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, ... ~ ENERGY SPECTRUM OF ELECTRONS 
· . ·'c \ IN.·THE OUTER RADIATION BELT . , 

' . .,; ~ -~ .. ~ \ ·, '.;. ;, . 

' "· '· :,': . Wilmot_ N. Hess and John A. Poirier~ 
. :•. 

·' 

\ . 
' :' . ·;· :. : -~ : .: 

: ... :. . . \Lawrence Radiation Laboratory 
' . . ·:·University of California, 

· ·· · · ·,, :- · .·· ·. Berkeley, . California _,; . 

' •• < 

·' '' 

Ja.nua_ry 31, -1962 ' · 

ABSTRACT 

The equilibrium energy _spectrum of electrons in the outer radiation· 
. ~ . . 

belt is determined by the injection spectrum and the loss processes 

which operate to remove.the electrons or change their energy. The loss 

processes which have-been considered here are ionization energy loss, 
I , .. . 

multiple .scattering, and electron-electron scattering; the injection 

. ·i 

spectra that have been considered are neutron beta ... decay electrons, and 

monoenergetic electrons of780-kev and Z'O-kev. The problem has been · 

treated numerically. The resUlts of the numerical· calculation are compared 

to recent measurements of the ,outer-belt electron spectrum, and it appears 

that neutron decays produce a reasonable fraction of the outer-belt electrons, 
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.!1 One of the interestins problems about the . Van Allen radiation belts 
~ . . . . 

lJ ;: . 
·- ,_ i ·-'~. 

. is. to determine. the' sources. of particles ~t· populate them~_·, It i.s quite·". ; '_: :. .. : ·. 

. ( . . 

the decay ot neutrons' leaking .out ot the atmosphere' ot the·. ea.rtil (Freden 
· .. -~ - ~ ... ' ''·· 

~ · . 
. '· 

and White,-1960; Bess~ 1959) •' The source of ~lectroi{s is not. as ·w~ll 

. determined.·· It wOui4 be s~riBiflG if the electrOn~ in ·.tbe'"·inn~ raMatio~ 
• 0 

.. belt were not ·also' :f'rom·leatage neutron decay,_ but this is ·not certain 
.. , :· 

'· -~-• -• ..... currently.· ·' ' 
\. ···. -~-- : ' '.· . ··; -~\ : . ;. ' . . :· 

. . ;~ 

... 
·' 

' -~ ... ~ .. 
1 • 

, -. '!' -~ .... ' •• 

''· ·'! 

. '" 

' ; ~ 

we· want to .examine ~here what kind of an elec~n; l)elt'~~Uld b~ ' .•. 
, 1;.-... I ,, 1' 

produced at two ·or three earth radii ·out trom the surface ot the earth by. · 
' ~ 

...... neutron· decay ·alon~; ·"we. have_ detailed quantitative· knowl~dge of the neutron- : 

.... - · ·· decay sOu.r~-~ strensth (Bess,.Can:f'ield, and Lingenfelter, 1961) and therefore 

can. quantitatively' study the equilibrium electron spectrumr.: to. be expected . 

in this region. Then, by comparison with experimental information about ·. : . / . . . 
. ·'. 
.. •· .. : .. 

. · .. ·' the outer radiation belt 1 Ve can see whether neutrons p~duce an important 
'' !-:.,,. 

· fraction of the outer belt. 
. . . 
. . , . \ :~. :_ .. . : .. 

. '' ~ ' .. '' 

. -~~- .. ·:·. ' .... 

'• 
We know the neutron source strength adequately,- ~ut to determine the 

·equilibrium electron spectruni've must understand.'the ·loss meChanisms 

operating to remove electrons. One sue~ process is multiple· sme.ll~e 

Coulomb scattering (Christof1los1 1958J Welch and Whitaker, 1959; Wentworth, 
. r • , . . 

/ 
MacDonald, and Singer1. 1959) 1 Which· changes the pitch angie of the particles 

-~- .. .· . ._- :. . ·:I 
. . ""''', ~ -~ ' .., ...... ..;.~ .. 

r· 

;:': 
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• c.- and lowers the mirrOr point so that the PELrticles get lost in the atmosphere. 
' ·• • ,;.c, ·•·• ::·; 

. Another process is ionization-energy loss which degrades .the electron's ; 
- .. ~-...... 

' • : ' ; • '4. > 1- ~ : . • ·:· 2 . . · ·,' . -...... ~ . . . . :. ' . ''l 

-·· ~- .... 

~. 

. i 

energy. The former is proportional to Z , . where Z is the atomic number of : · ! ' . ~ 

... 
, .... ..1 '.;. 

I·--~· 

:the. aas present; the latter'' iS proPortional to ?>/: Therefore, the dominant \· .i 
' ' . ' 

loss mechaniSm dep~nds on the t)'pe ot.material pres~nt. 
. . ; 
. ·r: 

i-
.f. ·-~· 
~: . Particles in _the inner. radiation. belt move most of the time in an · .... ~ .... . , ... ~ ..... , .. 

.• ! 

r·-­
'!. 
t-· -. '*'' -· ... ;. ·atmosphere of oxygen and nitrogen •. The higher)Z ot this material is such:': .. >:'"· · , 

I. ·, ' : • ' •. ' ' -I . ' ' '·' l. . 
I 
j· 

L ..... ,.. .. .. _ ... 
i. 

: .. - ;. ~ - ., . 

.. -: 

. .... f,, 
..• 

.:f 

the outer belt exist essentially in a hydr~gen exosphere where ionization 

energy loss is 1mpo~nt. ~ ,• ' .\ 

' 
.. 

· A typical· high·e~ergy elGCtr~n in the outer radiation b~lt might move: 
~-r··:·_ .. 

) ~ -- .... ....... : t· .... --

on a magnetic· Une ot force·· going out 24,200 km from the· center ot the earth . 
' . . . . . . ~ ' 

;. 

' I' . , .. 
'· . . 

,· I r ·~· . . ... ~ ~ ...... at the equator. Let us consider a 780--kev electron which ha·~ a mirror . · .. i . 
/. 

(·. 

! ' "·" 
~ . 
j, · ....... : .. 
j 

L -~~~-- ·-­! . . 

·, . . . ' 

. point at 30-deg magnetic latitude. Let ). be the magnetic ~titude of a ·, " 
·· . 

. ,_;: field Une, R. be the distance from the center of the earth,_ and a be the :; . 
·. . . .· ' 

--.. ~-

..... ,;:... .. > 

'• ,· .. ~ . ~ ''... - ; . 

pitch angle ·of the electron: spiraling about the magnetic field .. line •. 

Tan a ~ v~/v11 where v..~- and v,1 are velocity components perpendicular and 
• - . l . .. . ' . ' • . ' 

~: : 

.·parallel to the magnetic field line, respect~v~ly •. ·Let _us approximate: the_,. 

! ; .. ~' 
j. 

' 
· · earth is magnetic field by ~- dipole field· .. ~o~. which t,he· field::: lines ~e : 

i .. , ......... . 
l 
L. -· 

,. ~ . -~ . . . ~ 

given by.,. 
1·, r •·. 

2 ,· ., 
.. _ ·:-; .R- • R

0 
cos ... .). ... -~ ~ :·· __ .. . :· ~ _ :i·.:· ... . ~ ; ... ~ -~-

. \ 

, where R
0 

is the. ra~iu·a _ot th~ :field line' at th~ · eQ:uato7 _· (>- · ~~< 0 ~ • 
. ·~ • - -. ' - • • . . . • • " .. . '· .. ,. '. . •• - .. . ' 'r! l j. • --- . . ,j '. . --·. ~ • -~. • :·. .-.: t· . _, f ' • i . • 

; -~--
' .'.' ' -··. ; '{l). 

. ·' 

. Its 
.. 

. -~-. .. . -
J: 

, .. ! ' 
j;., .. ;; . 
!• 

str~ngth ~s given bY<. ' . _1
; ., . • ,. • ·' -''·· ) 

•>'·.:.- ., ... !''~-~ - :···L-, '; . : • : ...... · .... 

