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ENERGY SPECTRUM OF ELECTRONS .
3 IN “THE OUTER RADIATION BELT e

'W’umot N, Hess and John A, poirier'
La.wrence Rad:tatzon Laboratory
S e Univers1ty of California’ -

R <" Berkeley, California -

 ABSTRACT

" The equilibrium energy s_pectrum of electrons in the outer radiation

- belt is determined by the 'inj'ection spectrﬁm and the loss processes

‘which operate to remove.the electrons or change their ene'rgy.‘ The loss

processes which have been cons1dered here are iomzatmn energy loss,

multiple scattering, and electron-electron scattermg. the mjectlon |

- .spectra that have been considered are neutron beta-decay electrons, and
monoenergetic electrons of_78_0-kev and Z’Q—ke’v. The proble_m_ has been

treated numerically.: The results of the ﬁume‘rica.l' calculation are compared-

. to recent measurements of the outer-belt electron spectrum, and 1t appears

that neutron decays produce a reasonable fract:.on of the outer-belt electrons,

but other processes such as acceleratxon may be 1mportant

R .
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: 413 to determine the sources of paz-ticles that populate than.,' It is quitepf\'m'{f.j; ‘

and white, 1960; Heec, 1959). The source of electrons 19 not as well

| 'l'f‘"lfre.ction of the outer ‘oelt.

- S — [ — - S ——
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kcrgy Speotrum of Electrons in. the Outer Ra.diation Belt.wé.

Unmot n. Heasl énd John A Polriea.' T U S S E S B
g N B

Iawrence Radiation La'boratory
Lot University of California’ o
mmowcmzon ST IR SRR

One of the 1ntereating problems about the Ve.n Allen radiation belts

well established now that most of the protons in the inner belt come from_- AN

the decay of neutrons lca.king out of the atmosphere of the earth (Freden ST

'detemined. It would be surprlsing 17 thc electrons in the 1nner radiation e
o . 'belt were not also from leaka.ge neutron decay, 'but this 15 not certain

T currently.

We vant to examlne -here vhat kind oi’ an electron belt would be i.% S

' '“f"prodnced at two or three ea.rth radii out from the surface or tho earth by

&

) ) ,;’neutron decay alone. ue ha.ve dcta.lled quantitative knowledge of the neutron- .
- » decay source strength (Hoaa ’ Canfield, end Lingenfelter N 1961) a.nd therefore
"ca.n quantitatlvely study the eq,ullibrium electron Bpectrum to be expected |
j L _Min this region, '.I‘hen, by comparison with experimental 1nforma.tion about o

s the outer radiation belt, ’ w can sae whether neutrons ;produce an important

p‘., . . . [T o

Ve Xnow the neutron source strength adequately, but to determine the e

"equilibritm electron spectrmn ‘we must understand ‘the loss mechanisms o

operating to rcmove electrons. One such procces 1s multiple small-angle “ h

L 'Coulomb scattering (Christoﬁlos 2. l958; Welch and Whitaker ’ 1959 ; Wentworth P
' MacDona.ld, e.nd Sinser, 1959), vhich changeo the pitch angle of the pa.rticles

ey <. N S - )-A...\;‘,

L lNW at W Bpace Center, NASA, Greenbelt, Maryland R ; N
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and lovers the mirror point ao that the pa.rticles get lost in the atmosPhere. i
I ,Another proceaa 19 1onization-energy losa which degrades the electron 5 |
P j'energy. The former 18 proportional to 22, where Z is the a.tomic number of R TR

L | the @as present, the htter 18 proportional to Z. Therefore, the dominant’

1osa mechanism depends on the type or ma.teria.l present '_ » . 5 N

-"’; Particles in the 1nner rediation belt mova most of the tme in sn -

P atmosphere of oxygen and nitrogen. The higher Z of this me.terial is such “
T 'fthat multiple scatterins 13 the principal loes mechanism. : Particles 1n A .K

the outer 'belt exist essentially in Y hydrogen exosphere where ionization

P T energy loes 13 important. v. o

L f
a | A typical high-energy electron in the outer ra.dietion belt migh‘r. move ) % l
on a magnetic nne of force going out 24, 200 km froxn the center of the earth o
!* . at the equator. Let us conaider a 780-kev electron wh;ch has a mirror r | .
* point a.t 30-deg me.gnetic latitude. " Let A be the magnetic latitude of a L

; g ‘field ‘line, R be the distance from the center of’ the earth, , and a ‘oe the .
} pitch angle of the electron spiraling 'about. ‘the magm»tio field 11ne. o v
‘. S 'I'an o= vl/v., where vJ_ end vy are velocity components perpendicular ami

pe.rallel to the magnetic field line y respectively. Let us approximate ‘che

o ea.rth's magnetic field by a. dipole field for which the field 11nes are o

given by ' :
RaRgostAL T L ;(1), B
_ where R 15 ‘the radius of the field line at the equator (x = O) ' ; , o
‘ strength 18 given by }
| B = CR 3 1 + 3 sinzx (2
: where C = 8 l X 1010 geuss-lon3 'I'he pitch angle of the electron must s
‘f satisfy the relation i ‘ ’ el .l
| saam?-a, . ‘*»:r<_3> |

