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- and ifs aSsoc1ated electrlc fields contaln c~'

P

’drrectly to the Mev range in a single step. Electrons also

| ey

ABSTRACT

Fluxes of 100-kev electrons and prctons on high L¥shells are

compared with luxes of more energetic particles in the heart

of the outer zone. A number of characteristics of the changes

ln these fluxes are noted and comoared with predJct ons of
several models of partlcle acceleration and energy transport

It is con:luded that two separate mechanisms are requlred

,to produce Hev protons in thc heart of Lhe outer zone. Protons

must first be accelerated to several hundrcd kxlovolts on or
above the hlghest clo ed drlft shells. Several pumpxng-mech-
anisms whlch can do thls are discussed. Diffusion in Which

the first adxabatrc 1nv1rxant is conserved can then transport

- these protons to the heart of t!e cuter zone and rurthet

, accel yate them to the Mev energy range. A convectlcn systen

R

rlve the d ffuslon. Electrons can undergo a srmllar acceler—

4atlon process. In addltlon, some electrors whxch orlginally

h L

) m;rror near the neutrax sheet can be acce‘orated from 10 kev"

undergo a capxd form of drffusion xn whxth the flrst adiabatic.

E e

invarlant 15 v1clated Pinally,,resonant znteractlnns thh

waves near the eqaator zn the heart of the outer zone could 2

R ,'

3 . -

locally accelerate some p rt cles to 1 Mev.
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’ 1. INTRODUCTION - _ I
_ ¥
) Data from Ehe Exp1orerjl2 ion and electron detector é
“{Davis and williamson; 1963) are presented in Se&tion 2. 3
- Explorer 12 had a highly elliptic orbitqwith‘apogee of 13.1 é
. B
} ‘earth radii. Local time at apogee‘varied fmm‘ 13:00 tc 05:60,
f "n A | A comparison is made betwccn fluxes of 100~ kev partlﬂlos cn 'g
. Ahlgh L-shulgs and fluxes of roughly l~"ev particles in Lhc _é

heart of the outer zone. g,“

X To produce ihe obse;?ed ﬁevApaiﬁiéiés in the'he$rt'0f_ 15\
the‘bute: zone;'eﬁergy must both be’transférféd'to individual f%
charged particles-and tranSported acrosé field lines. .L.numm .i
Lo ber of energy transfer (accelcrat;on) and LranqoorL mechanlsms :%
. are discussed in Section 3. A S _ {4 . L ;-ﬁ

In Section 4 the data are conpared to predictions’ of
'; f ~ the proposed-mechanisms; . The data are consistent with'a model
in which third invariant diffusion, drlven by a fluctuatlng

‘electric field or convectién cystem, prov1des the prlmary

fnerxqgy transport mechanlsm Acceleratlon takes olace during
the dxffusxon proce,s and also on hlgh L-"hells. 'mhe data
are also cons istent with a model ln ﬁhlch low energy partxcles ””_ : ﬂi_ﬁ

o transport energy to the heart of tbe outer zonc. Acceleratlon T b

LN
f

to 1 Mev must then takO place loca]xy on prse lower I-sh 11

o Tr vt « o R e sy e e s o > oy : % - . s o P . e 4
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‘the two preceding solar rotations,

2. DAI® PRESENTATION

Data from .all inbound orbits between August 16, 1961
and'Ocnober 10, 1961 are presented in Plgure l. Inbound or-
bits were selecteu because they took place nearest the geOu

ma:netic equato:. The first two wecks of Explorer 12's life-

time were farily QUiet, as was the week preceding launch. The

first significant event waé the suduen commencement of a mod-

eratelv severe magnet1c storm on Augu't 29 Kp reached a

maximum of. 6 AE. exceeded 1.100 gammas (Wong ct ai., 1967), and-

D" decreased by about 50 gammas.. Ne cther major event oc-"
curred unt;l‘26 days. later when, on September 24, a very simi-

lar storm took place. Kp again reached-a maximum of -6, AE.

‘exceeded 900 gammas, and Dst again decrcased by about 50 -

gammas. These two storms exhibit a number of common properties

and will be referred to as theApain of recurrent storms. Simi-

" lar CBanges in Kp'and Dst also appeared at the same phase of .

- 8ix days. aftex the second recurrent storm, the first

- major geomagnetic'storm begen. pr rmached 9, AE. exceeded 1500
.gammas, and fyied t dccreased by 150° gammas. By the eqd of tbe
-‘perzod covered in Flgure 1, cendltwon" had nearly recovered

from this cvent.‘ R >: '3{“‘ B ,LA'.}:y

A number of studles have been carried out to 1nvesti-'

gate Kellogg s (1959) suggestxon th“t energetlc part;cles move

-from ‘a- source on a high L—shell to the heart of *he outer zone -




via brcakdowh of the third adiabatic invariant; 70 test this
third invariant diffusion mechénism wo caﬁ lcok for o source
cf particles near-the magne topause and for a perturbation
which supplies encrgy to drivé the diffusion. Two curves
showing peak dircectional fluxes of clectrons with enecrgies
above about IOO kev are inciuded‘in Figure i. The curve

labeled "1u0-kev cloctrons nzar magnetopause" is the flux of
- - L . .

