)

INTERNATIONAL ATOMIC ENERGY AGENCY

‘s UNTTED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION

V' INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
%« | 1.c.T.P,P.O. BOX 586,34100 TRIESTE, ITALY,CABLE:CENTRATOM TRIESTE

f—
_—
T
oD
[ ey |
t—4

H4-5MR 1012 - 33

AUTUMN COLLEGE ON PLASMA PHYSICS

13 October - 7 November 1997

ELECTRON SCATTERING AND LOSS

FROM THE INNER MAGNETOSPHERE

R.M. THORNE

UCLA, Los Angeles, U.S.A.

These are lecture notes, intended for distribution to participants.

STRADA COSTERA.11 TEL. 22401 TELEFAX 224163 TELEX 480392 ADRIATICO GUEST HOUSE VIA GRIGNANO.9 TEL. 224241 TELEFAX 224531  TELEX 400449

MAIN BUILDING
TEL. 224471 TELEFAX 224463 TELEX 460392 GALILEQ GUEST HOUSE  VIA BEIRUT. 7 TEL. 22401 TELEFAX 224550 TELEX 460392

MICROPROCESSOR LAB.  viA BEIRUT 31



-
a

Hi:1l i Fe N

11NN IS N



——

E\@c%@wgc@ﬁws Gn {,OC,S wa \{0
:\; VY N W%M\Y’lﬁ*?\«\m R

et

2 WM WMome OC LN

Qe Olguprt @Vege, Wt

H Qosie R Shudedric Wdlo-

@ Non Adadnade (\3(06699?.9 E \V\&QQ o
ame lome Gom P Lo tidio Raits

@ Qe%v\ ent  Wowe - Qc“.‘v%\{ chﬁws
@ E"—’\)’é\ M i (-b'\\—c\"\ - & v\%\g (\B'\QSV*J\'\ S

@ E\e‘—/&_@‘” L\&QJYLW\QQ g (QDMMQ'J'\* U aneS



98 @

Cov\ggmi\‘m\. og \ \hm.\- r\ E.I/& -.-.p\q“'\‘\' cp.i\' l

L’f'; (one v Qe @W\iskrs n dwosgnese
nelow a critical offitude (4100vem)

Sinv, _ A
a’o %h

\"F\e Qa.s"\‘\'c\-( ™MD qo\;’f W\ e bdow We o
o YR dﬁ'vuosp\neceq Guchh poitides @i e
venmored By @\issnS . Geneall, W less core

wil) ‘e e.w\&‘b, I%L(L) = ow_]




&, BE-1 X9 _Zsos. M0y | “ suetin)

‘(K101aafesy sippru) saffus youd peuoynbo Y3y Jo SUOKDIII 10} surpzodury 150Ul 51 UOTSTIIP Yons
IoAam oY *$1utod 101U Y IEIU IITBUOSI] nEpUET 3Y) 131UNOOUD SUONIIIII I9q UORTPp TV “$aPRIS] 1MO] J¥ SIOUBUOEII dUOULIRY 1oy puT sHprINIS] UBIY
18 20UTULOSII UOIIO[D42 13pI0 1814 JO uoHEUIqQUIoD Y1 Aq PI[JOIILOY §1 (K10150fun3 13J00) 10T 3yl JO suofdal 12InC SY1 Ul SUONII JO uonnip UL ‘101Enb9
ay) [Eau PaIRIUNOOUd 25UTUOSa] UONOPAS JapIo-I1SIy AQ Aquswpd pasnjip oI (4A101aen lauul) JOfF a1 JO afps Iauul oY JEIU SUONDIAH ‘sapopafen
vona9)s duaydsorauBnu [e1d £ 32143 Juoe sUCHIANI 113Q UOLITIPE: PUE pURQ 3ATM StsydsmwsEld JY1 UIIMIFQ MIDO yey) suopsernuy JuruOsal dnEEred 3y
saensn{q 3m#y ay) Jo IpIs puey-ydu sy, “aseydsewseid ay) 1y 01 58 08 ajefedoid uw ssnedrwssid oY) 1EU paleIoudd saAtm MOY ANBISOM UINYM (werfoad
Suen) Al projuelS ayl Suisn poureiqo) syjed A1 apoul-1aQisiym ZH 00§ JO sapdwiwxs smoys aundy ap Jo P puey-1ya] L (L6l ‘1P 42 suoAT wot}) ssy
apow-1ITISTUM sursydsewse(d paaIosqo AQ UIAUD UOTSRIIP a(fuv yad uansae pue uoniePudold JATM FPOW-IIIFTLM susydsewswid Jo uvopwinnil € ‘g