 Table T




; 3 :gives values of aand A tha.t sa.tisfy ms, 1, 2, and 3 for (a) a mirror ;

point at 17,200 km or for (b) B mirror point. at 8,000 km. :

TABI.E I.( Valuea of Q and )\ oatisfying Eq,a. (1), (2)’ and (3) for a At

L e ;.’.mirror point at (a) 17,aoo km and (v). 8 ooo m. R

o : acattoring, 1ts angle m.mt 'be altered. so that the mirror point is lowered-'... ¢

TR e TN ST (aeg)
L | _(deg) - S

el e s PN A 3 R
- O ot o o : . . el N
TR A N Al e ey
H . . [ {

Case b -
e T

. 24,200
LUAT,200 TR 300 i g0 ;
8’°°° a 52"9 o “‘ . 9°

oy

: In order to essentially lose a particle from the re.diation belt by

o to aboat 8,000 km, where 1t wi.ll oncountor & rolatively dense o.tmonphe.e."jf'_i;

) I“:om Ta‘ble I 'we see that, 1f the scatteri.ng takes plaoe at the equator, a

v ohange of pitch angle of 26. l d.eg is necessary to ohe.nge the mirror point-'-,_-,_f_ AL

T from 17,200 km to 8,ooo kms i ﬂw ﬂca‘“er“g “"e“ Pl’“‘e ‘“‘ 17 200, km’

’ S e e e

| -' ;‘ then a change of pitch angle of 75 2 deg 15 neeessary As an a.verage B

N ';intermediate situation, we will consider that/a che.nge of pitch angle of

e total scattering angle of V2 radia,ns.

A one radian vi].l rexnove a pa.rtiole i"‘om the outer 'balt. | Thia corresponds T

""to a scatte”ing through a projected scattering angle of one radian yora L

To determine vhioh loss mechanisms are dominant in the outer belt , we ‘
o : must conaider ' ohango of pitch e.ngle by Coulomb scattering and energy

“loss by ionization. For pa.rticles traveling 1n unionized hydrogen gas ’ S

- Table II lsts the probabinties ot miltiple Bca*»tering and 8ingle B““""ring

‘ ‘ ) to pro,‘}ected angles @'eater ‘bhan one radian, and scattering from an- electron e

—which produces a recoil eleotron‘ of yea.ter than 30 kev energy., 'I'his

[

' oalcu.lation 18 sumarized in Ta.ble II a.s a. function of the particle s range. o




o .j i -,TABLE II. Sumnary of’ scs.ttering probabilities as a function of particle

rege

e . ] o  — T e R DR A

. “¥Zi<raa2> <raa2> e e

IEREE E i 2 2 G
c (ke}r).,, (@n/cm) (@l/cm )

:-0 .020 ' '-;05.016'~ 0'0005 0

- {0,033,

.ohsj

. _,'o'."oeu _ o .0003 'o' 0023 . 0,371

‘ .023 .0031 o 0037 "_”'o.so

e .0213 S350 - o 065‘ . f-;s_,"o ozh o 0059_{‘0.63 )
i .0187. 8507 ¢ o 10
200" "”"0.0210
L 10,0144 . 150 .. .0, 19

0. oéh 0.0097 o

e 0. 6. 0.018 . 0.83
100 o 00657 e

O 0011-63 75 0 20 ] 0.22 . ,:9:.0'29,_ 0.85 e |

50" .0019h

»Here E 13 the electron kinet.ic energy .’m kev, R is 11'.3 range in hydrogen in
. gn/cm (National Bureau of Standards, 1956), AR is the amount of hydrogen
i necessary to lower the electron energy from the top to the bottom of the

el energy group indicated, E is the ‘average kinetic energy of the @-oup in kev, -

b

o 92 is_the ‘square of the r.m.s. pro‘jected multiple-sce.ttermg angle in radiansa
- . .' (Bethe a.nd Ashkin, 1953), 2-61, 15 the sun of these angles to get the | N

PR additive effect, ZPMS is the probability that this value of }:e will scat‘cer s

'the particle downva.rd one radian or more ’ ZP 18 the pro‘ba‘oility that the

S
B 4 electron will single scatter onez radian or more 1n the projected angle

= ‘downwa.rds . and. ZN is the ‘number of recoil electrons from electron-elecfron \ |
collisions which have energy 30 kev or higher (Bethe and. Ashk.in s 1953) :
Inspection of this table sho*ws that an electron will slow d.own from
'{80 to. a.'bou'b 50 kev before the scattering gets la.rge enough that a |

signifioant mnnber of part.tcles will 'be lost from the outer 'belt (ZP = 0’22»' ) :




at 5o kev) Below 50 kev, I

about a quarter of the particles 1n the outer 'belt will scatter out of the

. i Do . : I . o

belt when & 780-kev electron sbws down to ‘50 kev. About one seconaary

both slnwing dawn and. scattering a.s mportant J.oss mechanisms 1n the outer

I
1.!

