s(Ek.h> N(h) s' (Ek.h) T i

v

mergot e,
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f%(Ek'+‘Ek}__i);“
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Slnce F(E) is 1tse1f dlscrete and s1nce S. N and F

where S‘ is the sum 1n (12)

- Following Kamiyama (1966), once . the photon productlonffhg
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 Be(Eeh) = 37 s ) Bt { o) - 2] e’

078 Gt 3 o) - @) e
A‘fhp“:-fﬁpw,; fase dz(h) =i- N(h>ah4;,7?f"°"

Here El(X) is the exponential integralpafeﬁiithfﬁ-=

-

t ]j“dt;, U

ﬁi(x}~?;I$ff

,/'.

N(h) is. the number den31ty in. atom cm end.;z'ls the
" optical atmospherlc depth 1& atom cm.'z, °t 15 the total
"f'cross ‘gection - : Foa L i

-

0= %0

J,.' o

' ~ where op 1s the photo electrlc cross sectlon and o oj“f:
. is the Klein = lehlna cross--sectlon. Ihe radlatlon ls treated ;
T as 1f even the scattered component 1s lost on. the way from e

" height h'' to height hi B 1s.a measure of the flux of

'”;unscattered photons.

A - The varlous photon cross sectlons and the ratlo G /o
’”~fused to compute the Ek were taken from Lelpunskll et al (1965)

T ’,lf In the computer program h and h' were of course dlscrete%
'f;;quantltles. The function Ei(x) diverges as x tends to zero
d"}Awhlle 1ts 1ntegra1 remalns flnlte.,The contrlbutlon to L
B (Ek.h) from the same helght layer was. therefore treated |
separately in the summatlon v1z.

Uy
H

)
'

i Bg(Egehy)  =’,;.j Z—?—i s:,(Ekh 5) Eilog(zy = z;)0z; + B,
h N

I R TR



_’72 to eJect the K electron from a nltrOgen atom. It 1s assumed
: hfg_that thls electron once eJected ls respons1b1e for most of
'rtl*]_the ion pairs formed.j R ' ) N

~where

B, =S

‘where X = o 8z; ©

1v.8 Mu1t1p1e Scatterlng ;;fﬁi"‘

_ . The phonon flux array. ,"1‘30. can be used to compute' bothtlf_t;ii_g
the ion pair productlon rate and the productlon rat"f L

first Order.l.e. Slngly scattered. photons‘”'

twn i: qo 1s glven hy'_Vi“

'f (E) By (E n) N(h) dE

»O

qo(h)

whefe (e) (a (E) + aa(E)) (E - o 8)/ 0355 Eatp e
B .J‘,j; T B N
The constant O 8 is the approx1mate energy required

The flrst order. source array. i.e. the productlon rate?iﬁa

'q;vof 31ng1y scattered photons was’ computed as follows o

'*;;;f;%-fvi KSH(Ek;h) = Bo(Em#h)“(Em)f

where m= k- 1 1f Ek > 20 KeV, and mi = kif Ek 20 KeV.E

Below 20 KeV the mean energy loss of scattered photons

"'1s less than 1 KeV and S0 they were treated as if no energy

"'A were lost at all.’ Any errors; 1ntroduced in thxs way would be_?i

} N . , JA
IA ‘.
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.. -ns themselves. F o g v , 1;

7fjsummarlzed by Berger ‘and. Seltzer (1972). the prOgram was re-runf;

e monoenergetlc spectrum at -100. KeV. The d1fferent1al

to give a total 1onlzat10n rate proflle..,;vg‘~
'11.9_ Results. T ~b.~ o . g,u“»-f}

;Llonlzatlon rate;proflles 1nclud1ng the effect of electrons ,
" are, 'shown 1n Flg IV.2 for E “—-SKeV andEg’ = 80 ‘KeV.' Even for
.~ the harder spectrum ‘the bremmstrahlung 1onlzat10n rate ig
:i'flve orders of magnltude less than the peak due to electrons.'
fThe effect of ionization produced by multlple scattered . _
"":bremmstrahlung X-rays can thus be . completely neglected 'in *1'"$:

f;dlscu351ng cosmic n01se absorptlon pulsatlons. Its effect IS

withH the prlmary\electron spectrum glven by (5) replaced by a

: effects of scatterlng of energles below 25 Kev.:»jf

(.

