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May 22, 1959

One of the sources of particles for the Van Allen radiation belt is the
decay of cosmic-ray neutrons leaking out of the atmosphere of the earth.
Recently the cosmic~ray mrm energy spsctrum has been measured, 1 aad from
this, by vse of a multigroup neutron-diffusion calculation, 2 the neutron leakage
has been calculated (Fig. 1). Some of the neutrons l"odking out of the
atmosphers daeny in the earth'es magnetic field and are trapped. From this
leakage we cai calculate the equilibrium proton energy spectrum in the inner
Van Allen belt. ;

The calculated neutron leakage is given by ¢(E) = 0.8 E-?
nmtron/cmzhdev sec in the region from 10 Mev to 1 Bev. The decay density of
neutrons, -é%-- , is given approximately by |

i

' 2 i

R %,
4 (g,R)e 1 expl )| #(E) [—2| neutron decays/cmsMev e
av . vyl vy _\R

where

L = neutron mean lifs,

R,* radius of earth,

v = neutron velocity,

R =distance from earth's center, and y is the time-dilation factor.
Protons resulting from neutron decays have very nearly the energy of the parent

neutron. This gives us, for the proton source,
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8(E) = k [ti‘i’l}
By
Whereas the loss mechanism for electrons in the Van Allen belt is muitiple
small-angle cﬁulnmb scattering, the loss mechanism for protons is slowing down
by collisions with bund electrons. 3
In order to calculate the equilibrium proton energy spectrum we must
consider the continuity equation for the tlom;-dovm process. Following 81uger3

we can write
aNE) cgmy .- - [ NnE) Eleo
- ] 4E at

for the steady state, where _N(E) is the equilibrium proton energy spectrum. This
continuity equation follows the flow of protons along an energy axis. Now we can

write é—-wE 4 &E;-. -§-§ = -g'-E .ﬁc;
dt dx dt dx

then, by substituting into the continuity equation, we get

o ML U I ,c:.dﬁ.},
Py e | \? )\ &)

where we have taken N(E) = k, E"®, Approximating §, £Y, and 4E .
dx
‘ .

functions of E, we can write

p = .0885 x0-34

By = .0393 %543,

‘;‘_E_’“n 1.‘6 E‘Oz’“ i MW
dx cem of NTER air
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These ars all accurate to 5% sdr.:lesd” in the energy region 80 Mev to 700 Mev.

The continuity equation now becomes

kxg"2.545 - d [k4 E“ﬂ-@.Z‘Z}a ks E"n.loz“z .
4E ' .

%' gives, for the desired equilibrium proton energy spectrum,

N(E) =k, E® =k, £7130
This is shown plotted in Fig. 2 extended down te | Mev by refitting B, Bv.

and SE and repeating the process above. The peak in the spectrum is at about
éx : '

1 Mev. There are two reasons for this; first, this is about the position of

the peak in the asutron jreakage spectrum (§pc Fig. 1), and secondly, below

thia energy, charge-exchange reactions on’ ;xeutral hydrogen remove the particles
quite tapidly. 5 One can seo that the equilibrium spectrum is flatter than the
source spectrum. This says that the proton effective lifetime increases with the
proton enexgy, as might be expected from the nature of the loss mechaniem., We
can find the lifetime here by using the "leaking bucket' equation as Van Ananb
bhas done:

Input = Output = S“’m .

T
The lifetime 7 in this problem is given by

| -1.31
Céntents T 1.24
Input 6 T 6

Freden and White in tﬁa accompanying letter report measurement of the proton
spectrum of the inner Van Allen belt. 7 The shape of our spectrum agrees well
with theirs from 90 Mev to about 200 Mev. They find considerably fewer protons
above 200 Mev than are predicted by the present analysis. There are at least
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three possible causes of this difference. {a) 'The neutron-leakage angular
distribution is a function of energy. 2 This has been neglected, and although it
isn't obvicus haw it would, this might change the spectrum. (b) A 500-Mev proton
at & distance of one earth radius from the surface has a radius of gyration of
| 600 km. This is so large that this particle will reach appreciably further into
the atmosphere of the earth at its mirror point than lower-energy particles,
and thus ite lifetime will be shorter. (c) This large radius of gyration means
that this particle will be quite susceptible to nonadiabatic processes, which will
lower its energy. For example, time fluctuations in the earth's magnetic fi«:ld8
would act on this particle (to remove it) more readily than on lower-energy
particles. |

If we evaluate the constant in the expression for the proton lifetime, we
get

~10 1.24

rz 2.1 X10 Mt" T sec,

where M is the thickness of air (in cm) that must be traveled by the particle in
its trajectory to equal 1 em of air at NTP:

a1« Stoms/em’ at NTP . 6x10!?
(atema/ cm’ along real path) Y

Following Christofilos' analysis, ? we get

YE ﬁLﬁ .
¥ Yo
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whers :
Nﬁ s mirror-point density,
¥ ry = length of magnetic line from mirror poiat to equator,
Fo = mirror-point radius,
h = scale height of atmosphere.

]) 00
1f we take NO = 195 atom./cms {for about-1200-km, according to Johmonm) and
y=2 and h= 100 km, we got ¥ = 5.7X 103 atcms/cma. This gives

3

26 X10" sec for a 100-Mev proton. Now if we use the neutron decay deasity

dn (E) % (l/éyl’.-) ${E), we can evaluats the absolute value of the proton flux, F,
dv

to be expected in the inner Van Allen belt by using the leaking-~bucket formaula,
C

Ia.;—. .

k4

We get FeCvelrws ] v,

v

1
Fz e T
vL 2

Integrating ¢ (E) from 40 Mev up we get ¢ = 0.019 neutrons/ cm®sec . This gives,
for the proton flux, F= ] X m“ pmml/cmzanc. This agrees well with what
Van Allen !ind.c for the penetrating component of the inner beit, 11 which, according
to the neutron-leakage source model, will be all fast protons. This calculation is
not an exact one, but it does show that the lifetime and flux predicted by the
neutron~leakage source have resasonable values.

Detailed calculations on the neutron-leakage source are now under way and
will be published later.
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| LEGENDS
Ii’iig. 1. The energy spectrum of the cosmic-ray neutrons that leak out of
the atmosphere of the earth.
Fig. 2. The equilibrium energy spectrum of prvotons in the Van Allen
radiation belt.
A, The spectrum calculated in this report.
B, The ‘mea.aured spectrum of Freden and White,
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