“electrons seen one hcur aftzr the satellite has entered the

magnetosphere. A time interval of one hour was selected be-
cause fluxes of 100-kev electrons gencrally increase rapidly
just inside the magnetopause, and reach a relatively stable

level in less than one hour (Prank et al., 1968).

A clear correlation is evident between the flux of

1C0-kev electrons near the magnetopausc and the magnetopsuse

locaticn. Lincar regression analysis yields a correlation

coeificient of -0.63 at,chovlag as compared'to about +0.2

at non-zero lags. This indicates that the flux of 100-kev

electrons near the magnctopause increases whenever the magnet-

~ospherc is compressed, and is therefore not a good indicator

of newiy‘inﬁected energetic electrens. The flux of 100-kev

electrons at L =-8 is also included in Figure 1, and this.flhx

is not nearly so well correlated with magnetcpause location.

The 100-kev electron flux at L = £ rises to nearly identical

levels during the two recurrent storms, and appears to.provide
ng th ! P

a better indication of the presence of newly injected elec-

trons. Note that.both 100-kev electron curves reached .as hich
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a level during the moﬁcrately dis tur’ed period roughly mldway
between the recurrent sterms as during the storms. In addition,
more 10C-kev elfctrona were injected on high L—shells_aftef

the mdderatc—sizod recu:rentvstorms than after the iarge

storm of September 30.

Above the 100-kev electron curves in-Figure‘1 is a
contour plot of the omnidirectioﬁa; flux of electrons with
enexgies excecding zbout l.to 2 » LV'ln the range 2 < L < 8,

The heavy liﬁe and slanted numbers Luﬂlcatp the lcca’1on and -

magnitude of tho ppah flux. The threshold of tnls de“‘"tor,

- -

"which was used as 2 background monltur, has FOL been accurdtcly

determined,

"An elcétrgn gains bnefgy as it mévesllnv“rd if lts
first adiabatic invariant is conscrved. 'Its‘unergy.changes
so that (72 - 1)/B = constant, where Y is the rolat1v1¢t1
mass ratio and Bm is the nirror pnlnt fxgla st'engfh .myplual

tleld strrngths are about LOO 275,,and 1000 gammas at L éAB[

S, and 3. Therefore, ‘an equator lally mlrrorlng elcctron would

,requlre a_kinetic. onﬂrgy of 170 to 420 kev at L =8 if it\is

to reach l to 2 Mev aL L =3, and 490 kev to l.- Mev dt L = 8_ 

. if it 1s to reach 1 to Z'Mev at L = 5, -The 100- kcv electrons

ey

’vmeasured are not eneLgctlc enough to produce the l- to 2- Mev
detector regponse in thp hear* of the outer zone.‘ However;-w'

‘since no data at 1ntermed1ate encrgle> are avallable, the "100—-,

kev electrons at L = 8"“curveAw111 be used as the best avail-

able estimatec of the sourco ‘stre ugta fo: a third invariant

hin X . -
T PR HA s ri e




diffusion mechanism.

The'l~to 2—Mey-elec£ron contour plot shculd be con-
sidered along.with tae array of numbers justAabove it. The
numbcrs arz values of B/B , the ;ocal field strength divided
by fhc equatorial flcld °trenqth -az comouted from gggggg'ggé;.
galn'q (1962) field modpl. In the blank regions offthis.arfay,> K j
B/B, ?3 ;ess»thaan. The 1- to‘2- Hev eléctron fluxés are

veakly corrélatcd withvB/B in the lcart of the ou ter zone,:

Lenan

as hag boen notcd by McIlwaln (196€) and by Owens and Frank
2(1908). - To lllustrate thls effﬁc_, data COVtrTng the deéay

of electrons anuCLCd dLrlng the fllut Leculrcna storm were

i rrth s ws ann .

oUbJpCth to a nultlparamater least 5qhar9° fit (Daniels, 3966).

The fit lnchatcd borrbldtlbl at better than a 953 confldenCﬁ

‘

Do level and qugstod that thesa data in the hzart of the outct:

‘

zone couid be normalized'to'B/Bo = 1 by introducing normali-

zation factors of 3 or less. = : e

PN SRS RV NI vV

'The,least squares fit also exhibited'a correlaticn be-

o

‘tween the electron flux and bst,aas Aoted by McIlwaln (1960). . i

The significance of the correlatlon 1s hlgh 1n the ‘ower por—._. '.:‘17 .

vopran e g s

tion of the outer zone. The magnltude of the Dst dependence

‘and thc 31gn1‘1cance of a real correlatlon dnﬁte se Wluh iné'_ -

creasxng L and the flt is no licng er ;igulflcant at a 95% confi-

dence level at L = 5; The magnltudn of thc modlflcatlon re-

<. .
'

: - quar;d to nurmallze the data to Dst = 0 1s a factor of 3 for - . LR
|

the aata analyzed betwccn tne recurrana stovms.' Much larger

; o modlflcatlons may bc requlred for S&yz'a1 day after a large

‘

/
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- lowing the Cep*ewber 30 storm.

-1ntensxt1;s dt L = 4.5 in each oade.. The Iarge Septcmber 30

storm flrst produced a sudden dlsapp aranco of tbu thn nergy

geomagnetic storm.

