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Cosmic-ray photons of energy >5 x 10!? eV will pair produce in the Earth’s magnetic field.
The electrons radiate by quantum synchrotron radiation; the produced photons may in turn pair
produce and continue the cascade. This electromagnetic cascade interacts with the Earth’s atmo-
sphere and produces an extensive air shower. Some implications for determining the photon
contribution to the highest-energy cosmic rays are discussed.

If high-energy cosmic rays are protons which fill
the universe uniformly one expects a pronounced
steepening of the spectrum above 5 x 10" eV, due to
photopion production.'™ Similarly, photodisintegra-
tion of heavy nuclei will lead to a cutoff in the spec-
trum at energies of ~10'° eV. Contrary to predic-
tions the observed cosmic-ray spectrum* continues to
energies >10% eV and flattens above 101’ eV. Asa
result, the hypothesis that ultrahigh-energy cosmic
rays (UHCR’s) are local in origin has been con-
sidered.*® For sources closer than 5 X 102 cm, it is
noted® that photon-photon pair-production interac-
tions do not eliminate the possibility of a y-ray com-
ponent to the spectrum of particles incident on the
Earth. Other work,”™® based on the assumption that
UHCR’s are of universal origin, has shown that in-
teractions of cosmic-ray protons with the 2.7-K radia-
tion can lead to the transference of a sizable fraction
of the primary energy to photons.

The energy of a primary cosmic ray is obtained
from measurements with an air-shower array and a
knowledge of the develrpment of the resulting air
shower.!®!! Such estimates assume that the air
shower originates from a single particle incident on
the top of the atmosphere. However, for primary
photons of the highest energies, we now examine the
possibility that this is not the case.

Magnetic pair production has been shown!'? to be
important in the intense magnetospheres of neutron
stars. Similarly!? the path length of photons of ener-
gy 10% eV traversing a cosmic magnetic field of 10~
G is much less than 10" cm. In what follows it is
demonstrated that for photon energies >5 x 10% eV,
pair production within the geomagnetic field becomes
an important effect and the electromagnetic cascade
must traverse the equivalent of several radiation
lengths before interacting with the Earth’s atmo-
sphere.

Following Erber,'* we note that the probability of
-electron-positron pair production by a photon of en-
ergy hv traversing a magnetic field of perpendicular
component H is essentially governed by the parame-
ter X, given by x(r) =%(hv/mc2)(H/H¢). In this
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equation, H.=4.41 x 10! G is the natural quantum-
mechanical measure of magnetic field. The photon
attenuation coefficient a(X) is related to X by the
equation

ilr(x) , %))

1 1 1
a(X)=-2—x—lFx-{c— Hc

where the dimensionless function T(X) involves in-
tegrals over modified Bessel functions and X, is the
Compton wavelength of an electron.

To examine the possibility of pair production in the
Earth’s magnetic field, consider a photon incident in
the plane of the magnetic equator, where H ~1/r3
and takes a value 0.35 G at the Earth’s surface. The
probability that a photon initially at infinity will pair

_ produce before reaching a position r is

I(r)=1—exp ﬂwa(x(r'))dr’ , 2)

while the probability. that such a photon will pair pro-
duce in the interval r to r +dris F(r)dr, where
F(r)=a(X)[1-1(N]. .

The integral may be evaluated numerically and tak-
ing 1 Earth radius =6.4 X 10% cm as a unit of length,
the probability that a photon of energy /v will pair
produce before reaching the Earth is just /(1). This
quantity is given in Table I. In Table II is given the
most probable position of pair production R,, corre-

TABLE 1. The magnetic pair-production probability 7(1),
as a function of the photon energy hv.

hv (10" eV) 1(1) (%)
20 - 92
10 59
9 50
8 41
5 10
3 1
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TABLE II. The most probable position for pair produc-
tion R, in units of Earth radii, as a function of the photon
energy hv.

hv (eV) R,
1020 1.03
102 1.62
1022 2.55

sponding to the maximum of the function F(r).
These tables demonstrate that pair production be-
comes important for primary-photon energies of
hv>5x10YeV.

The electrons produced by such an interaction will
emit photons by quantum synchrotron radiation and
thus an initial photon will be rapidly degraded to a
shower of photons. Indeed, these photons may
themselves pair produce leading to the development
of a photon-electron cascade before the atmosphere
is encountered. ’

To examine the spectrum of magnetic brems-
strahlung, it is noted'>!%-16 that the transition proba-
bilities for a particle of energy E in a uniform mag-
netic field H are again governed by the parameter
(E/mc?)(H/H.). In Ref. 13, this quantity is denot-
ed by Z/3 and for a given value of Z, we denote the
energy emitted/unit length into the range Av to
hv+d(hv) by J(hv,Z)d(hv). Denoting the peak
of the emitted-photon spectrum by v, and the total
intensity of radiation emitted/unit length by Jz, the
most probable photon energies may be obtained by
replacing J(hv,Z) by Jz8(hv — hvge).