2

electron collisiona.
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o NUMERICAL cmumxons e _
‘ The scattering calculations were coded for an IBM 709 computer. The
, o program was mn w:lth severel 1nput spectra.. '.l"he ﬁrst problem was started ‘ Sy
'by hev:.ns all perticlea 1n ‘one energy youp (770 to 778 kev) end. wee etopped

c when all particles were slowed d.own below 30 kev.~ 'I‘his case of a mono- |

Qe energetic pulse source can be checked analytically and demenstrates the

B kind.s of physlcal -wrocessee tha.t teke place. ‘mis prqblem :Ls moderately

T similar to wha.t bappened 1n the Argue experlment when a pu.lse of elect.rone
' g L
- was suddenly 1n3ected lnto the earth's magnetic field 'by a nuclear

o explosion (Argus, 1959). |
. ; v The secoml calculation sterts with the neutron B-decay epectrum end ..
j._}_ronows these perticlea down to 30 kev. Tnts problenn has & bearins on the D

o make up of the outer radiation belt.

gt e e e e e
L LS [ oLF

- anh of t.hese calculations have ‘been studied for (l) a pulse source
and (2) a continuous aource. In Case (l) a squlrt ‘of parf.ioles 15

: -sta.rted all at one ti.me and slowed aown together. In Cese (2) the same

number of pa.rtlcles e.re lnjected at each lnterval in time end the pro‘blem ~
‘ ‘,{_1 . ) cerried forwerd until an equili'brimn speotm is obtained, |
. The computer program starts with an 1nﬁ:iel spectrum and. calculates -

L the Bpectrum after a short time At. The time step is. te.ken short enough

. .80 that the probability of e particle wiu.h E= 30 kev scattering twice in

Bt one time SteP is very smell. ‘I'he process is rep_eeted for many _time steps -]
. until the pro'blem 1 completed.  Three lose nechanisms ha\}e been consme'ree:'.

: ‘j; “(a) the usual 1onization-energy loas for a moving charged pa.rticle having =

5,5 'distant collisions vlth eleotrons (dE/d.x); (b) close collisions with

-electrons whlch occur less frequently ‘dut. ere 1mportent ln thet larger
momentum transfers ere 1nvolved end new, fast pa.rticles cen be made in this

way, (c) the losa 'by scettering whioh removes particles from the region by : o




By changing the Pit“h ansle. S B P kT
Iose processes (a) and ('b) are handled togethcr while (c) is considered ‘

separately. To hendle (c), we celculate how many particles S(E) are lost

'2\(
v

from eech enerw youp 1n eech tmc step ‘by scattering. The fraction of

o pa.rticles sca.ttering in each step 1‘1 obtained from.

vhere ) io the number of protons per cubic centimeter traversed by the
electron, end. p'r(E) 13 the product oi' proton density e.nd electron lifeti.me f;'f o
o as calculated 'by Wentworth, MacDonald, and. Singer (1959) S

“ By ’:: : ‘I'he energy 1oss processes (a) end (b) have been repreeented by A .‘".-;t :f';» -

L W - ‘.Ri( m) ! gé} &, Ni"'l(m) !diﬂil caz::*l ,
- T which relates the num'ber of pe.rticlee in the 1B energy group at time
- stepm 4 1, Ni (m + 1), to those in tha.t group at’ time step'm, Nt (m).
Here I-?:‘.'a is the pro‘bability tha.t an electron ‘be scattered from group ¢
| ‘(superscriyt) to g'oqp i (subscript) 'by an’ electron-electron scatter. A _
3 ‘-;_EThe first term on’ the Tight ame of Eq. (5) is the nmn'ber of perticles’ in
”.h group 1 just before time step m 4- 1. . The second term 18 the number that g ‘
o Bcatter mto sroup 1 ﬁ'om energies a‘bove it, this electron may 'De af recoil B

electron or & higher-energy electron that haa been demded .m energy k '
. b(these two electrons are indistinguieha‘ble) T,he third term 13 the’ number

. of particles that scatter ont of gz'oup 1 1nto lower energy groupe. The e

5 fourth term 13 the mmber of particles tha.t 1oae enough energy by 1onizetion

"to ‘be degra.ded ﬁ'om the .{th mup to the next lover energy grou;p. '.i‘he ~
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Lo where p ‘18 the electron density. In Eq. (6) the electron-electron

scattering cross aection has been calculated 'by C MgSller (1932) ;

a N
boer,
v

. . 2 . PR :~'_ - o ,}_~.~~f :‘ AP ‘- ) . L . . . )
S T Ditioel LIDEVRNE- N o 1 1 ek 2E + mc F e
S = — (me®) I * - '-(— ] (7) L

L vhere 2x1°02 = 2n(e2/mc )2 i- 0 50 x :I.o"‘%c:nn2 B = v/c for the incident

- electron, n 15 the rest-masa energy of the electron; E is the 1nc:.'.dent- L .

electron kinetic energy, and W 15 the kinetic energy' of either of the o j - -4

final electrons. AJ.]. quantitiea a.re expressed in the la'boratory coordinate

PRI
Cy

o Bystem-u.j;,l

The ordinary 1onization-energy loss which has been corrected for that

A T

scattering in the eecond a.nd third terns in Eq, (5) 13
, S gl , g S AT
il ISRNED Y by I Ry :
o | T ibs1f2 G Eg) AE’ tv]!..(,va) l