:a ,• CR~3 ;_l:~. 3 .-sin~. _ .. : . , · ;.~ l' ' ' 
l . "t:·.·· ~1 ... ·; .... :. 

·' . -:~· . ' :,.;,_ " 

~;---~~ .. ~·--:~·-... : ·1 where C • 8.1 X1·l0~0 gaus~~l:tm3:_ ,'The p~tch angli of~ the electron':must ., 
-:~ 

. ' . 
t;._ ;~-~- .. ~ . ~-·; f 
t: . -~ 

:; -~.~ ,: .. ;_ 

' ' ~· j;. · .. 
J 

' ~ 1 

i 
' 

/ 
;. 
' . 

. ' 

I 
l. 

• i· 

aatj,sty the· relation '· '·.:·.~ !:0 ' ,·.;..; •• :. 

·(3) : 

\· 

~- ~ .... ·, ... 

l ,. 
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., 
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,_,_._, •• _. •. ~l .. 

:·,- ··-~ 

. ·'· ,.,:: 

. -.; ·'· 

. -~-: ~ -=~-~- -~~-:---· .. ~-~~~:_, -.~----:- ·,-, ---:~ ~:~-~--- !:-·~~ . ~- ~~:~: .. 
. . ,., 

r ' , ,; ·i •' 

' .· 

-3-

. I - . , i 

~ ·. . . . ' -~ ~-" . : ~ " -·point at 171200 km or for (b) a min-or point ·at .8,000 km •. :,. 
. . I . ; ... 

.. . TABLE I•. V~luea ·or a and X .satistyine; ~a: (1) 1 

1

(2), and (3) for a 
. . . ~ ... , .. '-·;- . .. . \ . : . . . '* . . -. . '-: "'-~. :.. ' . : . ': . ': . ! . 

. . J.. . ' ..: . ~ : ~ • ..., • . . . ... .. . 

.., .. , .mirror. point at (a) .l71200JmLa.nd (b),8,ooo.km.; .. 
' . . ·• : - ' : 

~ ' • ..t" : . • • . . 

.·_ \ 

. ,-

. 24,200, 
. . . ,.. ,i" 

-~·· .. : . ~ ... 
l712oo' ·: ...... ;:· ''!' ·. - ... 30 

. ~ I 

;· 
... --. ~·: 

. ·-· 
. •9()·' . . 

., 

.. : . 
. . ~ 

. \' . 
., ' 

··:\!• :14.8 
. ·.· ~~- t' 

(c1:. e,ooo ·;-.· ·· ·- ~ · .. · ' · · . 54.~ 
-.. ...~ .· : 

... Of'\ ·_· .. . ;rtJ, ·. 
·-.~~fs)j -~ ·~ ~ . ------------------------------------··'li;:.; ,. i . .: .\~~- . . . ., 

:r: In ordel" .tO ~ssenti.al.l.y los~ a particle from the radiation belt by ... :j ..... 
~-..... 

. sca.tterins, :ita ansle mWJt' be. ;altered so that the mirror point . is lowered '1;1 
l.~i 

tO S.'bOU.t a,ooo km, where. it wiu enaountet a. rel&tiveiy dense ~t:::.osphere~ 
t . }~ ' . .... ' ': . :, . .... . .• :-:~: . ~ .. · ... :· 

From Table I ve see that, it the scattering ta.k~s place at the eqtiator, a · · • . '· 

~e ot pi~~~ ·~e ~~··2~.1 ;deg is n~cessaey tO ~~e--~~-:~or' ;oint·_··· ·: .·· :. 
•. ' . 

·r · · '· · :rrom ·17,2bo ·1an·'to s,,ooo laus'.1t ·the ac~tterins ta1teJ pl.S.ce"at: 11,200 km~ :: 
, , I ' ~ . . ' 

'i '· 

.. , .. ,· 

. , . ·I . 
..... ·'..... .. ... '. ""'"• . . v . ~ - . ; : ... {• 

/ . ~ 

. theri ·a change of pitch eksle of 75.2 deg is ·necessary~· As .an average : · 
. {... ' ·:1 • ". . . ,. ' - . :· . - t ~'"··· • . ' . . \ 

•.·• "·I··. intermediate:: situation, we will consider th~t>~ :change of pitch angle of .... 
. I ' . 

. !•'•. one'"radian Wili remove a ~icle from 'the' out~ belt~;,,.This''corr~sponda . ~ '·-. ···.',. . ... ~ .... 

to a scattering through a projected scattering angle of one'rad.ian, or a . . . . . . . ··· .. ' 

. . toW scattertng angle ~f '{2 radians. · . 
~ . . .: t . .... ·.-: 

. . ' ' ' .' ' . ~ ! ' •... 

To det~e ~hich .loss mechanisms are .dominant in the ·_outer.belt/W.e; . ·,. 

~-- . •.' . : . 
- • ., .---,: • '~ f .. 

1

.' 'l~ : .. - .,: . .,., ". "~ .~ 

.. ;, '. ;.. 
,!.,; .•. -

···· .. 
. ~. ~ .. 

i 
r .• o "·· : i ~ 

'. 

. ~ust consider a· ~e of pitch e.ngl~ by Coulomb scattering and .energy··. 
: . . - . ;' ' . . . . . . '. . . 

· loss by ionization. · For' particles traveling in unionized. h;}dr<::!gen gas 1 

, • u .• ,., ,, ·6 • . : ~• ·r · · , :. r 

Table II lls:ts the probabilities of multiple scattering and single scattering 
' . •)' -· . ~ ·:. . . ' - . "': ! 

' to projected. angles great~.than_one radian, _and s~attering from an· electron . 

-w~ich·»roduces a ~oil electron;~ot greater than 30 kev energy •. This· 

eaiCula.t1bn.1s~~a~ize4"1~ Table II as a fUnction of the ~icle's .. r~nge. 
1 • ' .•• _, ~- ·' ••. • ·'' 

• ~ ' • < • ' • 

~--·~ .} ··::.h' .. •(_:.·_·j ("'_;~:-··.::.·~ ·:~ .... ; __ .···~ j· 

.... :··--""'"'···y--.. ""'"· .. :-.;.. .... ~ .. , .-~\c ...... · t.·-··.~-~~· .1.'-~.:t-~--+· , .. ~ ... ,.. · 
\.: . 

. .. . --· •, ~..-- ~J ... . .... ':i .. : ... -~. ·:- ·. -~ "f". :: 

• ·.•• J I·, · . .... ;: ,·, ·;.· 

.. ·: .. · .. :.! ... .Jf.. .. .... ·'·-''· ~- ....... -.\ .. ·. . .·.:.>. j .•. "' 

., 
' '. 



. '. ~ : 

·' 

i. . .i :.·' . . '"' :· .. /1. ·. - ~ : ~· ' .. 

~f .•• -~.--.-:~--.·"""'·:·;;;:,. :;;;:.o·r.;=· ;:;:;==~---.. y::~(•·Z 
\" ·, '\ . 

: .......... . ". . ~.-,. ...... 

;. ''•. ~~ ~- ., . .J. 

' ! •·.· 

" .. · ..... 
. • ~ ' • .> 

range 
. ' ··:··.· ·,' . 1.,, .• 1,. 

:; 
- /' . . :·;-' 

.· . ~.' 

- ) 

E , . . R 2~ <.,h . .1a ; 2·. ;.< E:· .. ;t ej .2. ::. ··:·: re~2 , .•. :.~MS.- . ,rP86 
(kev) ;:. (sm/~J .. \(.,;r:t!-: ).,,: .. (ke:'f) ~-~. (rad) ~.Jr~) .\ .. . :! .. .... . 

tN ee 
. . . . .• .. ,_. . ..... ' .. - .. . . •: ~ 

..,:·.·.;,_ ·; .... · 
jO.ll .. 

·.{· 

,, :.,: '.,:1: • 
_, .. : 

. ·' 
...,,. ·~.' '"•·' .. 

~. 

...... ·, 

"•· .. 
. ;. 

