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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 neutron energy
spectrum has been measured,® and from this, by
use of a multigroup neutron-diffusion calculation,
the neutron leakage has been calculated (Fig. 1).
Some of the neutrons leaking out of the atmos-
phere decay in the earth’s magnetic field and are
trapped. From this leakage we can calculate the
equilibrium proton energy spectrum in the inner
Van Allen belt.

The calculated neutron leakage is given by
¢(E) =0.8E ~2 neutron/cm® Mev sec in the region
from 10 Mev to 1 Bev. The decay density of
neutrons, dn/dV, is given approximately by
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where L =neutron mean life, R, =radius of earth,
v =neutron velocity, R =distance from earth’s

NEUTRONS

cazsoc Mev
S S
d d
wl wl

]
©
-7
10 o 3
16— T T T Ty
100 kev 1 Mev 10 Mev 100 Mev I Bev 10 Bev
ENERGY
FIG. 1. The energy spectrum of the cosmic-ray

neutrons that leak out of the atmosphere of the earth.

center, and y is the time-dilation factor. Pro-
tons resulting from neutron decays have very
nearly the energy of the parent neutron. This
gives us, for the proton source,

S(E) 2k, [¢(E)/By).

Whereas the loss mechanism for electrons in the
Van Allen belt is multiple small-angle Coulomb
scattering, the loss mechanism for protons is
slowing down by collisions with bound electrons.®

In order to calculate the equilibrium proton en-
ergy spectrum we must consider the continuity
equation for the slowing-down process. Follow-
ing Singer® we can write

AN(E) dE
aE [N (E) dt:l 0

Tdt
for the steady state, where N(E) is the equilibri-
um proton energy spectrum. This continuity
equation follows the flow of protons along an en-
ergy axis. Now we can write dE/dt = (dE /dx)
X (dx /dt) = (dE /dx)Bc; then, by substituting into
the continuity equation, we get

kio(E) d - dE
By dE [(k’E 79( dx)]’

where we have taken N(E) =k2E'n. Approxima-
ting B, By, and dE/dx as functions of E, we can
write?

3=0.0885 E0-34,
By =0.0393 E°-545
dE/dx =1.16 E™°5% Mev/cm of NTP air.

=S(E) -

These are all accurate to 5% or less in the en-
ergy region 80 Mev to 700 Mev. The continuity
equation now becomes

"2.545 d -n- p-1.
ko E - [k g-n-o. 242:] =k E-n-1.242
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This gives, for the desired equilibrium proton
energy spectrum,

N(E)=k,E™ " =p,E"2:3°

This is shown plotted in Fig. 2, extended down

to 1 Mev by refitting 8, 8y, and dE/dx and re-
peating the process above. The peak in the
spectrum is at about 1 Mev. There are two
reasons for this; first, this is about the position
of the peak in the neutron leakage spectrum (see
Fig. 1), and secondly, below this energy, charge-
exchange reactions on neutral hydrogen remove
the particles quite rapidly.> One can see that

the equilibrium spectrum is flatter than the
source spectrum. This says that the proton ef-
fective lifetime increases with the proton energy,
as might be expected from the nature of the loss
mechanism. We can find the lifetime here by
using the “leaking bucket” equation as Van Allen®
has done:

Input = output = contents/7.

The mean life 7 in this problem is given by

7=contents/input =kg[T ™13 /T"2-55] = p T 24,

Freden and White, in the accompanying Letter,
report measurement of the proton spectrum of
the inner Van Allen belt.” The shape of our spec-
trum agrees well with theirs from 90 Mev to
about 200 Mev. They find considerably fewer
protons above 200 Mev than are predicted by the
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FIG. 2. The equilibrium energy spectrum of protons
in the Van Allen radiation belt. A, the spectrum cal-
culated in this report. B, the measured spectrum of
Freden and White, fitted by an exponential law N(E)
=kexp(-E /125) and normalized at 100 Mev.
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present analysis. There are at least three pos-
sible causes of this difference. (a) The neutron-
leakage angular distribution is a function of en-
ergy.? This has been neglected, and although it
is not obvious how it would, this might change
the spectrum. (b) A 500-Mev proton at a dis-
tance 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 its
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 fluc-
tuations in the earth’s magnetic field® 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

7=2.1%x10"° M2 gec,

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

_ atoms/cm® at NTP _6x10¥
" atoms/cm® along real path = Y

Following Christofilos’ analysis, ® we get

Y= (No/‘p) (h/'ro)llz,

where N,=mirror-point density, yX7,=1length of
magnetic line from mirror point to equator,

¥, =mirror-point radius, and & =scale height of
atmosphere. If we take N,=10°% atoms/cm® (for
about 1100 km, according to Johnson'®) and =2
and =100 km, we get Y =5.7%x10® atoms/cm®.
This gives 7=6x108® sec for a 100-Mev proton.
Now if we use the neutron decay density dn/dV
=(1/vyL) ¢(E), we can evaluate the absolute
value of the proton flux, F, to be expected in the
inner Van Allen belt by using the leaking-bucket
formula, I=C/7. We get

F=Cv=Irv=(dn/dV)Tv,
F = (l/yL)QT-

Integrating ¢(E) from 40 Mev up, we get the
total neutron flux & =0.019 neutron/cm? sec.
This gives, for the proton flux, F =1x10* pro-
tons/cm? sec. This agrees well with what Van
Allen finds for the penetrating component of the
inner belt,™ which, according to the neutron-
leakage source model, will be all fast protons.
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This calculation is not an exact one, but it does
show that the lifetime and flux predicted by the
neutron-leakage source have reasonable values.

Detailed calculations on the neutron-leakage
source are now under way and will be published
later.
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In the course of a series of studies of the re-
laxation process of the aluminum nucleus in ruby
we have found that it is possible to observe either
enhanced nuclear absorption or emission signals
by driving a microwave transition of the chro-
mium impurity. The crystal, containing 0.1%
chromium, was cooled to 4.2°K and was irradiated
with microwave power at 9300 Mc/sec. The dc
magnetic field and the frequency of the nuclear
resonance spectrometer were adjusted so that
one of the transitions of the chromium ion (S=3)
and at least one of the transitions of the Al*" nu-
cleus (I=3) were simultaneously observed on the
oscilloscope. The aluminum nuclear resonance
signal in ruby consists of five components aris-
ing from the interaction of the quadrupole mo-
ment of the nucleus with the crystalline electric
field.

With the magnetic field adjusted so that the
chromium spin resonance occurred at the low-
field end of the magnetic field sweep, all the
components of the aluminum nuclear resonance
showed an enhancement [Fig. 1(a)] if sufficient
microwave power was applied. With the mag-
netic field adjusted so that the chromium spin
resonance occurred at the high-field end of the
sweep, all of the components of the nuclear re-
sonance gave strong emission signals [Fig. 1(b)]
if sufficient microwave power was applied. The
exact position in the magnetic field sweep at

which the largest enhanced or emission signals
occur depends on the orientation of the crystal
and on the microwave transition being excited.
The dependence of the emission signal on the
microwave power level is shown in Fig. 2. The
maximum enhancement observed thus far is
about 30. The effects are strongly temperature
dependent as indicated by the fact that they dis-
appear rapidly as the system warms up from
helium temperature. No effects have been ob-
served at liquid air temperature. When the

(a) (b)

FIG. 1. One component of the nuclear magnetic
resonance signal in Al??, (a) Top: enhanced signal;
bottom: signal with no microwave power. (b) Top:
signal with no microwave power; bottom: emission
signal.
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