. where(Bethe ’ 1933)

Bere p 18 the mm'ber of electrons per cm3 ) I ie the 1onization ensray. et

i -"?“_ consta.nt , a.nd the rest of the symbols are deﬁned m the preceding paragraph. R




o have slowed d.own 'below 30 kev. The time interval At has been selected to

L 'between computer time and. the lowest energy of :.nterest On_ fbhis basis, |

“the lowest energy of :Lnterest was choaen to 'be 30 kev_‘. o

i+1
2_-

. In the energy region from 30 to 60 Mev, additional approxima.tions have

mproved the convergence of the eums. The character of the spectrum on ' #
either side of 60 kev 1cnd. validity to these approxmations. : * " . C
'I‘he celcu]ation for each t:.me atep 1s repeated until a.ll par'ticles '

be small enough 80 . that there 15 a very ama.ll chance that a parbicle be

e eca.ttered tvice vmun that time step. Since the cha.nce of scattering

B goes u.p with a decreaee Ln particle energy , & compromise mst be made
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- A8 stated before, in the ﬁrsf. problm ve started with 2 pulse of =

particles at E o 780 kev and followed them as they produced secondary

“'electrons ) Were elowed down by ioni.za‘hlon energy loss » and vere scattered

-~

C ¥

~out, The starting data of the eecond problem vas the neutron decay spectrum. R

;' : A.‘ The 780-kev electron problem.' '.I‘he firat pro‘blem was undertaken ‘o ;
demonstrate the physics in the alowing-down problen, Starting vith sl the |
| : pa.rticles at 780 kev, 'bhe calcule.tion proceeds until the pe.rticles all slo'w i3
| "down to less than 30 kev, Figure 1 shows several stenps in the slowing-

: .down process.-‘ In a-ahort time s the initial pulsa of particleo R point A :Lo
| Figure 1, turns 1nto e U-sha;ped distribution, curve B, by producing knock-

- on electrons., Cu.rves B, C, D and E are drawn for equal time intervals . _"' -
L ; ~where tho energy loas 'by ioniz@ion as well as the build-up of low-energy |
e ia vrecoil electrons ca.n ‘easily be seem. Curve ct (dashed line) is the A _
| S aolution for’ the pro'blem ignoring the scattering-out term. One sees that’ .

the effect o; this sca.ttering»out term becomea large only for energies .

N 'i below about 100 kev. Eventually all the pax'tieles are los by scattering :

| or pass below the energy cu‘c-off of the probl&m. TE should be pointed out
that these figures g:l,ve the density of particles at a given energy

(electrons/cm ) Ifa flux of particles is desired (electrons/cm ~8ec), .

o the spectra mist be nmltiplied by the appzopriate velocity. ,

The Argus nu.clea.r explotaion (Argus Experiment N 1959) wa.o carried out’ |
. e _' ' at about 300 miles e.'bove the earth and fomed & shell of trapped electrons

L in space, ’.I.‘he electrons were prochcea by s-.decay of the fission fragments ‘~ )
a from the exploaion. _ These olectrons vere lost eVentually by multiple L
1 enall-engle Coulcmb scattering (Welch and Whitaker, 1959) on the oxygen and
' / . _ ,nitrogen atoms 1n the a.tmosphere. However, if the Argus explosions had

4

’been at an altitude of 2000 km or inore and ha.d. therefore been in the

j {
Sl e -
[P PR £

t

3
Do 5 NS S
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hydrogen exosphere ) the electron. spectrum would have behaved roughly as
. we have shm in ‘Fig. 1 because of the three. loss mechanisms considered

- _ There is, of course ) a spectmm of energy for electrons ;born of & nuclear

1

.explosion, with same h,e.vﬂ.ng enwgies of more than 1 Mev.f '.me phyai.cal

' processes remainr the ‘same N however s an& the a.hove eolution for a o-f\mction

» | input should give a qualitative feeling for what woula be expected for & -
T high-altitude Argus experiment ' T e

LIf ve consider a situauon whwe & stream of ’{80-kev electrons 15 EE ORE S

“ ‘, vcontinuously introduced 1nto tha mgnetic field s an éq,uilibrium spectrum

f will result.: The solid line A 1:1 Fig. 2 shows the spectrum that woula

| ' fresult after equilibrim is estabnshed The.- total number. oi’ particles as’
S a function of the tixne a.ﬁ;er 1n1t1ating the in.jection (the build-up towaz'd
) "" equilibrﬁ.mn) 18 given in Fig. 3 3 Curve B. An example of this physical
o process might: be a particle aceelarator in space continuously emtting & o
'beam of 780-kev electrons (Christofilos, 1959)... | ‘

aeveml checks have ‘been made to insure that: the computer program was

udoi.ng the desired ca.lculation. Clne auch ¢heck has been 1ndica.ted in Fig. 2

o .'oy daahed line , curve B, This 1ine indicates the ‘equilibrium spectra

_tha'; would b_e attained if thezfe' were a continuous source of ,780-kev electrons