.--~--;· ,'·· 

: . ·_,. 

• : 1'- • ' ~ 

.• ,. • i-

/ 

. -·. 
M"oj' --:.'"' 

· Here E iS. the electro~ kinetic energy· in kev, R is its range· ~n hydrogen in • 

rJll/crl·· {N~tio~l B~~u-~t S~ndards1 1956)1 talt. is, th~ BJnO~t or" hydro~en 
' ' • '·~ • ; • :. ' • •• '·' J .. r • • 

pec~ssary to lower. the electron energy from the top to the bottom. of the 
. ~ • . • • . . . • . . • • •• . ' ., • ) ' . ·.• • • • • ' • • . :, ;;: • '.. ' ... ' • - • : ,· . : : • : • ' I' :' • ' 

energy ,group indicated, E iS .the average kinetic energy Of'· the gt'.OUp in keV 1 2· .· .... · ... . . ... ·... . · ... ' .. ·: ,; ... · .. •. ' ' 2 

. . . ep is .. ~e. square of th.e r.~.s. pro·jected. multiple.:s.cattering ~ngl~ iD:. radians 

• 1 , . ~B~the: .. and. Ashk:ini. 19.53)1 ~· iS, the SU.Tll of these angl~~ , to :get.~~ ·. . . 

. . ;.. ·. ad.d.itive .e~fec~1 l'P.MS is th:e probabili~y ~t .~thi.s ~lue.,;of' ,~ ~11~. scatter 
... r·· 

the P.&rt_icle. downward: one. ~adian or more, IP88 .is .:th~ ,P70,bS.bi~t~,tha.t the· 
. .. ' . ' ' . . . . ~ . .. .. '" 4;' 

. electron will single scatter one radian or more "in th~ ,proJ ~ted angle 
. . -' .. ' . . . . ' ' ' ' ,. . .- ·~. . - ' . . . . ..•. ·', \ ) . . ' ". . ~· 

· dowpwards 1 . and llfee ~s the :number ot rec:~~l .. e~ectrons .. ~. e1ectr6n~e.l~ctron . 
I ' " . • . ' . ' ;o . ~ . ' ' ' ' - ,- • ~ ~ ~ 

.. · .·. collisions which have energy. 30 ... kev .or. l;l.igl;ler. (~the and Ashkin,, 1953). ·~ . 
' :' .· .. ' '• ·. ~,r , • ' ', , , ': • ;· . ,-·· :. <· ' •. •; I • .,. •• , , .... 1 :··~:.:· ··:•:·' •,' !, ·~' .- ~ .• ·,..: , · :, 

.j ...... Insp'ection .. of;_ ~is ~ble shOWS t~t. an elec!tron .. ~ll slow dOwn from' 

. 7~~. ~ ab~t '5o 'kev :bet~r~ ~e' sca~t~~. gets, ~ge ··~nou~ '.~~t. a .. , 
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l3elow 50 kev 1 the scattering increases sharply,· and a 
!• \ 

Substanti8J. fractiOn Of, the partiClCI'S ,Will be lost,by SCattering. Only· 
>\ • • ' ~ • ••• ~. ' •• J. '\··· ~. ,! •. . ~-·· ....... ' .. • ' .• ~.~-: :·· .>. / : ,,·;: ,.· ·.· . :,;.' ~ ' ~ .:·;_· 

about a quarter of' the; particles in the: outer beit Will scatter out of the 
< ' 

beit when a' 7So;.;kev elec~n sl.Owa··. down·· to ·so kev .< 'About one·. secondary 
' . . 

electron o~ energy greater ·than .30 kev v1U be made per' 780-kev electron 
::· 

' l~ . : .• 

slowing dow~< Thus in the numerical calculation to follow' we mu~t consider 

;,. 

'•. 

~. ., .· 
~-- .• / 

both slowing dOwn and. scattering as important loss< mechanisms' in the outer, 
. ·' . +~--- -~, .. ,, :; ... ' ·-~· ~,.<.: ':'-'·:/.. . ··•• ~,. 

<zone, With the a4dit1o~ production' ot:l.oW-eneru electrons, by electron-· 
. , .. 

electron ~ollisioD&. 
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\ NUMERICAL CAlCULATIONS . . ' 
' .. ;·· 

: .. ~ . .· '.;·. ''' ' ~ "' .. ;;. ' ...... 
The scattering calculations were coded for an IBM 709 computer. The 

.. . . ! ':: -~ :-- \ f· . ·.1.· ~:.- ••. .~_ ... _;- . ,.; :·' ;~-. _·.:: ·-· !~··· .. '1·::· :.- .... _. ~ ... ~·. 'r'. . . :.· ' . '. 

. . program was run w1 th several input spectra. . The :f'irst'. problem was started 
. ~ . • . . . \ : • ' ' ·• ;.1 . . ~ :· ~ . . ' ' ' . 

·· ·'by bavina-all p~icies' in··one energy: group tno· to' 778~kevrana. was· stopped···. ·'· 
••. : ..... i · ...... ; .. \. ......... , .. : .... :: .. ····· ... ~ .. :~~ .................. ~.: ... ·.-,, .. ; >-1 ..... .f.. ··.··: ,.:: ... · ;~':::~.-· ·¢ 

when aU :particles were slowed down below 30' kev •. ·This case of a mono- . , . 
t , "L .·' ~· .• ~· ·. } ... ~. .:· .... :~· .... -f.·. :r 1~:. ···:·F .,.7 . ~- f'" ·;· ... •·-.... / ·t .. '": ........ , ~ . 

. energetic pulse soUrc:e can be checked analytically and demonstrate$ the~·, -" 
• • • • > • • ' • • ~ • ' 

:· -~ . .' ·' • . j . .. . . :. ; . ~- .. 

f , · · If ··. ·." . . 
1kinds 'of' :physical. p_roce·saes th&t :take place. ·: 1his · pr~blem is moci~rately . 

' .... ' . 1 . • ' 
..... "' l:.,, '! .. · ..... ~ ' . .,":; • ·:~.! '····· . ,,;\· ..... ~ ... ' -~· .... :.. ·,~ , . . ). ··! : . ..... ·' •' . . 

s:Lmilar to what happened in the Argus experiment when. a pulse of, electrons 
A·.':_·· - ... ·~·' ··.:; .•. :· .y· .: ··: :·{:.· :· ;,.·. -~ :· r· .. --~: " '" ,~L·~···: ·:· ... :· r· r .. -~ "'T· -~ .. : ... 

·.·· .. , ; was suddenly inJected into .the earth's magnetic ':f'ield by a ~uclear· · ·;; '· 

explosiod~ (Ar~s,· '1959). ..... ·: 't •. • ' 

.·.·,· 
• -~. •• ' ,' .. !< 

- The second calculation_ starts 'With the ne-.ttron ~-:decay ,_spectrum and ·.: 

· :follows these particles dow to 30 kev. !rhis problem has ·a bearing on the . 

make up of the outer :radiation belt •. · ' ' ~ 

··. _Each of these calculatio~ have been studied for. (l} a· _pulse source 
. : . •' . 

~ . ~ .__. ·~ '·. <. ' 
j' . . :i\ . . ,... ·.- ... 

· and. (2). -~- continuous source. In Case (l) a squirt. ~o:r particles is · 

started all at one time and slowed down together. In Case·· (2) the same · 1 .. · ··.i' 
l.· . .' 
I 

' ! -: l. ~ 
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. \- ·"' 
.. ·r····· ',. 

..•. 

r : ·. 

. : . 

'.· 

.,.. 

··:! 

•••• .'1''''" 

·. / 

,;. .. 

number o:f' particles are' inJected at each interval in time and the problem 

, carried forward until an eqUilibrium spectrum is obtained.~ 
. . 

"' The computer program starts rtth an initial spectrum and calculates 

. tJ:le. spectrum after, a short .time 6t. Tho time st~p is. taken .short enough 

so that the probability o:f' a particle with E · = 30 kev scattering twice in·· . ' . 

one tinle step is very smau·. · ·. The process is repeated ·for many ttm:e steps 

until the_ problem is ~ompleted •. Three .loss mecha.ni.sms have been considered: 
~ . . . . . 