NOISN 3410 NO¥12313 N3AINA 43T1LSIHM NOILVOVdOHd 3AVM

INoZ
SIYOLII VYL NOYLIIFTT

3040 1SHid

HANHO HOH

H308Q OGNOJ3S

IO 15Yl4

) /.w.m. NMrvYWsY id

NYANYT

SHiVd APY
FOOW-43FTLSIHM ZHOOS



AR AM . A B B AE . LLKEAL L A AS -

AiA RAFIxERAI

AAEixEas | .5 AR .

T\-{ (ﬂ‘( 9:, V{\‘c\.\—‘?&@ gcu.ﬂﬂdv\% \h, U..)ugf‘

Onler Qure pi’fc\'\- Onl,l.( C;CM% C no ewnen, "-\"“‘”93
We padide disTdbdion Sumdtion (s wdvaller vn:

_d 2 L S -l
R o R

o l
Rae ,(:9!&‘%_ Coune
% ;Z‘ﬁ}zs — "\'1\.‘; < (oq"ﬂv“e} b,

FAL o 'Hb e ?o\def‘ cnd‘n\
Den st 'P@o w) ome
1 - >
ded. "'S-.g,w W odee J (dowence.

/\l( Reortica Qamd.'.m - @wpie Vs, Vo beew deseabed
Vo,  Lopws, TRome, Rend T&R ?;, UL 912,

o dk'\\\‘;. i %' geomapaiiedl, Taged oeikvone e
e B e  vandr % be culemgped ovar T Qoﬁh'c\)s
ournce o BT, Wumenca calculdd@ws A &"o)
comthen D2 wed o colcdde W parkide Wlehwe 7.

ot Ny ewll\\bmln dicrabake %a-\é\‘-'o\» -Q‘Q} A -eledran

Cinee  (ovdowmd Lferimes axe ven, love, Lor Wigh
eneay, SeS®aS Wwure Saiffenns, Con be < domiont
loss ovwce $& ,



\%owé Queranee ke gw%j‘

@ Cagsiby eadn Aedom miems R o o N=O0,

PN
@ (‘)(‘Sm&\g \GFNude  Wwane aldwo, Vioumce oD Ch)
@w codn Vormownie fedononce (n: ©,\ 2

one andude D Q) P o\ rGoredl wores,

@ O¥ram Voune oCOIT aaerage® Likwnien nhe

\ - Yo\ Q%
éD@o\ =~ ;(:o, S;’Dtt\ 52:}

Sowmce

OrhYX,
| — .
= & ¢ osh AN \
\%%a\" To) Qo D) z_ﬁ os |
N ' o A

1

\§£{<{“ = S""?‘(O

Ay \ 2 ~0 Gbsinde Vo
(o) > \5~056bsin o g

e —.A'A.+=L.- -qun f.;&.‘.-



L J— A L 1
- - ~ — =]
= = b= = =
(A3Y) A312u3 WreuosIy
T ¥ 4 I's

(]

10"

| 1 1
~” ~ -
=] o L]
_— _ =

(A2Y) AB10u3g IUEROSIY

10()

32 36

2.8

2.4

1.6

1.2

—_— — T T

+ —



PITCH ANGLE DIFFUSION COEFFICIENT (arbitrory unils)

- 1 decode

20 KeV
LANDAU

200Kevy 7/

o TR e G, o
‘..-—.,

CYCLOTRON

L=4 BOUNCE AVERAGED

L

30° 20°
EQUATORIAL PITCH-ANGLE

90.