" and the ohly loss mecha.nism' was ionization-eneérgy loss, This case can be . -
7 caleulated 'analyticaily quite easily, and the ‘results agreé ""witli the machine © ' -
o calculatious. To 1llustrate the nature of the analytic solution, first -

L assume that dE/dx (ionization-energy l.oss per centime’cer of stopying ma*'cerial)

' has the simplifiea form

. Ei?n -ok‘f 2 . -"' I ',‘ , 1' - )’ - (ll)

' ,'where k is a. conetant and v the electron ve).oc:ﬁ.‘!:y° The pro‘oa'bility o
(dP/dE) of. ﬁnﬁing & particle between energy E and 6E, is directly propor‘cional

to the time dt that the particle spends m this energy interval Therefore,




et e ey e d

o where o is thc olectron maas ’ a,nd E 1.s its kinet.ic energy. St.a.rtmg with ‘ ‘v'f
" the relativistic dE/dx formula, Eq. (9), for- the ionization-energy loss. ey

~of electrons ) & correct relativistic calculation of aP/dE‘. has ‘oeen done

_ Fig. L, Curves B, c, end Dare drawn for equal tima 1nterva.ls. R

' figure gives the total numbex (N) of particles with energies greater than .

o 30 kev as a function of time t 'J.'he units ‘on the abscissa are fpt 3 where

| 'we;"v-cvari vrite O A T A TP S A
"aE “‘! cn-.] =, ”kL’E‘“-:-“‘lm T .(12.) AN
s - E g

-

FRRNE TR I o

' l‘following the e.bove outline. Rcsults of this analytic calculation agree “ 0T -

L very closely with thoae of the corresponding machine calculation, which L
| 18 shown 'by the dot'bed line (b) in Fig. 2. .. | o |
B. Neutron ﬁ-decay electron:s.z The main purpose of this paper is to -
'calculate vha.t electron apectrum would exist m the outer radiation belt | "

. resulting from neutron B-dccay electrons. a.lone._ Starting with a pulee of : T '

neutron B-dece.y electrons (curve A, Fig. 1&) s the calculations proceed as

before. The slowing dowmn and scattering out 18 shown 1n severa.l stages in T

' The equilibrium spectrum (curve A, Fig. 5) is coanpare& with the

to __original a-decay spectra, curve B in I‘iga 5. Curve A in Fig. 5 13 th.e L

- electron energy spectrum that would exist in ‘the outer racliation 'belt ;Lf '

neutron decay was the only source of clcc’crons and we had considered all of

' the loss processes. These data are a,lco elcctron clensity rathcr than flux, .
. We see that thc equilibrim spectra is nmch the ‘same shape a8 the original -
5~decay spectrum except for a slight shift toward lower energy.._ The huild-up o

.towa.rd equilibrium as a function of t:.me is shown in Fig. 35, curve A. Sﬂzia A

i : f is a dimensionlesa mm‘oer that charactcrizes 'bhe incroascd cffectiveness

i

,of a parbially ionizcd medium to mnltiple scatter or to J.ose energy ’oy -

R I ..-._A.z .

PR 4 - -
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t ~
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1onization energy loss , P is the average density in gn/cm R and. 2 is the tﬁ.me
. in seconds 'l‘he units on the ordimte e.re pr/n, where N is the number of

f :particles/cm 1n the\radiation belt and. n 15 the ra.te of 1n3ection in electrons/

,,..-,..;. - . . - . :,, L. ,,.(.vv.. PREE P ,‘
U] . . - 5

cm3-sec., B ’ : o SRS | ,
For example ;. assume a particle mirrors at 30 deg magnetic J.a.titude on
: . the line tha.t reaches a maximum dista.nce of 3.8 earth radii from the center
of the earth Assume tha:h the hydrogen is SO% 1onized and’! has an average ' o
density of 1072 an/cm (Johnson, 1960, Ienchek, Singer, and Wentworth, . N
f.‘-'l96l) Froxn Fig. 3 ve see tha.t the electron spectra rea.ches 50% of 1ts

-12

- equilibrium value for fpt = o 8 x 3_0 @n_s;e,:/‘m . e 3

£ B T H L U L P
neut 2, )

%ﬁf’ . 1§ ,thé ionize.tioh“ehei'g'y 'ioss by cbmp'letély' :Ldniz.e& ixydfbéen,
on e T T Te
is the fraction of the hydrogen that is ionized. Subsqripts “neut"”

R where'

.and.fi

denote the corresponding que.ntities for neutral hydrogen. The same kind of
| an equation can 'be written for the multiple scattering a.ngle (Spitzer » 1956)

' For any valz..e of fi on?. g has values that range from one when fi = 0 to about

'three when i’i ‘= 1.0, If we aesume =2, P = lO gm/cm ’ then the time for
8

50% equilibrium of neutron decay electrons is N X 10° sec or ebout 12 years.