Finally, if thefl— to 2- Moy flux conlours ‘in Figure
1 are tc be interpreted ﬁs the flu"c' of clectrons abbve SO
fixed threshold, thcen data must also be mod:FJ d to avcount
for changes in thes elcttroh energy sp~“Lr~m.A The ion and clec-
tron dﬂ;cctor provxdns no. rvl;anlc cstimate of the sppctrum

near 1 to 2. Mev. - Owens and Frank (l968)-invostiqated this:

cffect in: this energy ranga and concluded the sp;c;ral effect‘b
is snall rclatlve to the B/B effect efcept Aurlng th e lnltLdl
stages qf_a geomagnctic storm. | |

The groas changes in éLcCtron contourb in Flguruhi_l . ' 1
are not associatcd with any of tha above effects. The three
1 to 2 order of magnltude flux ‘increases a*=yclearly associé—
ted with the August 23, S tcnb r 24, and September 30 goomag—
netic storms. Minor perturbations such as the more rapid than
usual flux decrease from September 11 to 13 can be pé*tlj
a*trlnuted to the B/B effect. The Dst effect 1s at lc

partly rospon&xolo for -the elounnss of tho flux. 1ncrea=c fol~

The two»recurrent storms resulted in-the'injectioﬁ,

N

of very similar fluxes of 1- to 2- Mev elactrons with peak

Lectrons whlcn were pres sent near I = 4.5 as the storm began.

Then a amallar flux oL elcctro"” was lnjectrd at L_= 3.5. The

mzgnitude cf the 1n3evtwd flux may be related to the relatively

PR
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fluxes at L = 3 ni

‘acceleratinn of "source” electrons at high L-values an

.dipole field, but this dif’ﬂlen alone.is unlikely to pro-
,_ducc gross dlfferewcaa between;:he,electron and proton flux - zaﬂ

. contou‘u. e L oL .;; RN

~éucea by pro artles of tnc gat ctor and’ b[ loss me hanlsms,-_'

'Tne pzcton de t ctor is satura*hd w1th1n the COD -lux curve'

" servad. A COmDarlSuﬁ cf clecb’ on and prcton uurv 5 Lllu

'7.
small flux of 100-kcv 2lscirons seen 2t T = 8 during the large ' !

storm. The injection alvitude is closely related to the change

in Dst during the storm. . This cffect has been previously

noted (wx’ll Poet a{., 1568) and will bocome more cvident whon

more storms are discusscd. Finally, no injection of 1- to 2-
ev electrons is asscociated with the high 100-kev electron

12y batween the recurrcut storms. This

illustrates the 1ack of a one- to—onc‘correépondence betwaen

(o)
'.3‘
\'D

injection of morsz « ne“g tic electrons -in the heart of.the'
outer zone.
I1f third invariant diffusion is important it should

affect-all energetic particles simultaneously on a given L-

shell provided the énergetic‘pa:ticlea nave equal drift periods.
For thnis rea SWn, it is_pf intercst to compare the 1I- tc - Mev

. . : ’ 1Y
electron flux contours %o thc SLmllar t;ux nap _for 470—ke$,

protons shown in Figure l; Oneg- and Lwo- Mev electrons have

drift4pe:iod5 3b% ‘2nd 603% sho*tbr than 470 ~kev protons in.a

Grusq dlffcrbnces HetWLon the -1¢ux contou*s are nro-

so tnat even lgrgw chapgee in thls rpglcn ccula not be ob—
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the fr 1tly notvq f ct thac proton lifetimes are much longer
than Plectxon lifetimes. In féct, no éignificant long term
decay of protons at the heart of tho outer zone can be Gis-
cerned from the daf# is,prQScntcd in Figure 1.
The most pronounced fecature of.thc pfoton:contours
is the stronq B/B dependence in the hcart of the cuter pro—
ton zone. A strong B/B dcoendenc\ indicates a atrong con-
centration oF prﬁtons in thL an<torldl plluf ihe differ-
ence between equa Lorzkl conc;ntratloné of clcctrons and ff
protons may eca sxly be.produccd by 1oss rafher than by sourbe
mechanisms.. Even if opth»qroups of particles are produced

by the same source, the short lifetimes of electrons suggest

they cannot remain concentrated near the eguator. ‘giiliaqg

et al. (1968} have noted that l-iMev electron mirror points

are altgred rapldly ;nough SO that an cqulllbrlum dxstrlbu-‘

,tlon is cstabllahed Ln a flux tuoe even down to ve ry hlgh

values of B/B wlthln a few days‘ ‘”he much longer pxoton

leetxmes sug*est tha the cqu111br1um dlatrlbutlon along_av

“field line wzll dlffLr tron thc elcctron equlllbr‘un dls-

trlbutlon, and that proton may never aven reach an equlll-.»j

Nl

brlum betceen anLctlon evcntq.

The uppgrmost curvb in FlguLQ 1 lS the peah dlrectlonal
flux of lOO-kgv protcns at L ?'81' These partlcles are con-
sidered as a bossibla source for the 470- kev proton< at’ lov

altitudes. Since thc ooacrved protons are non-r»latxvxstlc,

their. energies change in pro ortxon to the ma netlc LLeld
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strength at their anirror points-if:the first adiabatic in-" : i
variant-is conscrved. A lOO-kév ptotén mirroring ncar the
eguator at L =-8 whore thq fitld strength is about 100y would
thetefore havc'abcut 500 kev of kinetic énmrgy at L = 4. The
only 51gn111cant peaks on thls curve are associated w1th the
previously noted storm tvents.