XN14 IVILN3E34410 NOHLO313

2hb' SSHE ff e swew

B8P 373 17 189q 0) 58 08 paisnlpe uaaq 210ja49Y) 2AwY pus I8 NWYIUE3o] ® U0 AIBnIqis
aiu ‘sdul] pIljos £q umoys ‘szon)nNQUSTP PpIPNI[Ed Jurpuodsariod 3y} jo ‘s8uruoryisod [eonIeA
ayJ, -ain8y aq) uo pajwdiput sa1819ua puv saneA /7 3y} 98 I3ue yojyd jo no:wa:..« 's 88 payyord
318 (A3)-19)8-098-,U12/SU0J}03[3) sjutod Bywp ay ], ‘(1261 ‘wonBIrUNWUWIOd [wuostad “I8op ) Juaal
aonpafur uv Juimoljoj sseyd Avdop ayj} Buunp 0|8 UWOIIIID 3y} UIYIIA PIAIIEQO suonngLy
-s1p [suojenba YA suonnqustp 3[8ue-yond [eri0ienbs payenores jo uosuevdwo) ‘9 ..u_h.

3I9NV-HOLId WIHOLVNO3

~O_¢Om_ ] ..om L oho_ . - .n% o) .mm_ L6 L 08 06 .ob.
o} AN 6L ¥ 0%\ .wforﬁu
Ll 1 mu 1
f..,.\ AM6L
~ Kol

>
>

y A3% QLSI \
O} 1

no_ L o1 J

e

261

AN

A0S

KRR e

i £e=

XN74 IVIANIY3 4410 NOHLI3N3



SUONIIH 01 paIoYIUY 7861 ‘“42MDY] 061l :Suof
l6L61 “1v 12 my D] :suondsly

L1661 ‘“PaH] 06SISIN :S[ennaN
:suonenare) Asud(] saroadg-nnp

AN 00S°1-001 :98uey A31oug uondary

TNy €27 10) %06 ‘€= e
%06 01 Aeaur] sdwer

Uoea 947 %E @u«o Yo b C>TI01 901 vy DULNIOQ
JlqQRLIBA Aw o A Ansuaiuy aAe M
oS TLF oSP oSTTF oSP oSTTF oSy 9[3uy uonededoly

ZH 0S ¥ ZHY €'gg pue —_—
ZHOS FZHN I'LI ZHY ZFS'Y ZH 00£F0SS Aduanbary

SISNIWSURLY, A7JA  SISPSTYAN PIBIOUSH-3UIUIYSI]  SSIH OMIOUUSewse] A, JO SdAL

Slojowieded 9ABAL



L

Altitude (km)

Altitude (km)

10*

Neutral Species W
e N2
Ny —— (2
to : -++= AR
----He
10°
‘\
lol 1 L i 1 1‘ 1 J“J 1 il ‘u \ i
10° 00 10f 10 0t 1wttt et po®
10°
Charged Species
. e Electrons
10 <ees NO+
-=0+
10
102 L e o
i0! .

10* 10 10 10* 10° 10°
Particle Density (cm™?)

10’

Fi



Electron Gyrofrequency (kHz)

(1dy Ansumug prang saem

= = E
-
7
/
7
7
>
[& ]
=
L
=]
S
i
e
3,
7
r/
5 S s

( ¢-w2) Ansus uondIAA

36

32

2.8

2.4

1.6

1.2

F19-



Distribution Function, f{@ )

0.8

0.6

0.4

0.2

. J
-:l :
L .'I ‘.
< |
|
t—} |
| Coulomb T —tee
i
17.1 kHz :
(VLF) ¢ [
- :: .'.- \ . |
4.5 kHz E__." 7 .* S50 Hz |
(Whistlers) . 7 . (Hiss) )
e . fo
A i / 1 hi H L 1 :
20 30 40 50 60 70 80 90
-
. 500 keV Electrons
L=1.65
—---Coulomb
- -CH
C/H/W
,.‘-. _—CI‘I'WNLF
- v
&
' 4
_., i 1 1 L
20 30 40 50 60 70 80 %0