(a)· the usual 1on1ution!"energy loss for· a moVing charged. particle ha~ing 

distan:t collision&:With electrons (dE/~)l (b) close collisions With 

electrons which. occur less. frequently but are tmporte.nt .in that larger 

momentum transfers ~e involved and uewj fast particles can·be made in this 

wayj (c)· the·':iOss~ bj ~ac~ttertni&· ~htch r~~es, p~i~l~~ ;~·the regi~n by 
. . . .,. .'· ~ . ' ' •• i .,. •> ' • • ,, ~ 

' ' ' .: . ·" -.... _, . :' -~- ·, .. \ _,· . ,· l . . . ' 

.... ~ ....... ,: •• ~~- ;~·"!"·" ,, ~:J·'··,T{:':r?~ b~·:···~,.,~~ .. : ........ ( _ .... ·•c ..• , ·;: ,. ·:--·;·· 
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changiD:~ tbe_~it~-~ .. ~·:: -.. _ .. 
1 

, , .... : < : f_,. ·: _ · ·· _ _ .. 

IDss processe_a· (a) and ('b) are handled· together while/( c) is considered . 
u~ 

· ·• ··· _ ... _ ·\ ·,;· . : _, , . , . . .,r:r' . . . .\. . .l ! -~ . . _ , . ·. . .. . _; · -. !. 

' separately.·. To' ha.Ud.le (c) I we calculate :how many.particle,I{S(E) are lost. ;: 
:.~,·- , ' ' ' ._ _.,'. · •· ~· • • ,_'-,: l '· •.• ·, :-.:;._;:· .• 1' .,·'.: • .'.-~·.; :.- :!· .... i. . ' . •' -1 I_ .t.,,!~t 

. from eaCh energy ~~ -tn each. time· SteP' by S~att.;~tng_''·fte·' ~:raction·_ of: . ;· -~'-: • '' 
. . . . I . II 

.. · ' ·. !· < ·" .. -~ .!· . . l ··_:.: . ·. ·, .. ~ - I.• ~_.::-"r .. · ·· · .. :··.;?.:.~·-';.:'J:·/ ~--

particleS' scattertna in each- step ~~ ob_teined :trom. '· _ ·.': _. -- " ,_. : _ , 
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where p is the number oz proto~ per 'cubic ceutwter trave~sed by 'the_,_,· ;'· ::. . , :: i .. 
'.. ·. . : ..... _.;_.:_ . .,_. .. ;''· .. ,, .. ' ~ ' ..... __ ;, . . · .. -'.:. ._.;· .' :_ :·.-. . .. 

~ ' I electron., and. P1'{E)' is the product of proton density and _electron lifetime :~_-: 

~-· ... · ..... '~ ~: .. 
a$ c~l~~ted by Wen~orth} MacDonala,. and. Sing~. (l9S9) •• 
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. ' : ~ 

':. \ ' 
..... , ~ (...,!,,. • ~· • J 

... ..:. ..... - ,; ·j. 
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··-. ,1..~-.'~ .· .. _., ... ' . :~ ~--. .... .... '· ·- .•• 

. -:.~.- .;~ r.~: ' .. ·~-.' ,, ' ~- . . ··'. :_~ 
• i', .. '' 

'· • , ...... ~A- • 
.. ,.. . .. . ·... l • . ~ 

., 

·~. ' ~- . : •. ' . r(~ + l) )i(•.):. .,~ ·~~. ···. rf (Jd) { '.: r(m?'. ,!.~ll';~: ,· .··. , . 
. .,:.:..~ .. :.~ ~ · ... · ... ;~; ,·· . ·· .. ', ... • 1 + l . ; . -'· ~- • i/2. . .. _ .:.: . :~~· .~ ..... · ... ·. -~·- .... · .. . ....• _,,. (5) 

·which. re:t.a:tes :thel·-~~~ _ot 'particles in the 1th energy group at .. time 

~ -:-. --. . _ , -. Step m + 11 zr (Di'+ 1)'; to· those ill that group at'time Step"m1 ~(m-)-~ 

... ·-:t· . •·· 
. . ' i 

____ :.,. .. ' . '· -~ .. 
":" •.. ~ !.· ... ; -·. 

' ·.;. 

Here P /~ is the p~babili ty .that an electron be' sc·a~tered .t'rom group J, · · 

· '· ·(superscript) to grou;p i (subsc:rip·t) by an· electron-electron scatter~· -­

The first term on the right Side of Eq. (5) .is;'the numlier o:r' pa.rticl'es :in 

. J 

.t .·· 

t• 'I • 

".·'· 

. t, ... J 
I 

. ! 

; ·' 

.. _.-, 
~ ·.; 

. . ...,~~ .. ~~ . ,~\group 1-JuSt betore-.t~e '~ieP m +. i~· The_sec~nd terin i~>the 1number 1that; · · · · ·-

... ..• .• :t' -· 
scatter into group ·1 from ·energies 'above it; this- electron may be- ar recoil . 

., .. : .· .. 1.' ·- .. ~~·. 

electron o:r a higher..:energy electron'that has been' degre;ded'in energy 
; ' 

. ·'" r 

:·;~_; ___ ---i··:~, -- (these tv~'· eleCtrOns ar'e ~:stinguishabie) ; The third term is the-_ number : 
' . ' . 

:..r. ,. -~- _,. 

/ 

- ~ ~ • l • • • • 

. foUrth . term is '''the. num~'-"ot 'parti~·~s' ~t-:lo~e. -el,_~\lgh' energy by' ionization 
·._. ' 

t •. ·"· 

···, 

. ' . · .. _; t . . . ' . . . . ; t • . :. ' .. _ . . . . . ~ . > • • • • • 

·~ • ·-·j_:. · to be degtaded.. from the itb: grouP: to' the next: lover energy group. -T,he 
· ·· . ) · ' :.".. • t ' ; ·. J ·' • ! · J l , ~ . · : ,, ' ~ · ' ; . _ I • ~ !" -. j , : ' • • "- .. ' • ~· 
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The last term is the number of particles in the 1· • l group that lose enough ·.· ; . 
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where· · p ·ia the electron density, .. In Eq. (6) the; electron-electron e .. . . . . . -~ ... ::· 

scattering cross section lias· been~ calculated by. c.} M~ller (1932); , . 
. " . • '! 

•,; ·, 

/.'' 

daee = 21U"o ~ (mcaj' [ 1· · - ·1. · 1 2E + me2 . · :_· .l · ·] -~- · .(
7

)!._ · 
dW . -. .-. _.·: A2_ ~. w~ -~ ·('!':>. w)2 + (E... 2)2 7- .(E. . 2)2. w(E~w). ..:·· • .., · . · · . a• . . · :+ me _ . · · \ · + me · · " · · : · · ·· · 

f ·, 

.. :~ •.. -1 :··· 
- .where 2~0 2 .• 2n(e2/mc2)2 • 0.50 X 10·24cm2; ~- ,;.:.- v/c~-~or the. ·_in~ident , .. 

'• •' 

.: .. ·, 
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., -~- -· ~- . ~---· 

r~ . .· : 
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electron; m is the· rest-mass energy of the electron; E is the incident· .. . ' . . . ' 

'),'· 

electron kinetic:·.energy; · and w is the kinetic· energy' ·or either· ot the two 

final electrons.·: All ·quantities are expressed ·in the labora~ory _coordinate .. , . 

.. , 
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. ;.:: ... 
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system •. .... . '' '•f. ' ... 

.. 'The ordiriary ionization-energy loss which has' b~en corrected for that·~: 

... 'part "'ot 'the' energy' loss that has already been included as targe'~angle ': 

... ,, ... _ scattering in the second and ,third terms in Eq. (5) is~ 

: ' _, ".: . ·: : 1~1. -I~ I ~ ~;~~~ ~.& (E
1 fE') :.~; 
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'• i 

(8) 
. '· .... ' . ~ '. 