Figure 2 contains data"fof the pcriéd-October 11, 1961
to December 5) 1961. ThL two curves 1nvolv1ng the magnwto—_
paune are not 1ncludtd in Flg're ? because the satnlllie apo~ —

gee wasAfrequently-betow the magnctonausc durlng thl time

interval.

One important new feature was observed in the 1- to

2- Mev electron contours durin mid-Cctober. The electron
. : . - 9 . i :

peak iniected on September 30 was observed on the first two
passus on Flguxc 2 'Then,there'was a data gap while Dst de- -
¢reased by 40 gamm when data coverage resumed on Cctober 23

15, two pcahs were ob¢erved The p= ak at L %'3;5 p'esumably

PO

} o rtpresents thL smooth detay of clettroxs 1n3ectod duzlng the

Septembcr 30 storn. The.peak at L =5 would ther rtpresent v o f

W L e vy el
tikiae 45

hddltlonal electlons lnjec ed durlng the mcderatcly dlsturbed

. -

period bctw;en Octubcr 12 dnd 15. - The latter anectlon did . I

PRI

- B e :.,~

oyt not appear to dlsturb Lhe prev1ously 113ecttd tlectronb on'
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lower fleld llnes. 1hlS is in cont st to the- complete dis-

appearance of electrons at L = 4.5 noted'on September 30 as
naw ele"trons were lnjctted at L = 3.5,

The double pcahed electron structure was observed S .
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whencver data covera gu was comp;nt; untll the large distur-
bahcgs began .on October-26.~ A very largc storm took place on

October 2?8 as Kp rcached 9 and Dst exceeded -250 gammas. Im-

madiately after this storm, electrons peaked at L ='3.Q,

the lowest altitudo observed during Explorer 12's lifetime.

A double peak=2d structure was seen once moxe on November 8

to 9. This indicates that a small ihjectioh of cle ctrona at. o 3
E L‘= 4.5 1écomoanied'£hc diéturban¢4 oﬁ ﬁov >mber 7 to 8 »whlle :
g the ulectrons 1n]ectod by the larga Octob 3 4 78 storm remalncd !
;I trapped. | é
? An:ekamihgtion"éé'1; £o 2- Hev électron data in Figureé' E

' ,l and 2 i;lustrates the corrgla£ion ﬁetween the altilgde ofl' 3

’ ,peak fluxes and_Qst. ~Most'ipj¢ction eVéntS,invqlved'Dst é
.i ' decrcases of 40 to 100 gammas andvpeak electrbﬁ fluxe# between
o - L= 4 and 5. On Decgmbar’l;HOQtobex l;'and dctobef 28,JD§t
?. .ffeaéhed'—lZJ -169, ahdv4266.§aﬁgas. HThe.COrfespon8i5q~L—',i:g
%i snells at whlrh pu*k flux;s wcrc observcd were about 4 0. 3.5;

,and 3. 0 _ '_ , i;; “‘ finYL - -;U';f' : ,i{i , ,
| R -'3:_..r ENERGY TRANSFER }{'ND' TRANSPORT ME;CHArfeI"éz;xs 3

Two problemg are. lnvolvcd in Lhc 1n3ect10n cf eiec—

trons hnd protons wxch Lnerglns above l uev 1nto the hedrt of

A . ol

o o the outer zone. Assumlng the oO]&f wind is the b sxc energy
. . source, sone process ﬂus+ transfer cne Mcv of energy to a
‘ 'single particle. In>add1t10n, thlS energy must be tyans—

-

‘ported to- the hizart of the outer zone.. In this secticn,

§
.
PP U S AP AN SRNL IR SN SWME P OFCYP NPT STPPIC VD SN T TOS RIS TGP G CON GO SIS TP
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mechanisms will be classified according to the region of

space in which an individval particle's energy reaches 1 Mev.

e ' Local acceleration at high L. If pafticles‘are iocaliy
accelerated to 1 Mev on high L-shells and then move to the‘ | }
heart of fﬁe outer zanc, separatce local‘dcceleration and . .
transport mechanisms are required. Local'qepele:ation mech-

anisms will bé discussed in a Létef secﬁien. ﬁfrenspert mech-

; _ anisms which conserve a particle's kinetic energf 2s its . B _i
mirror:péint moves to regions ef'increasing field strength

'musthiolate the particle's first adiabétic invariantb Such

flrst invariant dlffuelon was proposed by Herlofson (1960)
as a possible source of the innar and outer‘zones. ThlS

specific meeﬁznism is not ccnsidered a probab’e source of
the outer zone because no ~trong anPCthn source of l-Mev ‘ ]
electrons or D*otons has been obs erved on hlch L-shells. S

First 1nvar1ant dlffuqlon 1s lnporLant however, be-

vy )

'cause it is 1nvolvod in sevaral posstLc lnjcctlon models.