Equatonal Pitch Angle (degrees)



(s92139p) O ‘o[Suy yoid [euolenby

0T

=
(3]

-..‘_‘___.:,_.:_______________

01

h m.c-

HIE Il — _
s e
e .
ANOOST QUIOTO - _
0R ) or
’ mxu T T 77 T m T
|
|
r
L i
b 7 il S
[ : -~
[ / i
v THY ¢ 70— d
' THY LT
1o THAGE — -
s ZH 56 - - - - :
. _._. ) quomo)y - —
A .
N 5911
TRNEY A0S
SR

. N !
IHR I'L] o
mash-— A .
b ZH 0SS - - \
ioquomo) - —

ISP Ll

=
o
=

{
-3
"
<
—

L
0
=

o
o
—_

Y €7 —
ZHA L] e
ZHAGY — —
ZH 0SS - - - -
QUOMOY)) - =

9 1=1
A 001

s
2

i
%
=

i
ki
o
=

(s/pex) ° " WwIgga0)) UOISNIHI(T ABUY YoUd



(sa2189p) 0 ‘o[8uy Yol reuioyenbyg

01

o

-
=
p——

hed
o
=

06 0L 0 0 o 06 oL 0 o€
LR AR L a0l T
' : I
1 . ——p-
I H I
] HAET— v i
i THY I'L] e c
! THA Gy — — |
h ZH 055 - - -- 1)
" quopo) - — )
| iy . - \- Q.Qﬁ .“ 1
i N TN _le-=T o x
- N - .
R '
- Y E
A 008 VL Iy — — '
ve=1 L TH €77~ Hogs - |
- : ZHY [L] oo quomed - — |
06 0L 08 0t 0L 0s 0t
T 77 T T T ¥ T
: N
: 1
” r
: f! 1
: \
; \ ZHY €77 —
; . 7t RA—
: } A G — —
: ' TH 06S - - - -
. | quomoy) - —
| {4 [-._ ]
5 . ' T AN 008
, ZHY £ 77— ey | N 0T 1=1
HY £7¢ TH 056 -« - - ' .
ZHA LI weeen QUIOMOD) + - ] \

Ao
]

L

=
<
—

w.o ~

(5/pen) P usroyge0) vorsnyyiq o[fuy youg

f’f?_ &



Distribution Function, f& )

0.8

0.6

0.4

0.2

-----

1500 keV

30 4 50 60 0

Equatorial Pitch Angle (degrees)

90



D, (rad*/sec)

Distribution Function, f(a,)

10°

0.8

0.6

0.4

0.2

i L=1.65 «

i f)
!
!

r f

L=2.0 .../
L et ° !
L 500 keV
= - | .
20 30 40 50 60 70 80 90

Equatonal Pitch Angle {degrees)

0



1

1% 9°¢ T¢ 8¢ V¢ C 90’1 1
1 | I | | [ OO —
suondA[H A3 00§
’ S ., -
D _O —
@
TTA/M/E/O%
97 dX4 HE. . 01
[ 4VIST4L 1L O
S1dXd11d @
cIdxdason o
TIAO/AX 1atodxg O

quojno)

(sAep) swinojiT uonelrdioald



9t

- 44 [4 (A

AN 0061

QUIDRO))

21

1,01

quomo)

9t

8¢ [4 (Al

AT 00t

QuIOOY)

i

INAH.—

~4 Vo.—

9

8T [4

quomo)

suOnd9g A 001

. NO#

1,01

il

. Nﬁum

. QD.—

(sAep) owmneyr1 uonedioarg



Gain (dB)

Distance Z (Re)
o

4
p
4
v
4
b

TTITTTOTT T

llT‘erll!}T'T'
llll_ll-l.'l‘-lllll'l.illlLlLLllllLJL

- ! -
- ! .
- ) ! -
: ........ fomeerentt’ :
- / J
— / -

_2 U U WA U T N ST H WA O Y S T 0 S A 1’[ R RIS R B ST A A I S A A A

Q

1 2 3
Distance X (R)

H

—10

—-15

—20¢t .