' . The eq_uilibrium intensity may be o'bte.ine& f‘zom pr/n = 10 12- gm-Sec/cm (curve A,

o Vfluxof3hx10

13

" Fig. 3). If ve assume the electron injection rate 1= 3 X 10 ' electrons/ (cm -sec)h

. (Hess R Ce.nﬁeld, and Lingenfelter, 1961) and values of f a.nd p as @bove, ‘then

N = 1.5 x 10 -4 electrons/cm An approxim&te flux .can 'be obtained ‘by mul‘tiplying o

' 'this figure 'by the most proba’ole velocity of 2 2X. 10 cm/sec ’ yielding a

6 ¢ electrona/ (cm -ae.c) x’or neutron-decay electrons u )

T
PSSR
[
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B a‘bove 30-kev energy as a representative velue for the outer ’belt .It

ER g o should 'be noted. thet eleetron-electron ecettering does not scale as above SRS R

= since 11: is 1ndependent of £ et these energies.. However this effect 1s not i R e

as 1erge as the.t of 1ou3.zetion euergy loes or multiple eca.ttering, and f

ST . - is bounded between 1.0 a.nd. 3. 0. Therefore the scaling error should not 'be
. ' -1erge. - The numerical problem of this paper wa.s performed with f = 2 Qy 60 -
-",that this problem doeo not effect the exauple a‘bove. In Eig, ¥ then, f 7,"" SRS

FIPR F O T U

2 ‘ should. not-be a varieble, but should be set equal to 2 0. E |

‘ The possibility has been euggestea. that, there a.re a 1e.rge number of "_'
R low-energy electrons m the outer redi.ation belt (Arnoldy, Hoffme.n, end SR
L Winckler, 1960) Ve heve made e  further calculation which bears on thie o -
low-energy group of electrona. A lifetime of a‘bout l 5 X lO7 sec is a.ll
that can 'be expected. of a 20-kev electron in a hydrogen atmosphere of 1 |
P 1200 etoms/cm averege density because of 11;9 renge end multiple-scettering k
. loss. Thus aookev electrons muat be injected at a ra’be of T x 10 7» electrons/
(cm -sec)to echieve equilibrium fluxes of 1011 electrons/(cma-sec) 'Bhis IR

'- source 8trength ia about ZLO7 Limee thet of the neutron ﬁ-decay source.

B The spectrum calculated here ie for neutron B-decey electrons trapped
“ 1n the outer Van Allen z'ediation belt Oue vould. expeet s however , that tne ., P
spectrum at lower a.ltitudes would be- different, even on magnetic field '
e .;‘lines that extend into the upper ‘belt. We ettem;pted to see hov this spectrum -
N at: lower a.ltitude would ﬁiffer f‘rom that in the upper altitudes by keep! Lng ”

-~ f;- ) treck of the number and energy of those electrons which were Coulom‘b--

_ 8cettered out of the upper radietion belt 'I‘hese particles are. ‘the ones

,whose mirror eltitude is 1owered, and therefore they feed the spectrum e.t

lower a.ltitudes. Using these sca.ttered particles aa an iupu‘&; spectrum for y

B lower altitudes and using 5 lifetme Propoz'tional to E2 for electrons i L
ﬁ, E the nitrogen-oxygen etmosphere of lower altitudes (Welch and Whitaker, 1959), ..
| ; we obta.in a flux Bpectrum ae ma in Fig. 6. It Should ‘be emphasized. that -

Lo




. the geometry ve have used is not. that of the radiation belts. | We have .

. spectmm 1nsi.de the ’oox. We a.lso calculate& the energy spectrum of
ca.lcula.ted thia leakage spect:mm using en 1nput spectmm of neutron s-decay

(1959) favors higher-energv partlcles wore strongly tham ionization~energy

' the same resu.lt is obtalned

. Frank (1961) ha.ve recently detemlned thet there were = 10~

5 A

essentially put electrons in 8 box of hydrogen and calculated the equill'brium 1

| particles scattered out of this box and veigted them vith 'the lifetime B } s

-\

they would experience in the lower e.tmorsphere. Kellog (1950) ha.s also i |

(our sca.ttered speetnm has many more lower-energy parbicles) , and, . loss S

mechanism of 1onizetion»energy losa {the 1"2 lifetime of Welch a.nd Whita.ker g -

loee mechaniams) Ae a result of theee two ba.lencing dlfferencee 2 e‘bout '

Kellog argues that neutron decay :s.s not an important eource of - o

. ‘.velectrons in the mdiation belts. Hie argument s however s is based in large '.
, measure on electron flux measurements whlch have, since then, been revised

' d.ownward by as much as.a fe.ctcr of 10“’ O'Brien, Van Allen, Laughl‘ln, and { o

8

elec'brons/ {cm -sec)

of energy @'eater than 140 kev in the outer bel‘t on September 5 3 1961. Thls

»was their hlghest reported flux, a time average of tbeir values mignt 'be several o

.,,'t:lmee lower than thie figu.re. The observed ;f ux at these energ:.es is a’oout

a factor of ten 1arser in megnitu&e then our calculated velue.- Since exosyheric o

~denslt1es are quite uncerta.in and ecccleratmn precesses may substan‘cially
. increase the llfet.ime of tb.e ‘neutron aeca;y electrons » it is not et ell .