‘PltCh angle scatterlng-produces fll t lnvarlanf dlffLSlon for

s

'-'5

I B two reasons. Flrst, when a partlcle lS randomly s»attered

“it imme dlately beglns splralllng “bout a new fleld llne. As

—

a result the partlcle S guldlnq center moves ‘abcut. one cyclo-

tron radius. In aodltlon, shell spllttlng changcs the dr‘ft

S

shell followed'by a trapped'partxclo each tzme the partlclc sl

S _mirror point changes.

: ~ '+ specific cases must be investigated to see which

ffect produces the most rapid first inveriant diffusion.

C e e

TR L e A UL Rt LR R e et o)




12

The preseht study is concoerned with roughly 1-Mev electrone
and protons. éyclotron‘radii,of i1-Mev electronsivary between
20 and 50 km in the‘region between 7 = 5 and 7, while 1 Mev
proton cyclotron radiil are 500 to 1560 km. The maximum pos-
sible shell splitﬁing produced by pitch.anéle scattering ie
about 1500 to 10,000 km in this same region (Roederer, 1967).
Since random scatéering tqkes place at arbitrary 1ongitﬁdes
and invoives arbitrary pitch angle chengee; we will use 500.
to 3000 km as mean radiai dieblacemeﬁts owing to sheil split~, E j”{

ting at L = 5 to 7.? Shell splitting is therefore the dominant o

cause of first invariant diffusion for electrons at least down

to L = 5 and probably throughcut the outer zone. The two

effects are of comparable importance for l-Mev protons.

After N scattering cvents the mean radial displace-

PRSI

ment will be. VN times the mean dlspLacement for a SLngle
event. The probablllty of loss per sca tte rlng cvent can be'

/

. . . , : 2 .
estimate as 1 - cos a whe o i si a =B !
ated ¢ S o here is g ven by sin . equator’ i

v——_ e - T2

Using B

Ko v epambie ok Bateai s Fee e AR AN

v?earth' =.0i5 gauss and B betwecn 275

earth equator

-

and. 100 gammas'in the fdngecL =5 to 7, an avesrage part1c1e

undergoes between 400 and 1000 random scatterlng events be-

4 xore strlklng the earth s atmoaphere. These estxmates 1mply o L

\
. da

that a randomly scattered partlcle will diffuse radially by

110,000 km bcfoxe it strlkes th dense atmosPherc even at L =-

e e n o ag e a3y ame oy
1,

P Y
K st

-

We conclude that first invariant diffusion must be Lo
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an important .energy transport mechanism in the outer zone . ‘ ' G
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for any particle’ lost by random pitch angle scattering.
Paolini et al. (1967) have prescoted experimental evidence-
Ehat-first invariant diffusion is important for 1-Mev elcc;
trons in tne outer zone. | |

Acceleration throughout the magnetosphere. Most

studies of third invariant diffusion have assumed sudden
impulses are the perturbations which drive the diffusion

(Parker, 1960; Davis and Chang, 1962; Nakada and. Mead, 1965;

s

Tvérskoy, 1565). With t is dr1v1n~ qource, energetlc par-~

ticles move throughout the magnetosphere and time periods

of .months to years are required to establish equilibrium

distributions in the heart of the outer zone.

If the observed rapid changes in electron and- proton

fluxes are to bhe produced by third lnvarlant dxffusron, a Wuoh

'stronger perturbitlon thanr sudden 1npulses is requ1r ad. Fluxes'

of 1- -Mev electrons in tbe hoarL of the outcr zone rerond

w1th1n two houra of the start of a large baj evert (Brown et
al., 1968) and reach peak value% at least w1Lh1n a few aays.
The entlre non-adlabaulc process may take place in only a fcw

'hours with later flux 1ncrea;eu belng produced malnly by rlng

current decay In the inner zone, however, suaden 1wpulses

.-

-could be 1mportant in dr1v1ng thlrd lnvarlant dlffu51on.'

Thlrd Lrvarlant d1ffusxon from the hlghest possxble

lnvolvos a change in magnetlc fl\‘d by a ractor of 5 to 10

near the oquator. Proton acceleratlon is 1lmltud to this

ATrslla ek o T et St b brendrdn <

PRI PP SN JORP

0l

5 e aae A kS om0, it oo e ot e SN Mo i




14

factor, while electron acceleration is even lese efficient

owing to rtldthlHth effects. "Third invariant uiffusion of

1

-Mev particles into the heart of the outer zone, therefore,

reguires a source of several-hundred-kev particies on the

outermost complete drift shells.

Acceleration beyond the plasmapause. .One perturbation

which could drive rapid third invariant diffusion is a varying

maghetosphecic convection.system (Axford and Hines, 1961)

Freaman \1968‘ has cho‘tbd convection VulOClLlLS of 30 km/sec i,

' during bay events. The cbserved ion flux varied greatly with

o e ot L

a period of.lOrtof30.minutes in at least one example presented.

L.