50 40 30 20 10
Latitude (A_)

LA SLELELELEN IR SRERERLES RO NLELEN

Jlll,l_l;l_.lllllLlllll!

O

/C'j. /



Distance Z (R)

O

LU A B AL SN BN B ] LA B SR A e i L ]’ T L) LN A A ¢ T ] T 01T rrmTTrrTrrr

L .
o -
L A
- -
- -
b -
- -

-
L F
N P
L E
- 4
- .- -
- .' -l

v

B b
- -
- p
- p
- 4
b 4
- 4
- o
- o

-
- -
l -
- -
- -
- y
I .

P S W . | Ll ! Al | N W N D I 11 | S Y S W T e 1 § I T W N T T N

o

1 2. . 3
Distance X (R.)

4

it L
Jl'



Distance Z (R)

O

IIITIII‘[]{IFTI]I’TIT'

T 1T F T 1T T tr17T

I

F S T N

NN I SR S O I A A S A S A |

lllllll]lll

U VS S S S ST SO S S S S U S S N T RO B B

o

2 3 4
Distance X (R;)



3.6

— - "
m— - -
mam— -
m—

2.8

<+ =N
(Ld) Aysuaiug prorj onouSen oA

F} G -t



2
S
C\-zl-_-,- 500 keV
- L=1.65
S 0 o~
o —
= 4
, - R
[ . Bl ¢
Qd | 45 / |l
\ ¥, =60° H
- 10°* ’ [
= '. !
o Wy =223kHz ||
) dw=50 Hz . R it
) | TN B ‘ : 11
t | oW=225 1
QL 107!« . . ; : A
8 20 40 60 80
g 500 keV
.= ; §¥=10° L=1.65
7] 10
&
A ’
Q
— 10+
%D
-
8 -11 N 1 | : I
= 10 ‘
ol 20 40 60 30

Equatorial Pitch Angle, o (degrees)



(s92189p) 90 “o[8uy yoid [errolenbyg

ot 01

06

oSr=%h
HY 7=0Q
I S r="m

orz=1
AY 005
0L 0s Of 01
S TT=h¢
St="h
HY S ="

7HY 7=0¢

OFe=1
A0S

&1

g0l

hlo—

501

601

201

06

d
urn
oL 0s 0t o1 O
T 1 a.c— u.s
oSTT=h¢
Y 7=00Q
I S ="m oQ
JE [
e Ho\ 1 501 Q"]
0
09 o
1,01 wn
Pk o
O
o
QO
o
=

0rT=1
AN G0

J

TUQIOL

[4

(s/pen) °°a

Flvj. G



(s92139p) O ‘o[8uy Yo [erroyenbyg

f/g, 7

[
06 09 0¢ 0 06 09 0€ 0 a
T T T T T T T T Q-.Om ; T T T T T T T T o—.cu q
oS="h ; oSTT=AQ Wv
ZH (0g=mQ ZH 00g=m¢Q
zHoss="% 1601 7 0s5="0 | 601 Q%..
1501 1 501 ol
- =
S =
- »
— - I *
 antreusy 1 01 1.0 m
- - 001 W01 Q
06 09 0f 0 06 09 i 0 L8
1 1 \ i T T T T T O~|Om T T T T T T T T T O—.O— um
} i @,
! STT=AS _ oSTT=hQ o
K s oSr=Uh | ! oSt= "k =
K \ hoss="m 1600 | Hoog=mg |60 =
Tl ] |
L TR 008 _ ﬂﬂu
m_ L THO0E 1500 || | o1
L TH(01=0¢ I K
¥ ﬂ THY ¢ P
i i B I
| e = - 1,01 1 R S et 1,01 m..
. 7H ps6="tm !
OF'E=T ~
AT 008 Z