compellinz that eources other ’chen neutron decay are reﬁluired

| Lenchek and. Slnger (1.961) ha.ve recently calculated the equilibrium S

:f’lux of outer-belt electrons to ‘be exnected from neutron B«decey ln &

me.nner rather si.milar to ou.r present paper, They coneider coulomb scattering

H p
1

,?n . '. : o ) vv: 'I
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. - - and ionization-energy loss of the electrons. The shape of the energy _

é f N}spectruma they calculate agrees quite well with ours. But they arrive at

% _ r -:“different conclusions than we do about the origin of the electrons observeé.

fi;%a fff' }5E 1n the radiatian bel@. Thay conclud@ that lesa than S% of the electrona seen

;' B jT ’/;:‘by Holly and Johnson (1960) in the inner radiation belt at 1100-km R ‘A‘i

" seen by Cle.dia, Chase, Imhof, and Knecm-. (1961) at. moo km in the outer

:
g;a?_ f '“3:x :be1t ere due to neuxron decay.. Lenchek and Singer state that neutron aIbeda
j - o . fcontributes most if not all of the. electrons above hoo kev, but that few ;ﬂ,m‘i
| >:of the electrona of lower energy are made by neutrons._. | .

. We feel it is dangerous to base a general concluaion about the orlgin

'of all particles 1n the radiation belt on a few measurements at quite low _:

i “‘j”ffl”altitudes. The analyais of these meaaurements depends on detailed information

- about the magnetic field of the earth's aurface, the mirror-point altitude

|
o where :u-. is changing rapidly. ;
I
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T lfm-..ﬂvﬁ'aa a function of longitude, and the details of the atmosphere in a region i;';QJQ"

'altitude are due to neutrons, and even a smaller fraction of the electrons  °i;ML;,;;
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CONCLUSIONS

1

In this paper we have calcula.ted the energy spectrum of electrons

~ to be found in the outer belt if it were made of neutron p-decay electrons.,-: o

}

Several experrments have gmen ‘some mformatxon about the outer-belt
I

’Spectrum, but the problem is not’ yet solved The expenments tha.t
' involve bremsstrahlung will not be_cons1dered here because their inter-

- pretation is so difficult,

The Mechta expenment (Vernov, 1959 and 1960), 1nd1cated that there L

were about 1% as many electrons w1th E >500 kev than W1th E >50 kev. , 3‘

Out calcula.ted spectrum gives about 8% for the ratio of part1cles with

E> 500 as w1th E> 50 kev, Tms would indicate tha,t expenmentally there

- may be fewer electrons in the few~hundred-kev range than we calculated,
- but this is qmte sensitive to the energy»threshold settmg, 1f the Mechta-
'v experiment threshold had actua.lly been 600 kev instead of 500 we would
B agree with the 1% f1gure.
| The leakage -electron energy sPectrum measured by Cladis, Chase, Imhof,_
) ‘.a.nd Knecht (1961) shows a\l stegper energy spectrum and more low-e'ner.gy‘ |
B electrons than can ‘be explained by neutroﬁh deca.y; ) The fact that th1s :
A: measuremeut_u}es .carrred‘out at 'Aquite low altitudes may mean that p.rocesses

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

O'Brien et 'ail., (1961) have recentlyvreported orrthe results of their

* _experiment on Explorer X11, They have measured the electron spectrum
- in themiddle of the outer belt by usmg severa.l detectors sensrtlve in

dlfferent energy ranges, The spectrum devn,sed from these measurements

for September 5, 1961, is shown in F1g. 7. Ess_entlally, no electrons thh.:

E >5 Mev ;were seen, but some,electmns in the range ‘vl..6 <EXS5 Mev -




D L ioh 2

.two reasons, Flr&t, they help explaln results from several prevmus | C SR

tless on other days.

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

- of magmtude. R

-18- - W

{
H

-were probably observed although the 1nterpretat1on of these experlmental o

results is not umque. These hlgh-energy electrons are very 1mportant for

J . A

‘.vexpenments that ha.d seemed mcompatlble, Second they cannot be made

H

d1rectly by neutron decay. There are not very many of these 1. 6' to 5-Mev . R

. electrons, there were less than 1% of the total of September 5 and even -?’ , |

fz

S

, We must decide how s1milar the neutron ﬁ decay electron energy , s

. of the spectrum to compare. (a) the shape and (b) the he1ght wh1ch amounts |

. to comparmg the flux. From F1g. 7 compa.rmg (a) the shape of the two

spectra (aside from the electrons above 1, 6. Mev), it is not obvious whether |

- - the spectral shapes agree or not. There may be too’ many low-energy |
electrons observed to agree w1th the calculated spectrum. One th_mg is

certam—-there 1s not the very large low-energy peak that earher measure-

" ments 1nd1cated

In. comparmg (b) the helghts of the sPectra, we probably should not take -

e ,the experimental spectra in F1g. 7, because 1t was the hlghest observed ,
- flux, We should decrease this a factor of three or more, Using a representa-—’
 tive tzme-,average ﬂux of ~3 X 107 electrons/(cmz-sec) for E >40 kev -