‘This provides an ideal situation fcr rapid third invariant

: diffusion.. The drift periods of l-Mev electrons and protons

| near the héart of the duter zone are lO'to 20 minutes. The

; 6bserved rapid Ehanges in convection fldw suggest the ﬁev
‘parflclcc can be sfrongly convected t ward lower L values on

' E . one portlon of their blb and only weakly convected Lo hlghﬂr‘

L later on in tho same OIbIt. ‘f‘ . .

e 3 i, = 88 S Btk £ & hrindd < V23 e e R A A

@ - . -i The effect of thls process can be¢ illustraté&‘by a
o . . . IR
i v

P SR I

L s
W - BN Y 5. E-T HOPIN

c ' " sinple example.' Assume a partlcle w1th a 15 minute drift

period prndS a nct Jnterval of two mlnuccs in a reglon ‘of

! .30 km/qLc lnward convactlon.. Thl% two’ mlnute 1nterval could

represent the only pcrtion of the orbit during which con-
vectionbtakes place. 'Alterngtively, the Convection‘velocity:
i : could be varying uniformly with time and avefage 8 km/séc.

P higher when the particle is moving inward than when'it is mov-

,
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ing cutward. The net result in either casc is a radial dis-

placement of 3600 km during a 15 minute orbit. During two

hours or 8 orbits, an average particle would therefore diffuse -

36 ove = 10,200 km. Some particles would move much faster
than this avoragé.’ For example, if the convection system
flows at 30 kﬁ/séc while the partidle is mov1ng toward lower
L and stops while the purtlclc drlfts through the outw_rd
flow regiormn, thb QVuragc vc;ocxty would be 15 km/sec or 8.5
eartb radii/hour.

Se vera‘-hundred kev particles produced on the hlghcst
traéped crbits-should theréforc begin arriving at. the heart
of/tﬁe cuter zone scveral tens of minutes after atfluctuating 
convection system begins.‘ This mechanism w§ll not, however,
inject particles throughout the magnetosphere. -The inner.

limit of direct injection is the inner limit of the convec-

“tion systemn.

Local acceleration within the outer zone. A convec—
tion system can transport energv to the heart of the outer

zZone, Thls cnergy nust then bz transferreo to 1nd;v1dual

N

charged partlcle, tc raise their encrglps above 1 Mev. W1l—

llams et al. (1968) ohservec thdt Mev ﬂlectrons flrst appcar

.

near tne equatur and are seen neur the feet of field l1n

vonly affer a algnlflc;nt tlmc delaj Thxs suggectb thaf 1f

ac. leratlon is l”cgllzed to a given drift shell it must also

be Locallzeo *o a Leglon near the equator. As a re’"lt, the

'article's mirror o:nt ELeld stren th cannot increase sig- -
P L p g g
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injection from vcry low field regions. = - R TRV R N

~ation and redistribution prbccsses. The partlcle S enbrgy

changes durlng each acceleratlon phgsc. Rcdlstrlbutlon‘. ~n'

ticle for onother acceleratlon phase.."‘ SR o ”}-f-:'ﬁ;-v‘
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nificantly during acceleration. ‘The first ‘adiabatic invariant

nust therefore be violated. . The mos llxely poq51b111ty

involves a cohcrent increase of the cnergetic particle's

transverse vcloc1ty owing to cyclotron resonance becween the

particle and a wave:
If particles are accelerated to 1 Mev deep within

the magnetosphere, they will subsequently move inward and

outward bwing to first and third invariant diffusion.:

Scurces on higH»L—Shells. ;ﬁcceleration tc 1 Mev

Nb T s -

owing to thkird 1nvdr1ant dlffu51on was seen tu requ1*c a
source of several hundrcc kcv pﬂrthlLS on the outernost com-
plete drift shells. Regardless of.whether or not third inver-

iant diffusicn produces the 1 Mev electrons, a "source" of

100-kev particles is dbserved to be present at L = 8 (Ficures ‘ oo
1, 2). Such pkrthlcs could bu ploduced by the lOCal accglera— RS

tion mechanl m Just dlscussed by punolng mbchanlsms, or by

- Pumping 1nvolVés>the repeated abplication'of accelef--

NN PR

..

~ N .

Sew el A Gaar o e

violates the flrst ad;abatlc 1nvar1ant and prepares the par- B

Toea, . . e

N
‘.

Ore pumplng proceqs that could pr idc : steady souwca

N . . L

B N LN
B e

of energetlﬁ pwrtlvles on hl h L-she;lﬂ comblnes th;rd 1nvar-

i

iant diffusion for acueleratlon and flrbt lnvarlant dlffus;on'

. ST

for redlstrlbutlon. ‘Particles gain energy as’ they dlftuse' S o »?
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invard by third invariant diffusion. “Som2 then move outward
by first invariant diffusion and can undergo a second:zccel-
=rhtlon phase by tnxrd invariant Giffusion. .?or'maximuu
efficiency,'this.procéss raquirés 2 region éf space'where
the rates of radial displacement by tﬁe two diffusion pro-

cesses are comparchble. ‘The previously presented

\'\

rude esti-

[¢]

mates of diffusion rates indicate that the two processes are

of comparable strength near and beyond L = § when. a fluctuating

Aconvection-system is present.