From. the flrst order source array Sl(Ek h): afflrst

order flux array,B, (Ek.h) and a flrst order ion pair- _
production ratei ql(h)’ were ‘computed” in the same manner as =
above. From Bl(Ek.h) the doubly scattered photon productxon,t

rate SZ(Ek.h) can be computed and - SO on. Slnce the contrlb-*‘
ution to-q(h), of successxve scatterlngs falls off rapldly;
only four lteratlons were carrled out. The values of q(h),
due to each order of scatterlng were summed at each'hel_ht'

_ L I NN
The total bremmstrahlung 1onlzat10n rate - proflle.

and the component proflles due to each order of scatterlng.iq.
resultlng from a prlmary electron spectrum with e- foldlng Ay
energy, E, = 80KeV are’ shown- in- Fig. IV. l.‘The total }“fi ”Q%g

L Y T — "»rv--
S T

negllglble when compared w1th the 1onlzlng effect of the electrof

a : .
For comparlson w1th the results of other workers as

-9 e
ey R IV Ty

'

bremmstrahlung flux as a functlon of photon energy at varlous V"WL
heights 1n “the aémosphere as computed 1n the manner descrlbed A
above is shown superlmposed on the results brought together

T TR e ,ll, i 1A

,
) .‘-/'

o




by Berger and Seltzer. The results obtalned ‘here compare '
’ favourably with the results of other workers at 50. Km -and- above
~but are somewhat low at 40 Km and 32 Km. Thls is no’ doubt
due to our approx1mat10n that the photons are scattered
| lsotroplcally (1v: 3) S ’

_ The 1onlzat10n rate proflls due to electrons. "Tre O
shown for a number of prlmary spectra in Fig. 2 1
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- 'Fig. 1v.1 '
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h Km
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70

total -
30 » )

30

I - | Lo q. Cm"3 sec1

Ion-pair productlon rate due to’ bremmstrahlung
produced by flux of electrons from 1 to 510. 8 keV 1n .

;3~,energy with e - folding energy of 80 keV. The numbers 'fifl'”:

labelllng the curves represent the number of tlmes the‘
photons have been scattered. The total productlon rate
due. to all f1ve orders of scatterlng is also shown ,
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Ion - pair productlon rates due to both bremmst:rahlung
and impact 1onlzat10n resultlng from parent flux speCtra
with e - foldlng energles of 5 keV. and 80 keV.
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(Ingerted following examination 13/8/1973.)

2.5.1
The line before equation (2.5) should read

“"gpecles and/eﬂ is the production rate of the ith
! .
fy
-

(i) The second diagonal term in the matrix on ,
the left hand side of egquation (2.12) should be o

written
- (8 +7)

(ii) Before equation (2,13) and after "we find"
insert the clause "assuming that g'is much smaller
'thafl e". ’

(iii) The second equation from the top of the page
following the page on which egquation (2.17) appears
should read
4T - . | '
NTe L Tie 2 s pB L el
 a N

206.

, The diagram referred to half way down the
page following the page on which equation (2.33)
appears should be "Fig. 2.1" not "Fig. 2.2".

%\ %\e %\8 XCN'E'

}



3.2.3 , _ . :
The line preceding equation (3.10) should

read "At heights where attachment is the dominant

process”,

4.1 .
Fig, 4.3(b) is shovwn overleaf with time

scale added.

KoK K MK N H RN K K X K K X

In addition to the above corrections two
whole pages which were missing from the examiners'

copies have been inserted.