' '(O'Brlen et a.l., 1961), we fmd that our: values are low. by about one order

VoL

In this paper we have cons1dered only neutrons made by galactlc cosmic~ -

ray protons. It is now qu1te certam that polar-cap: protons contnbute

'substannally to the low—energy trapped proton spectrum (Armstrong et al, ,
o ‘ 1961 Naugle and Kniffen, } 1961), by generatmg neutrons in the polar

| atmosphere. . Polar-cap protons w1ll also, 1n the same way, add cons1derablyjé:
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1 . : '
K

. {

.to the trapped-el‘ectron ﬂu:r. Lenchek (19o2) has recently est1mated tha.t
100 times as many neutrons are generated by polar cap protons as by
galactxc cosmic-ray protons. 1If our calculated electron flux were m- 4
:‘ . ) creased by a £acton of 100, the calculated ﬂux would exceed the measured
It appears frorn thas that neutron decays produce a reasonable fractlon | f- '
of the outer=-belt electrons, but other processes such as acceleratmn
o may be 1mportant Electrons w1th greater than l Mev energy may be
" neutron B- decay electrons accelerated to these energles. We st111 need r.nore'
‘definitive expenments to answer the questlon about whether any electron
‘-.sources other.than neutrons are needed to explarn,-' in detaﬂ, the character1s4 _. |

: t1cs of the outer belt.
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FIGURE IEGENDS

e Fig;_f;; , A single &voup o electrons injected a‘b 780 kev (poin‘b A) are

- ;¢;~i“ EER—

Vo ey slowea. dovn, produce knoek-on electrons R and scatter out of the - ¢ il j

3

.Zafter the ;njection time; eurves c ; D y a.nd E are. at eq,ua.l tme

1ntervals af‘ter 1n3ection. 'I'he dotted portion of curve C shows

?‘_]_tne effect of not mcluas,ng the Coulcmb out-sca,ttering term mo

Lo region Of f'nterest in the outer belt. , Curve B shcws e time soon . .. i i

. the calewlation, . ool ) s

. Figi,l “2;';"~ICurve A 18 the eqﬁilibrimn spectrum prodnced ‘oy a continuous R sl
| [ ‘f;_‘i;in,jection of electrons of 780-kev energy into the outer radiation ' o
Ik '}:;i oL .,;i.;;;belt. The dashed curve B is the equilibrium epectrum 1f we assume B
'.Ffftha'b 1on1zation-energy loss 18 the sole 1oss mechanism, .
| _?183 3.'1‘he bgild-up ;.t_owa.rd-eq,uj.libzfj.gm ’oy_a.,‘continuous.'injection of :
L electrons in Tthbe:__out".vér 'b‘elt." ._Curv'e A 1s, ‘in uﬁiﬁs defined below, L ,

T ghe total mumber of -electrons; (above 30 kev) as a mﬁétion. of time " T

. after the start of uniform injection of electrons with a p-decey
_.;,‘:f‘ene:z'gy spectrum. Curve B is the same qua.ntz.ty for e delta-function =
- source of electrons at 780-kev kinetic energy. On the abscissa -

we ha.ve ."?3-0‘1‘-‘*‘-8%1 the quantity (£ot) in gn-sec/cm 5 where t is the

- time in seconds, p ie the a.vemge aensity of hydrogen in gm/cm R

andf is Y re;ctor that describes the increased eﬁ'ect:.veness of SEa

a partially 1onized medium to mul’tiple scatter e.nd absorb energy .
. by fonizetion energy loss (see text) The quantity (I\fP/ n) 1s"
B v'j'vplotted on the ord.inate vhere N 1s the numher of electrons/cm
at eq,uili'britm a.nd n is thez mnnber of electrons/ (cm -sec) "’hleh )

. are 1n3ected

a
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L F:l.g. 5’. Curve B 13 the electron energy spectrum from neutron B-decay. ,

/ : "E'Athis a.s the energr spectrum or the electrons injecte& 1nto the
T - N
: outer belt » the equili'britm energy dietribution of curVe A wa.s

Imhof, and Knecht (1961)

obtained after considering the loss processes discussed. 1n the '

'by their lifetime a.t 1owei' altitué.es and. multiplied by their o

text. The plo’c 13 electron aensi.ty (not flux) per kev on a linear

Fig. 6. Electron-leakage flux spectmm. Thi'.s‘ curve sho’vfsz'," :és a "f‘unéi'.ibnv e
of energy, ‘the’ Sum of all particles ‘that are 1ost from the upper RS

.'.,Ve.n Allen radiation ‘belt 'by mltiple-Coulomb scattering , weigbted

, -.':‘T'Velocity to yield a flux. The curve has been dra.wn ar'bitrarily

;;‘.:."'"to pass through the second’ ez'permental point of C]a.dis , Chase ;

Fis. 7. - Equilibrinm flux cf electrons attained by trapping 3 X 20733 :
: »_'_:iele"""1'011‘3/(‘-"m -sec) in an atmosphere of hydrogen of average density
‘. 21 gn/ The incident spectrum is assumed %0 'be tha’c of a =
L’”neutron deca.y electron ; the hy&rogen 18 assumed to 'be about 50% :

A;v-‘ionized. The expermental points and 1imits e.re those of 0 Brlen, _ :
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mission, 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.