·_-:"'} ';-··, it .... ' 

where(Bethe1 1933) . 
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Combirling Eqa. (S) and' (8) I ve set 
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In the energy region trom 30 to ·6o Mev1. additional approx1ina.tions have 
• j • ~ 

improved the convergence ot the sums • The character ot thf; spectrum on 

either aide ot 6o kev. lend validity to these approximations. 
·,· •. '7' ':.· 

The. calcul.B.tion for each time. step is repeated until ail particles 
.··· .. 

·· ha.ve ·sloWed. down beloW 30 kev. The time interval At has been selected to 
-~ - .. .. 

be sma.1l enough so . tb&t. -t.bere is a very· small. chance th~t a. particle be 

scattered twice VitJl,in that time step. Since the chance ot scattering 

· goes up with a .decrease '·in' particle energy 1 a ~omprom1se must be ma.d.e 

between cOl'ilput~ time and the l.owe~t. energy ot interest.; .'On this basis, 
. { . . .. ~ . 

· the lowest energy ot interest 'WS.s chosen to be 30 kev. · 
< • . • . ' 
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RESULTS 

As stated. be,fore~ in the ·first ~roblein ve• started With a pulse_ of 

-. 

particles at E a 7&J kev and 'tollowed them as :they,, produc~d secondary. 
• \ 1 

. ! 
electrons 1 were sl.oWe~ dowli 'by :Lon:Lution ~nergy loss~ and were scattered . ., . 

. i " ;> 

f :'! 

out. The starting data of' the seco~d problem was the ~~tron decay spectrum. ·: . 
• • ' f ) • 

A. The 780-kev. electron problemjl · The first probl~ was undertaken to · :; 
. . .:• 

d.em.onstrate the physi~s in the slOWi.Dg-down problem. .Starting With all the ;; ; . 
. : , ... ..· . . ·.. . . . . . . . . . .. . , ... r :. 

part~cles at·· 780 kev, the calculation proceeds \mtil the pa.t'ticles all slow . . . 

down to less than 30 kev •. Figure·l shows several steps .in the slewing .. · · · · ·· 

down process· •. ·'' In a short tim~, the initial pulse of l?articles I po:int A 'i~ : .. 

Figure. 11 turns intO aU-shaped distribution, curve ·B,· by producing knock-: 

... on eiectrons,.. C~~s B, C1 D and. E are drawn· for equal time intervals · . . . ' 

' 
where the energy' loss by ionization as well as the build-up of low-en'ergy 

recoil el~ctron~ can easily be see111• · Curve C • (dashed line) is the ... 

solution tor· the problem igndring the sca.ttertng-o~t term. Onl.sees that· :. 
( ' ..... ' . ; " 

the effect of this scattering-out term becomes large only for energies 

·.below about _100 kev. ·Eventually ·au the particles are ·lost by 'scattering 

. or· :pass. "below the ~n~rg;y cut :.Off of . the problem. ·. It' should be pointed out I· 

that these 'tigures give the density of p~-ticles at a given energy 

(electrons/cm3). If a flux ot particles is desired (electrons/cm2-sec), 

· the spectra must be multipUed by the a.ppz·op:riate velocity. 
I 

The Argus nuclear explosion (Argus Elc:periment, 1959) was carried out 

at about 300 miles above the earth and. formed a shell o:t' trapped electrons ·. · 

in space • . The electrons were produced by . f3 .. d.ecay of tlie :fiSsion fragments 

..... from the explosion. . These electro,ns were lost eventually by multiple 
•, 

smaU-ansJ.e Coulomb scattering (Welch and Wb:ita.ker1 1959) on the oxygen and 

/ ~ nitrogen atoms in the atmosphere. However1 ·if the Ars\.ls .~losions had· 

' ;, ~ • -lo 

' ' 'i t 
\. I I:- 1. 

. :·~. 

been a:t an altitude ot 2000 ian or more and had therefore been in the 
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hydrogen exosphere, the electron. spectrum would have behaved. roughly as · 
' 

., 

' 

. \ . . . . . . . 

. we have shown in ~g. l because of' the three ·loss mecha.niSfs ... considered... . ... 

There is, ot cour~e, a spectrum of _energy tor ·electrons ~obc;>rn. ot a nuclear . 
• ' \ . . . . ' ' ' . . . : ' . . . . . t' ~: ' . . 

-explosion, With ~e b.av:Lng enerstes o:f more th&.n .l. Mev.) 1'.b.e physical . 
j l • ' • j: . 

. .. ' • . \ . . ' . ' . . . . . .. - . f . . ~ 

processes remain, th~ sa.m.e, however, and.· the above s.olutipn t9r a ~-fw;lcti~n ,. . ., . 

1.nput should · Si ve a ·,qualitative. feeling for vh~t ·would. be expected for a 
~ . . . . . . . ·:. . ·' ' .. ' . ' • . :o: 

~~ . . .. t high-a.l.ti tude ArgUs experiment. . ·~ ~ . 

.·. It we consider :a 'situation ~ere a stream of' 780-kev electrons iS 

continuously introduced into the magneti.c field, :_an equilibrium spectrum 

' ' } :. 
.·.:_-{_,, .. · 

' . . .. 
';·. 

will result •. · The solid 'une A in Fig.· 2 shows the ·spectrUm ·that w9uld .. 

. ·result . after .eqUilibrium iS established.. . The total number. of particles as : . 
• • • '• o • •I 

a ·:runction .of the tim~ after initiating the injection (the_ build~up toward·,· 
I 

equilibrium) ··is: gi:~·en in Fig. 31 Curve B~, An ~le of' .:this_ physical . 

process.migb.~;·be a particle accelerator in space· continuously. emitting e. 

.. beam .of' 780-kev electrons~ (Chr1stt:>!ilos1 1959):., . . . ,' .. · · ~ ·: .. :. 

· · Several checks ba.ve been ~e to insure that the comp\lter program vas · 

doing the desired calaul.a:tion. . One such Check has been indicated in Fig. 2 

by· ·a dashed 'line·~ curve B. ·This line indicates the. equilibrium spectra. 

that vould. be attained it there 'ivere a continuous source of .780-kev electrons 

and the only loss mechanism was ionization-energy loss~. This case can be . · 

calc.ulated analytically qUite easily 1 e.nd. the. re_sults agree :with the machine . 

_cB.lcul&tions. To 1llustnte. the natw:·e of. the. ~lytic_· soluti;oni · ~irst 

assume that dE/d:i:. (ionization-energy loss per _centimeter of; stopping material) 
~ • ' • ' • 1 

has . the simplified. ·form • •,:>·a 

. ·' ·· .. 

dE,, ... -2 
· .. dX\'X - kv ·. · , I .· (11) 

' . . . 
wher~ k, is a constant .and. v .the e~ectron velocity$. The _probability . · 

·(d.P/dE) ot,f'indiUS e."particle betveen ·energy E and dE, is directly proportional . -

.to the time dt -~t-.the:pUucle spends in·this l energy interval. Thel."ef'orel 
. . . ' ' . . . . . ' . .. ~ . .. . ~ i . . ' .. 

1 - 1' ' . .I . ;· \ .· 
•.•! ··~ • .,., .. ...._.,., w•! ·:-.., ...... ; . __ .._,.,,.....,!,,~·..:. .... !.• .. ,,..> ••···:.:'~-"''''11•;" ·'~••••• ~· 

... v·· ... ·-.-~-
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. ' 
,. we. can vri te . i 

' ., . . '' ' ·. . ' ' '' '. 'l/2 l. • ' 1 

~E2 .-~~:~r~r~r·k\s2E\~~· ·/ · (l2)H .' 

where m iS the ele,tron ma.a~:J;, . and E is 1 ta kinetic energy,! _,. Sta.rti.ne; w1 tb. '~ · ; · ·:; 
I 

th~ relativistic :dE/dx formula, Eq. ·(9) 1 for· the 1oruzat;o~~energy. loss._. 