C——— 501 501



(s22189p) 90 “oI8uvy yoiid reuolienbyg

F‘j.%

s ot 0 06 oL us 13 o1 08 o (174
T r m.o— T T T T T N.O— T m©~
oF £=1 ori="1
A1 00 A 008 A 00§
101 20l =~
1,61 D
feunEON ! Q
—’
1 il
_,.::__:Z
- Ty
— W01 -4l
08 (m OF Y4 0
- ‘ : g U1 4 U1 G
L0 R
0
|||||||||||| 3 Pt
trSTH ! fab]
A T oL
_.-_:.::CZ 7U
P
] ef N S
(01 P
‘ .
U=l 0v =1
AT 0 A 005
L A ——1— ol ;0 501
13 +r ' F ¥ 1 3 ¥ A 2 I ] r w - ¥ ¥ ¥ - 7 - W



Precipitation Lifetime (days)

500 keV

Explorer XVAOV1-2
UCSD EXP 1S
BTL IXXP 15

BTL TELSTAR 1 :

® 010

28 16

10°

10%

108

10°

BTL EXP 26 .., 4*Hiss

i 1

I 1 |

1.2

L. Va

238 36

lue

9



VLF Tranamitter
Signais Absent

All Scatterers
Present

Precipitation Lifetime (days)




=i
AN 008

)

by =1
ARARLES

(s92132p) ©0 ‘o[8u

<01

N\o—

201

V Yoid 1ett
Ut 01

L0l

) _.D—

oyenbyg

08 »

Fie 1o

(°0)3

01

0l

o0

a

(99s/, pe1)””




aneA T
9°¢ 8°C C 1

07 dXA 119 e
| YVLSTAL 119 e
CIdXH 1L © \ / 4 01
1 dXddSON O
Z-IAO/AX Ip1oldxg ©

A=F 00S

o
(sAep) swnyry uonedoalg

rpuwoy N7

iy~ 29 FT—— -~ ——T- - ——F — =¥ F T — T~ —— T r—m—t o gf Tm Temmw T = m—— - mgF Tww 7o eowT * wmwow www www v owww’



0091

(A9Y) A81oug uondsyg

00Z1 008 00V 0
T T T ] i I | OOM
/|\ \ elp SAYD VAN
7N .
L < N 101
6 1="1-- - - I
69 1="1~ — 1
Ce1=1—

o
-
yp—

(AN-1918-038- ,UID/SUOIII[)
XN [eNUSIHIC [BUONOAIPIUN



g
> > % . % o
20X 2 v 2 v k>
o) ] - m - -
- O o N
s |8 /8 S \& \& 2
—]
oQ i
]
O ]
|
T N5
= < 3
.- l a
3 =
= -
5L S h
no
o
| 1 1 1 L ! 2 1 1 1 1 | ]
o ! (=) o - b iy <
= = - o (= - - :
— — o y— — w
{ A 9Y-121$-09S- ; WIO/SUO1D3]9) (A 91-098- 7 W/SUONIIFJ)

Xn{ [enualajjiq reuoknby xnp,] uonendidald jeuondanpiuui()

1.6

1.4

«
—{

[



—— 100 keV
L=1.65 — — 500 keV
-+ - -900 keV

—-- 1500 keV

D,(@,) (rad?/s)

Normalized Distribution Function, f(g,)

Loss Cone
 Boundary
- 00
- - - -900 keV
.......... i —-- 1500 keV
0 30 60 90

Equatorial Pitch Angle, o, (degrees)



- XL <

P

Precipitation Lifetime,T_(days)

10°

°
]
-y
/s
-/ . .
/ Calculated Lifctimes Observations (E2500 keV)
/ 100 keV ® Explorer XV/OV1-2
— — 500 keV ms UCSDEXP 15
== - -900 keV ¢ BTLEXP 15
—==-=- 1500 keV Ao BTL TELSTAR 1
1.2 1.4 1.6 1.8

L

2

-\



Altitude (km)

L=1.20
Inv. Lat.=23°

80

60

Solar H-L.yman Alpha
(Night Time)
-

/(Day Time)

40 T

10 10
Ion Production Rate (Ions/sec-c

m3

)

ARy