'A sec0ﬂd Dunplnc process. involves Pernl acce Lerutlon

plus ;edlstrlbdtlon tnrougb olgch angle ;catterlng Rapidf

>Ferml accnlcratlon is possible within the maguctusphcrc in

a rgglon where hyaromagnetlc waves are found moving down
field lines (qugggnn, 1963). The waves eep pur icles
ahead of tiem, lowor their mirror DOlnts, and accclerate the
partlcles while conscrv1ng the flrst invariant. Pitch ahglé
scattering near the eqhator iz then required to redistriéuﬁe
mlrror pOlnts for anothe- acceleratlon phase..

mhlS process aChclerates particles bv pump ﬂg ﬂl*rnr

po;nts up and down tlvld llnos rather than- in and out across

s

‘L-shells as in the case of 3r0 aﬂd lst lnvarlant "diffusion.

The Fermi-pitch angle mechanlsm is nost 11k°ly to be efflc

near the magnetOpausc xhc € most hydromacnetlc antq orxglnatc

" Otnér punolng nechanlsms luvolve Lhe m¢gne;otall

ehannon and Ness (1966) thu pre erted e”ldCPCP that addltzonal

‘magnetic fleld llnes are carried into the tall dLr g gec~
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magnet;c storms. Such stretching of f£i eld lxnes intc the tail
involves deceiereti n of energetic particles. Energetic,par-
ticles would be subject to enhanced pitch‘ahgie scatteriné

within the tall, particularly near the neutralAsheeel ‘Even-

~

tually, the field line will :eturn to its criginal configur-

ation, and the remaining eneryetic particles will be.reac—

~

celerated. Some of the particles which undergo this decelera-

tion, pitch angle scattering, reacceleration cycle will ex-=
perience a net acceleration.

The third invariant violating mechanisms :discussed

so far have required two step processes to reach l Mev. 'If

a partinle is originally-trapped in a very low. field region,

its energy must increase by a l“rge;factor 1«s lt moves to
the heart of the ocuter zone provided only the thlro amabatlv
invariant is violated. The neucral sheet‘in the tail is

such .a very low field reglon. Qpelser and Ness (1967) ob--

serve fvelds varylng from 4 gammas to less than 1 gamma in -

varlous parts of the neutral sheet. .Characteristic dimen‘

sions of-the neutral sheet range from SOO km to 5000 km. It
therefore, unllkely that aﬁ energettc partlcle s first

1nvar1ant can be conserved 1: tﬁe partlcl 's cvclotron radlus

exceeds 100 km. ',‘ : o ‘ o ;: 3;

Protons thh energxes as_ low as l hev requlrc a 46

S

gamma fleld to produce a 100 km cyclotron rad;ue - We ccn-

. clude it is not possxble to accelerate protons by large

factoxs in a singie step by étartinq ficm very low field

AT RN
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regians and conserving tha. fltsﬁ.adiabatié invariant.
Eiectron;-%ith energies of 1 kev aﬁd 16 kev reguire
only l; and.3¥-gamm9 fields to produce lOd—km cyclotren radii,
Cénsgrvation of the first iﬁva;iant requires that an electrén 
starting thh'l kev o: énérgy in a l~§aﬁma field wili reéch"
200 kev at L = 5 ard 600 kev at L = 3. _These Plectréns dreA
not energeglc enoucgh 0 contribute sxnﬁlflcan ly to the ob- T
serxved 1~ to ? hev fiux. A 1l0-kev electron starting in a |
3—gamﬁa fiéld will reach 1.2 Mev at L = 5 and 2.7 év at -
L=3. mhese olvctrona can produce tiie cbserved l— to 2—
Mev.céun; rater, To be zifective, approximate}y'lo—kev elecf
treons mcstvbe trapped so fhat theit mirror -points zxitiglly o T
lie in a B—Qamma'field. The electrons must then be‘carried

toc L = 3 'to 5 while the first adiabatic invariant is coa-

Wi e i I 13 T

served.
1. DISCUJJIOV' ‘ - S

Some of the more important observations presented

in Section 2 will now be compared to the models discussed.
in Section 3. - : RO
“ .. i . S . . .. -l - ,

s7 10 ‘rluxes of 1- to 2- Mev electrons injected during - o

storms Were cbserved c be stronqu peaked and to ruve a

ha"p 1nnﬂr boundary. The lOCatlon of the poak f’ux is cor- oo e
related w1th Dst. This behavxor is expected if a convecticn
system Ls~responsib1e for energy.transpcrt during injection, o .

Deep penetration of the convectlon =ysten *esults in the in-
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jection of energatic particles throughout a iarge region of
the magnztosphere and therefore result ts in a larce decrcase

in Dst. After injection, the Mev electrons spread'owing to

‘first invariant diffusion.

2. The dcuble peaked structures obs¢rved in electron
radial dls*rlbu ions provide strcug evidence- that the rap14
lcss mechanism operatlng durlng storms is confxned to the

reglon beyond some inner bounoary. Pitch angleAscattering

IOW1ng to 1nteraﬂtlons with spatlal 1nhomogene1t1es w1th1n a

- convection system is well conflned to the region in whlch the

i

~convection system overates.. Loss by third 1nvar1;nt diffu- "

ion before.new scuice particles are accelnrated is élso
limited to the region contéining tﬂe convaction systém.
Pitch anglé scatteriﬁg cwing to wave interacﬁions,'however,
will take place wherever waves can propacate. va wave inter-
actLons are respon31ble for the rapld locs of electrors derng
storms, then the waves must be conflned »o the realon beyond
a'shafﬁ inner.boundéry. - B | : ¥

3. Assuming 160-kev elec?rons at L = 8 can be con-

‘..,«

sxdered a th1rd lnvarlant d1£fusxon sourc=, 1t was noted that

.l

source electrons are p*esent durlng each 1n3ect10n event. In

addltlon, tnere seems to be some correla*lon of thn "source
'_electron flux with the flua of l to 2~ M 2V el,ctrons in tne
heart of the outur zone. Tnl ls most obv1ous during the

'1September 30 =torm when both fluhes are unusually low.