'of electrons, a correct relatiVistic caiculation of Bl'/irE has been done~ 

·. :f'oll.owing tb.e ~bove outline. Results of' this analytic calculation agree 

v~y cl.osel.J with those of the' corresponding machine ·calculation, whi.c~ 

i' __ : 

' : ... ~ 
' t ' ' 

... ! 

:-
'' 

. : .. ,. 

;-.. -... 

'·,: -.. 
' ... ! ............. ' 

~: • : j 

is. shown by the dotted ·li:ne (b) ilr1 Fig~ 2 . • . , ·. ' ' ., /: ' . 

· · ·.--13. !feutron p-deeay electron!_. The.main purpose _of ~is paper is to 
' . ' ' . . ' . 

calculate vha.t eieetron sp~ctrum would exist .in the outer ra.di~tion belt._:.: 
• p l,. 

resulting from neutron f3-decay electrons. alone. . Starting w1 th a. pulse of . , 

neutron f3-deca.y el~ctrons (curv~ A1 Fig. 4)_, the calculations proceed. a.s 

before. The slowing down .and .scattering out iS shown in several. stages in· · 
' :· ' ' f • \ . ' . ',: ' I ' r' ' .', :•. ' : ' .. ~ I ~ I '-'J 

Curves :s, c I and n· are drawn' for equal time intervals. :: .. ; ' ?:·, ':•· •' Fig. 4. 

The equilibrium spectrum (curve A, Fig. 5) is .comp~ed with. the· _ 

original ~-decay spectra, curve :a in Fig. 5.: Curve A in Fig. 5 is :the. 
.. .· . .· . . . '• . "' . . . . 

electron energy:_spectrum that would exis_t in the outer radiation belt if 

neutron deeay was ~(;!·only source of electron~ and .. ve had considered. ali _of 

the loss processes,_ These. data ar~ also electron tlerisity rather than t'lux •. 

We see that the equilibrium s~ectra is much the .same shape, as ·the original 

f3-decay spectrum except f'or a slight shift toward iower energy. The build-up 

toward equilibrium as a tUnction f)f ~ime i.s shown in Fig. 31 , curve A •. _ Tll;s '· 
' ' 

· figure gives the total number (N) of particles vith energies greater than · 

30 kev as· a ttmction of tilne t.' iz'11e units ·on the· abscissa are :r'Pt 1 where 

f iS a dimensionleSS number, :tJla.t . characterizes the increased effect1 VeneSS . 

of a partially ionized medium to multiple scatt~ or to lose energy by 
' ; > • o ... " ... I o ' ' 

.. i ....... :. ~ .. ~ ~: ... ;~ .. ~- .... ; . . .. ~ . . ... . ~... . . ·: . '• 
... 

~ ' ., . 
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ionization energy loss, PiS the average density in f!J1J./Cm3 1 ·an4 t is the time 
! . . .. • r . 

in secondS. The units on th,e ordinate are fpN/n, where N is the number of' 

particlesjcm3 in ~J ~atiqn b!lt and .n iS the rate ~f' inj~tion in electrons/ 
. ' . . ' . . . . . ' . \ ; . . ' : ' . '. ' . .' . . ' . . ' .· :l • 3 , ' ,,. ' •'. ;·• " ·• '• L •, • ,' em -sec • '·' ., 

' . .\' . ' . . . ' '. : ". . . . ' 1 ~-.. ~ ~ . . 
For 1examplei ·~ssume a particle lnirrors at 30 deg m.8.(ple'tic latitude on : 

. .· the line that. reaches a maximUm distance of 3.8 earth radii, from the center 

of the earth. Ass\Ulle· that the. hyd.rogen ui 5~ ionized a.nd/has .an ~verage ;,· 

. 
1 

, •. d density of' lo-21 S;n/cm~ (J~hns~~' l96o; Len~ek, Sing~,· 'Jnd ·we~two~h,· ·.' 
; . . . '; .. ..· . 

~- · ~1 ·· ·l96lh From Fig. 3 we see that the electron spectra reaches 5~ of its · 
' . . ' 

' r1 

. " 
' 

. 1 

,, ~ i 

Here f is 
:. 
,, .. 

I 

' t .. 

· . ., . 
, ...... 1'' ·, 

.... ~ . ·~· i· •. ~ .. ,.;. 

'' ',: } :' ~. ,: .. , ... ' 

I~~··. fi_ , + ~ · fneut · 
. ion on neut I. 

., . •. .. ' • ~ •. • ~ • . -, .. £., 

..... ~· -~.; ~ .. ::-\. 

''· dE 
. dX neut 

~ ~; •·· ~ .. L: 
., I ,· ••• · 

I' '\'· . 

where. ·1 ~~ . i~. the ionization_ ener~ lo~s by complet~lY 1oni~ed hydrogen, 
· ion · · · · · · · · 

and f'ion is the traction of the hydrogen that is ionized.'· Subscripts 11neut" 
• ' I· 

denote the . corresponding quanti ties for neutral hydrogen. The same kind of 

an equation can be written tor the multiple· scattering angle (Spitzer, 1956). 

For any valueoftion'·t has values that range from one_ when fion =0 to about 

·three when fi ·a l.o. If we assume f = 2, p = lo-21 f!Jll/~m3 1 then the time for on . . 

-~ equillbrium __ ot neutron de~y electr~ns is· 4. X .10~ sec or., about l2 years .. 

·The equilibrium intensity may be obtained fi•om NfP/n ... lo-12 g;A-sec/c:m3 (curve A1 
• • tc • • < •• • • ~ • • • 

.·.:. 
; 

- .~.,..,.... . . ... . 

Fig. 3). If'_we assume.the electron_ injection rate .. n ,..· 3X 10'"13 elec:trons/(cm3-sec)' 
. ""'· .; ..... ...~ 

: ..... _ !,.. :.:. •• 
(Bess, Canfield, _and. Lingenfelter, 1961) and values ot_ t and pas above, ,.then 

.N = ·1.5 .X 10·4 electrons/cm3 •. ·An approxime.te f'lux.can be obtained by multiplying 
, . . .... . , . . ,: . , I: 

. ' . :· - . ··'~ .. ~ 

this figure by the most _probable velocity. of' 2.2 X.1010 em/sec, yielding a, 
~--· . ..:. ~--

r· 
. .' .' .. ·. . 6 ' . -~ ·. ' ' · .. 2...... . . .. .. .. ,· .. ·--· ·, ... ·., ........ .-' '.·. - . ,.. ,_.·.,;, · .... 
f'lux .of. 3.4 X lO . electrons/( om .-sec) tor neutron~ecay electrons · 
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a'bov~ 30-kev. energy as a representa~ive value for the 'outeri'belt •. It 

should be noted. that electron-electron scattering does not ·scale as above : 
. . . ' . . 

since it is independent ot.t at·these energies., However this effect is not 
•1-

as large as. t~t· of ionization energy loss or multiple scattering, and t ,·: 
. ~ . .. • •• • • ,! • • .. 1· • • •. ' ' • • ; - - ~ ·: 

is bounded between 1.0 and 3.0 •. Th~efore the scaling error should not be~ .. ··; ; 
'· 

large. . The numerical problem of· this . paper was performdd w1 th f ==. 2. Q 1 :. so · · -~, : : 

'· ·.that this problem does· not. affect the example abov~. · -· Ins:Fig~. 3; ,,then, t . 
, .. 

·;.~-

... ·,.-::· ,_. 

; · . should not·:t>e a va.riable/'but should be. set equal to 2.0. 

· : .' · - · · The possibility has been suggested that. there are a large number of ·· · .. . .. 

low-energy . electrons in the outer radiation belt (Arnoldy, lioff'man, and 

Winckler, 19~) •. We have made a fw:'ther calcula:Uon which bears on this 

low-energy ~o~ of el~tro~s/' A lifetime of about 1.5 X 107 sec is all 
. . . . ' ' .. ~-

that can be expected of· a 20-kev electron in a hydrogen atmosphere of 

• ~I 

J . . 

I 

. ~ .. 