10 SEC

(b) A group of observed c.n.a. pulsations which show

very clearly the tendency of smaller pulsations to

lMmes.

have faster decay t
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Report on Thesis 'Cosmic Noise Absorption Pulsations' by J.S5. Reid

¢
In general, I feel that this thesis represents a worthwhile piece of work,
‘and is worthy .of a Ph.D. degree. I have a number of comments, however, that
should be brought to the author's attention, and I wecommend that he be
asked to make appropriate minor revisions. .

General Comments:

The only major technical comment relates to the suggestion that the
absorption pulsations are an E-region phenomenon. This is not entirely a new
"idea, and I am enclosing a reprint oi a fairly old paper of my own in which I
suggested that 'hot' secondary electrons in the & region might contribute’
appreciably to auroral absorption. This component of the absorption would
correlate well with pulsations in luminosity (though probably not with the
time-lag observed by the author), and the short decay times of the pulses
would represent the cooling time of the electrons rather than their
" recombination time.. I don't really think my mechanism will explain the
chservations, but it is probably worthy of a mention and a certain amount of
-discussion, since it has been in the literature for some time

As far as the presentation is concerned, I think more  care could well be
taken. I don't expect a thesis to be a literary work of art, but consistent
misspellings and careless algebra provide a jarring note that is not really
necessary. Throughout the thesis 'dependent’ is spelled '"dependant', 'computer'

“is 'computor', 'detachment' is 'detatchment' "bremsstrahlung' is. bremmstrahlung'

(and even 'bremmstrahling' in Appendix 4).. These are easily remedied.

Sp@c1f1c Comments :

1.4.2 © In equations (l 14) and (1.15), I don't see why the colllslonal
" detachment rate should be proport1onal to f01

1.5.1 In discussing the NO problem in the D region, more recent work is
available than that quoted. The most reliablé measurement of NO
itself is that of Meira (JGR 76 202, 1971), while estimates of the

ion production rate due to O ( Ag) have been drastically reduced by -
the results of Huffman et all (JGR 76, 1028, 1971).

1.6 N; is very unlikely to exist in any appreciable quantities in the
D region, even when particles create most of the ionization. It -
suffers charge exchange with O producing 02, very efficiently.

2.3.1 - I have a minor quibble here, in that I don't like the sudden
introduction of equations out of the literature (in this case the
Lelev1er-Branscomb.paper) As far as possible,.a thesis ought to
be self-contained, and the reader should not suddenly be exposed
to a lengthy equation lifted from the middle of a'published paper.

el



In the same section, -the y]- terms in the [B)] matrix are deecribed
as loss rates. Unless I am” mxstaken, they are actually production
rates - the loss terms are the I'y's '

The signs of the terms in the matrix in (2.12) seem to he mostly
wrong, and in equation (2.14) I get NgN, = ¥Y(9 + §).instead of

. ¥/0, which affects the equations following. I also get a different
‘result for the unnumbered equation at the top of the page after

. that with (2 12) to (2 17). C ,

o
)

o

no

2.5.1  There seemo to be a section (perhaps only a page) enbirely mlenxng
from my.copy. Section 2.5.1 henins haWquy down onn papre, and the
next page beglns "Bewersdorff et a;.“

'“v2.6-' L"'There is'a reference here to Fig. 2. 2 which may reinv b Wig. 2.1,.
. since there is no Fig. 2.2.

3.2.3 " Following equation (3.10),‘I don't see why YN-N+ is expected i
-~ small compared with 6N~. In the case of the terminal negative Lons,
... I would expect the opposite to be true, since they prcbably have

.. small photodetachment rates, and they do not suffer either aSSOC1at1ve,
" or collisional detachment.

f}Flg 4.3 has no tlme -scale, which makes it hard for the reader to
- verify the statement in the caption. b :

 ’In discussing the two-ion idea, some reference should be made to
“‘the Norwegians, who have been pushing a similar idea for some time.
. The key reference 1is probably Haug and Landmark, JATP 32, Los5 (1970)

:Agaln there is a sectlon missing from ny copy, follow1ng the page
with equation (L. ll) The next page in my copy beglns."the-

1

gabsorblng reglon is elther thlnner or hlgher. « .