A 1arge flux of "souxce" électrons was observed during

P

PV

b ased -
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mid—Septembur with no accompanying injection ewvent. This
shows‘that.local acceleration is possible on high LusHells
in the absence.of an effective energy transport ﬁechanism;_
4. Proton fluxes are concentrated'nea: the equétor
.at the hearf'of the outer zone. This observaticn 1mp11es
that either the proton acceleraelon or cransport mech nism
must be-most efficiert in LquatorJal reglons., Second
; . . 1nva11ant vxolatlng mcchanlqms, such as FPermi acceleratlon,
) are therefore ‘unlikely to be lnportan- in the heart of the
outer 20ne. Looal accelerutlo '1nvoiv1ng resonant inter:-
&:: _ ‘ actlons near the particle's cyclotron perlod could be 1mpor-‘
tant provided the interaction is most efficient near_the

equator. Third invariant diffusion produced by magnetic

et Ty YT
preses

field perturbations has also been shown to be most efficient
_near the equator (Conrath, 1967).

- ‘5. It was observed in Flgures l and 2 that proton

: >, !
A

- » fluxes change au*xng eaen storm,. but the detalls of these

[P

changcs are masked by orb1ta1 effects and by thc effects of

adlabatlc proccsses. Sc*aas and DaVls (1968) have careful]y

'~analyzed sxmllar 100- kev to 1700 kev proton data from Explorer

'
A R

26. "hey observe buuden non adxdbatlc flux changes in the
blouter zone ‘during storms. Th°1r 513-kev<to 775-kev proton
’ data’ can be comp»red to 1-Mgv electron data from Explorer ?6
(lellams et al., 1968) to qee'i‘ tb*seltwo groups of par—

tlcles with 31mllar drxft perlods ohange simult aneously on

R A AL N S S PO SIS

a qlVen L-she;l ~as _s requlred 1f third invariant dlffu510n

{
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is important.‘ Five storms arce studied by Ullllama et al.

Soraas and Davis's data gencrally show a sxmultaneous non-

adiabatic change in proton flux down to an L-shell whicﬁ is
at or slightly above the peak of the newly injected electron.
flux. This implies that third iﬁvarianﬁ diffueion can pro-
duce the observed eleccron flux chanéee only down to the

peak of ﬁhe elcctron';adial'distribution. Below this point,
first invariant diffesion can'produce the ccserved electron
flux changes, as suggeeted hy.?aiolini et al. (1967). First-

invariant dlfoS¢On will also alter the. electron fluxes on

'hlgher L-shells, so that electrons 1n the heart of the outer .

zone. W’ll bprcad to both hlghcr and ‘lower altltudeb. 'Protons'
do not undergo rapld pltch angle sc atterlng below L =5 to 6

and therefore'dc not undergc rapid flrst invariant diffusicn

in this region. As a result third invariant diffusion can

domlnate proton £lux changes down to lowe1 altxtudes.
Tnese observations suggest that protons are easier

to treat thcoretxcally than electronc 1n thls cnergy range.

“fTo otudy thlrd 1nvar1ant dlf‘uSLOn, xt would be better to
‘use data taken shortly after a large storm rather than the

equxllbrlum radlal dxstrﬂbutlons whlch ure scnsxtxv to loss

wechanlsms and flrst lnvarzant dlffusxon. If a convectzon

~system d:ives the third Jnvxrlant dxffusxon, then the dlffu510n

vcoeff1c1ent canvot be pLOgortlonal to L down to the earth s

surface, but must decrease aharply at a nuch hlgher altltude.

\

The most 1nportant drawback in Lelng nrot01 data 1s tnat very

et mtom b A e m e R aa wre rda T LT s 6 R e e 2 D e
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large ccirections must be applied to "correct" for B/BO,
Dst, and other effects. The long proton lifetime also
implies that the distributién seen at any particular time

will be the result of a number of injection events, except pos-

e N ; sibly~immediately after a very large storm.
S . A ' 'Electrons are easier to study experimentally because
. é _ they are less sensitive to Fcorrections" for'otbital effects

and because electron fluxes decay so rapldly that new in-

Jectlon-events are~promlnent. These effects plus the presence

) . ' i of rapld first invariant dlffu51on make electrons more dlf- ;
R flcult to study theoretically except perhaps- 1mmed1ately o
. after a large storm. :
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FIGURE CAPTIONS
Figure l. Fluxes of e.ectrons and protons with energies
above about 100 kev at L = 8 are compared with centour plots
of more enesrgetic electrons .and protens throughout the outer :
zone. The 100-kev e¢lectron flux near the nmagnetopause, the :
magnetopause ‘location, and several geomagnetic indices are q
also shown.. The curves are explained-in more detail in the .
" text. y
Figure 2. Continuation of Figure 1. Sy
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