.. 1200 atoms/cm3 . average density because of its range and multiple-scattering 
.. ·r 

' ·, ' . ' 

.... los·~. ,; Thus 20~ke~ electrons mus~ be inJected at a rate of 7 X 10-7 electrons/ 

~ • .. ( cm3 -sec) to ~ahi~v~ :~qui.librium fluxes of 1011 el~ctrons/( ~~-.. s~c) . '.i'Thi:s 

source s~;ength i~ ab~ut 10 7 ·bimes ·that of the neut~on ~-decay so~ce. 
· ·· · · The 'spectrum calculated here is for neutron ~·decay electr~ns t~pped · · 

• t ......... ' 

in the outer Van Ailen radiation belt. · One would expect, however, that the 

·.·spectrum 'at lower altitudes would be different, even on magn~tic field 
., 

'. -~ 

."lines that. eXtend into the upper belt. We. attempted. to. see how this spectrum; 
-.. :... . '..-·: 

at ·lower altitude would differ from that in the upper altitudes by keep:~ng 

track of the number and energy of those electrons which were:Coulomb• 

scattered. out of the upper radiation belt.· These particles are the ones '· 
·, ·• ·~ ;' ~ 

· whose mirror altitude 1s. l~ered, and therefore they feed the. spectrilm at' : 

lower altitudes. · Using these scattered particles as an input.J spectrum. for 
' ' - ' ' '. ·.~. . . .. . . . . . 2 . .. :: . ' 

lciwer altitudes and using a lifettme proportional to E !or electrons in · 
. ~ ;. . . ' . ' 

~ 
the ni:troge~--oX;ygen atmosphere o~ ).()wer altitudes (Welch and Whitaker; 1959), :. 

·' 

It -~hould be ;~hasized that .. ·. · .... • 
;· ,. 

! 

i: 

we obtain a flux spectrum as :Shown in Fig.' 6. 
~ ' l ! J ·. !: . , ·i . [ - ' I j' c"''l -~· '; ~~ ' ' ' ~ .. ·r· .... t·-.. ·l~>~> .. L~ .. : ., . ;i . -~ _,... • . , ... ~. ;,·~ 
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the geometry we have used is not that of the radiation belts. ,I ·we have 
' ! 

essentially put electrons in a box of hydrogen and calculated; the equilibrium. 
. . . ' . ' i 

spectrum inside the box. We e.lso calculated the energy spectrum of 
\ ' I ~-

particles. scattered· ou~. ot this box and weighted them yith tP,e lifetime 
. • ' '\ ....... ' . ' -!· ' . 

they would exp~rience \1n 'tb.e lovc.r atmosphere.· Kellog. (19Gb) "ha.s also. 
f ' 

' \ ' 

· . calculated this leakage spectrum using an input spectrum of neutron 13-d.eeay 

. i 

' 

(our scattered spectrum has many more lower-energy particles) 1 and a. loss .. , 

mechanism or i~ni~tion~~er~ lo~s (the F?- lit~t~~ of .Welch ~.-Whitaker·.·:~~.' 
.... 

(1959) favors his;her;eriergy particles more strongly than ionization-energy 

loss mechanism~). As e. result. of these two balancing differences I about . . . ., 

the 8al:lle result is obtained. · 

. Kellog argues that neutron decay 1s not an important .. source of 

electron& in ... the radiation belts. Hie argument 1 hovever" is based ·in large 

measure on electron flux. measurements which have.,· since then, been reVised· 
. ' .. .. " . '" . ·~ 

downward by as ~ch as a factor of 10.;.. ~ ·O'Brien, Van Allen, LauGhlin, and 

hank (l96l) have-~ecently.determined that.there were t--108 ~lectro~s/(cm2-sec) 
of energy greater than 40 kev in tlie outer belt on September 5 i · 1961. This 

\ras their. highest reported flux; a time average of their values mi~t be several . 

.. times lower than this figure. The observed flux at these energies is about . 

a. factor of ten larger in magnitude·tha.n our calculated value •. Since exospheric 

·densities are quite uncertain and acc<;;:leration processes may substantially 

increase the lifetime of the neutron decayelectrons1 · it 1s.not·at all· 
• ,f. • ~. 

compelling that. sources other than neutron decay are required • 

Lenchek e.nd. Singer (1961) have recently calculated the equilibrium 

. ·flux of outer-belt ~lectrons to be expected from neutron 13-decay in a 
. . . ' . . . 

manner rather similar to our present paper·.. They consider coulomb scat~ering . 
. : r: '·t'~ • ·;,: , I •• " ~·:.~·-.:~."!. :~ .. v·:~._;<, !:,f • 
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· different conclusions than we: do about the origin ot the .electrons observed 
. . . \ 

· 1n the :tedia;tion blelt. They conclude that less t:b.e.U 5~ ?f the electrons seen 
. .\ . . .. · . . / . . . I. : ... 

by Rolly and Johnson (1960) in the inner radiation belt /at ::. 1100-km. · 
. . ' '·: .. I ·-· . ... ' ... ,. ... 

· altitude ·are due· to neutrons, and even a smaller fre.cti,bn of. the electrons. ' . ·" ' ·' 
. ' ·. ', ' . . / . . . 

seen by Cladi~,· C~se, Imhof, and Knecht (1961) .~t~~·~lq>OO km_in the o~te~.: 't( · 
.. ~ . . . '• ;~~;j . !· 

belt are due to neutron decay. . Lenchek and Singer state that neutron . albedo.;: 
. ' ~;:~~ .. 

. •. 't"• 

contributes most .U' not all of the electrons. above 4oo kev, but that few -~·' 

. · o~ the electrons .of lower energy are made by neutrons 11 · 

We feel it 1s dangerous to base a general conclusion about the origin 

of all particles in the radiation belt on a few measurements, at quite low 

·altitudes. The. analysis of these measurements dependS on detailed information 
. . . 

a~out the magnetic. field of the earth's surface, the mirror-point altitude • . . . . . . ... . 
as a f'unction of longitude, and the details of the atmospher~ in a region 

where it is' changing.rapidly~·· • 
. . • ' • ! 
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CONCLUSIONS 

In this paper we have calculated the energy spectrum of electr.on:s 

·to be found in the O'\lter belt if it were made o£ neutron (3-d~cay electrons. 
• . ! ~ 

. . ·, . . l 

Several experiment$ have gi1.1:en some information abaut ~e outer-belt 
/ 

spectrum, but the pr,oblem is not yet' solved. The .experi~ents that . 

· ·~. involve bremsstr~ung will not be considered here because their inter­

pretation is so ~ifficult. 

The Mechta experiment·(Vernov, 1959 and ·1960), indicated that there. ,<', 

. ~ . , .. 

were about 1% as many electrons with E > 5 00 kev than with E >50 kev ~ 

Out calculated spectrum gives about So/o for the rati~ of particles with 

E > 500 as withE> 50 kev. This would indicat~ that experimentally there 

may be fewer electrons in the few•hUlldred-kev range than we calculated, . 

but this is quite sensitive to the. energy-threshold setting •. If the Mechta­

experiment thresholdha~ actually been 600 kev instead of 500, we would 

agree· with the 1% figure. 

The leakage -electron energy spectrum measured by Cladis, Chase, Imhof, 

and Knecht ( 1961) shows a ste~per .energy spectrum and more low-energy 

· electrons than can be explained by neutron de~ay. • The fact that this 

.·measurement was carried out at quite low altitudes may mean that processes 

or electron sources are involved here that do not contribute at high altitudes. · 

O'Brien et al. (1961) have recently reported on the results of their 
,. 

. experiment on Explorer XII • They have measured the electron spectrum 
' ' 

.in themiddle of the outer belt by using severai detectors sensitive in 

different energy ranges. The spectrum devised from these ·measurements 

. .. for September 5, . 1961, is shown in Fig. 7. Essentially, no electrons with 

E > 5 Mev were seen, but some electrons in the range 1.6 :< E ~ 5 Mev 

-----.. ---

'. 