For the situation under consideration, both Z and
vmax are functions of the position r, and the total en-
ergy emitted between r, and r, by a particle traveling
towards the origin is

Enry= M0z (=ar) ®

The most probable bremsstrahlung spectrum is ob-
tained from the fact that this energy is emitted in the
form of discrete quanta. For example, for fixed r,
the most probable energy hvmax(r2) and position of
emission r, of the first photon is the solution of the
equation

hvmatr) = [ (=)0 @

where the position dependence of vy and Z has
been shown explicitly. The energy of the radiating
particle at r; is now taken to be £ — hvp.(ry). The
most probable energy and position of the next emit-
ted photon is then calculated and so on until the elec-
tron reaches a position r =1. The asymptotic formu-

las available for J; in the large- and small-Z limits'*
are not applicable in the region of interest. Similarly,
the low-frequency approximation discussed by Erber'*
in inapplicable and again the integrals were evaluated
numerically.

Figure 1 shows the spectrum arising from a single
electron of energy 5 % 10'° eV produced at a position
R, =1.03 Earth radii. In this case, it can be seen that
an incident primary photon of energy 10% eV results
in a shower which consists of 2 electrons and about
40 photons. The electron energy at r =1 is 6 x 10'8
eV, while the highest energy of a photon is 1.4 x 10'°
eV. From Table I, it is noted that secondary pair
production is unlikely at these energies.

To study this further possible development of the
shower, electrons of higher initial energies must be
considered. Table III shows the most probable ener-
gies and positions of production of the highest-energy
photons which are emitted by the electrons arising
from 102'-eV and 10?>-eV primaries. These photons
correspond to the /(1) > 50% threshold for further
pair production.

The predicted effect of this cascading on the ap-
parent primary cosmic-ray spectrum, obtained from
analyzing the air-shower data, is dependent on the
spread of the cascade before encountering the atmo-
sphere. To our knowledge, there are no presently ac-
cepted theoretical results incorporating radiation reac-
tion effects, which are applicable in the ultrarelativis-
tic quantum region of interest. However, it is noted
that the quasiclassical results of Shen'” and of Erber!®
would suggest typical spreads of the order of 10! cm.
Hence the air showers resulting from the individual
components of the initial cascade would superimpose
to yield a single shower on the ground. The rate of
development of electromagnetic showers of the
highest energies in the atmosphere is slowed by the
Landau-Pomeranchuk density effect.'>?° The rate of
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FIG. 1. The number (N) of photons emitted by a single
E =5x10'9 eV electron produced at R, =1.03, as a function
of the photon energy (Av).



2538 RAPID COMMUNICATIONS 24

TABLE IIl. The highest emitted photon energies Av and
their most probable positions of emission Rv in units of
Earth radii, for two different electron energies E.

E (eV) hv (102 eV) R,
5x1020 22 1.60
0.9 1.59
5x 102! 34.0 243
7.4 2.36
3.0 2.32
1.6 2.29
0.96 226

all electromagnetic interactions is significantly re-
duced when the primary energy exceeds 102! eV, thus
slowing the initial growth of the electromagnetic cas-
cade.?! At these energies, for almost all geomagnetic
latitudes, the electromagnetic cascade will have al-
ready commenced in the geomagnetic field thus
reducing the energies of the primaries that reach the
atmosphere and hence the energy-dependent density
effect. At the threshold for magnetic pair production
there will be significant differences in the develop-
ment of the electromagnetic cascade between the
photons that have and have not pair produced.

These differences should be reflected in the apparent
slope of the primary cosmic-ray spectrum and will
depend on the geomagnetic latitude. Table IV shows
the energies Eqg, Eso, and Eg9 which correspond to
probabilities of pair production of 10%, 50%, and
90% for primary photons incident along magnetic lati-

TABLE IV. The incident photon energies £y, Esg, and
Egy in units of 102 eV corresponding to the probabilities of
pair production of 10%, 50%, and 90%, respectively, for
three different geomagnetic latitudes 6.

6 Eyp Esy Egg
0° 0.5 09 1.9
30° 0.6 1.1 2.4
60° 1.2 2.5 8.0

tudes of 8=0°, 30°, and 60°. If a sizable fraction of
the UHCR’s are photons, the variation with 8 of the
threshold energy for pair production and the accom-
panying change in the primary spectrum should
indeed be measurable.

It is interesting to note that for primary photons
traversing a solar magnetic field of 10™* G, the 10%
cuton threshold for pair production is 6 x 102 eV.
The quasiclassical results!’!? yield typical spreads for
the emitted photons of 10 m at the Earth. If future
estimates or measurements show the angular spread
of the emitted photons to be underestimated by or-
ders of magnitude, the air showers at the Earth
resulting from the cascade components in the solar
magnetic field will appear as distinct events at ener-
gies less than 1022 eV,
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