I. '--.·· 
'' 
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were probably ob~erved, alt}l.ough the interpretation of thes~· experimental 
·~! l· 

results is not unique. These high-energy electrons are very important for 

. two l'leasons. Fir"t, they help explain results from severcp. pre~ious 
. . ! ·'i 

. experiments that hci:d seemed incompatible. Second, ,they /Cannot be made 
' ', . ' ' ' 

' ' 
directly by neutron ~ecay. There ar.e not very many of these 1.6 to ·5 -Mev . 

. . ! . 

electro'ns; there weie less than 1 o/o of the total of Septeciber 5, and even 
. . ~ ·,. 

;··less on other days. 
I . 

\ .. ' 

We must decide how similar the neutron j3-decay electron energy 
. . . . . 

spectrum is to the observed electron spectrum. There are two features 

of the spectrum to compare: (a) the shape and (b) the height, which amounts 

to comparing the flux . .o From Fig. 7 comparing (a) the. shape of the two 

spectra (aside from the electrons above lo6 Mev), it i~ not obvious whether 

the spectral shapes agree·· or not. T~ere may be too many low-energy 

electrons' observed to agree with the ca1culated spectrum. One thing is 
. '• . 

cer;tain-:-there is not the very large low-energy peak that earlier measure-

ments indicated. 

In comparing (b) the heights of the spectra, we probably should. not take 

the experimental spectra in Fig. 7, because it was the highest observed. 

flux. We should decrease this a factor of three or more. Using a representa­

tive time-p.verage flux of -3 X 107 electrons/(cm2 -sec) forE >40 kev 

(O'Brien et al., 1961), we find that our.values are low ~y about one .order 
. J . ' 

of magnitud~. 

In this paper we have considered .only neutrons made by galactic cosmic,;. 
' . . 

ray protons •.. It is now quite certainthat polar-cap protons dmtribute 

substantially. to the low-energy trapped proton spectrum (Armstrong et al., 

. 1961~ Naug~~ and K~ffen, 1961), b~generating neutrons in the pola~ .. · 
.·, 

atmosphere •. Polar-cap protons will also, in the same way, add considerably t 

-•; 

. : .~-r 
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to the trapped-electron flux. Lenchek { 1962) has recently ~stimated that 
,,. '• l 

100 times as many neutrons are generated by polar cap protons as by 

galactic cosmic-ray protons • .If our calculated electron fihx were in­

creased by' a f~ctorl of 100,· the .calculated flux wG>uld ~xce~d the measured. 
' . . ' ':. . . . . . ,I .. 

flux. 
. \ . i . 

It appears from this that neutron decays produce a reasonable fraction 

of the outer-belt 'electrons, but other processes such as acceleration 

· may be important. · Electx:ons with greater than 1-Mev energy may be 

neutron j3-decay electrons accelerated to these energies. We still need more 

definitive experiments to answer the question..about·whether any electron 
. ' . - . 

·· sou~ces other. than neutro~s are ~e~ded to explain,- iD. detail, the characteris-

tics of the outer belt. 
I 
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FIGURE LEGENDS 
'-t' 

. . - ' . 

_· Fig:_-1 •... A single group of electrons it1jected 't 780 kev (p<?int A) are 
·. . . ' : ' . .· . . ·. / ' . 1 . 

. : ._, ·:sloWed d.ow, produce knock-on electrons, and scatter out of' the 

.; . ..; .. 

.. j 

' . ~r 

I .. . , 

i :~ . 
·1 1~ r •. 

. ,, 
:.· : • · __ ) regio~ of 'rn~erest in the outer belt. ·· Curve. B sh~s· a time. soon .· 

<after ihe :\,nJectio~ time; 'curves c;· D, and E are. at equa'l time 
. • ' ' . ' ' . .. ·.. f ' ' ' ' 

• ~ " I 
·' . .' 

intervals atter injection. The dotted portion ot: cur~e C shows: ··· · 
'· . ' . . • .! . ·~ • 

the effect ot not. including the Coulomb out-scaitering t~rm in: 

: .·. the cal.culation •. · · . ~ .. .J.. 

Fig!" 2~·: ·:·.-Curve A is· the equilibrium spectrum produced l>Y a continuotis· 

· :inJection of electrons of 780~kev energy i:Q.to the outer radiation 

.... ;.belt •. The dashed curve B is the equilibriUm spectrwn if we· assume . · 
' I' '• . ' 

• ~ -that ionization-energy loss is . the sole loss mecilani.sm. 
. . . . ' . 

Fig.· 3• -.·The build..:.up toward equilibrium by a continuous injection of ", 
. .. . 

electrons in ·the outer belt. Curve A is, _in units defined .below, .. · 
. ,} ... 

·the total number. ot electrons (above 30 kev) as a· fun~tion of' time 
" . ' 

. . ~ "'"/'·. ~· ... ,.. .. ···~ ' ... ·.· 

. .... . . after the start ot uniform injection of electrons, W'1 tll a t'-decay 

·:. - ~ : energy spectrum. Curve B is the same quantity for a delta-function · 

· ~-- ~: source of electrons at ·780-kev kinetic energy. On the abscissa . ~ 
:· . . . 

, ··'- ... ·~~:·.: ::· .. we have plotted. th~ quantity (tpt) in frJA~sec/cm3 1 where t. is the . 

"" . . . ~ 

··-1· 

i: . ' ~ . 

~ . .. -~ . 

time in secoiuls i p is the aver~ge dens1 ty of' hydrogen· in · f!1D./ cm3, · 

: >-·,·':·-;·,and f is a factor that describes the increased effectiveness of ' 

'. ,. ~ ~ -

a partially ionized medium to multiple scatter and absorb ~mergy. 

' . :by ionization energy loSS (see teXt) .t .The quantity {l~fP/n) iS·. 

· ·: plotted· on the' ordinate,, where N. iS th~ n\.unber of electro~sjcm3 

~ ... , .. ·.·at. ~uilibrium: and n.is. the ~umber ·~r elec~rons/(cm3-sec) · ~ich . 
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Fig. 4.'· Curve A is the neutron ~··decay energy,spectrum. ;C~es B1 ·C1 and· _; ·· ; 
• : ·, .· . . , ... •· •· .. ,··_.:·I· ·.. . . r' ·.~ .' . • · · • · : -~ ; 

",",•-- ' .... 
· · . : D ShcNo the changes tha:t ~ul.d."oecur· at equa.l·t~e intervals 'after 1 .. · = 

.,. I:... ; . .. ·: , ; . ·:: . . . . • ·- . . :' ·. : . ···., ..... ; ~, • .. . . . . ' • .. •".# .... ,,. .. ! .. ·•• •: 

.; '·. 

. '. /.' 

.t· 

,., "7 . 

.· .-. :·: a single' burst ot ~-d.eca.y el~ctrons. : · .>. ·. ,. . ;'';· ·' 
' . • . . ~ • ' : •• ' ' i • .' ' 

·Fig. s·.: curve B 1~ the 'electron ~ergy . spectrum trom. nf;htron f'-decay. 
. @ 

With 

··T.• 

. ·: ~: : >'.this as. the ~nergy spectrum ot the electrons 1tij ected into the 
. • . .·· ' .· . ' .. . ·.. . .· ' . . J . . ' 

·:·.:··.outer belt, the equilibrium energ:r distribution of .curve A vas. 

· .... :·.:::·{,···r.· ··.obta1nec1·atter ~onsidering the loss processes diseussed in the 

... ' ~ .. . 

' / .. . 

... <:; :·· :··· of energy; the sum ot aU•Particl~S: that are 'iost' frOm the upper 
-~~w-• • • 

··-·, 

.. : - ;_ .. - : .•.. ' t 

... ~·,: .. Ve.n Allen radiation belt by"multiple..Cbul6mb scatterlxigJ we1ght~d. 

·· : ~ by thei~; liteti~ne/ at lover altitudes and; multipl~·~ by their · . . 
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·· • · ·: :· .:•ImhofJ and Knecht (1961). 
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. "-. "·· ·· '· lo-21 ' e;n/~3. · The incident spectrum is assumed to be that of a 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of he Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




